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Abstract

Single cell gene-expression profiling is commonly used in several research fields. However, 
despite the advances of the last years, the strategies employed have not been adequately 
validated for reproducibility and sensitivity, with only four studies validating their local 
strategies in actual single cells. First, we investigated five commercially available protocols 
for their amplification efficiency. Two of the protocols resulted in sufficient yields and 
high success rates and were further validated for their performance in obtaining reliable, 
reproducible and sensitive expression profiles from individual human oocytes. Evaluation 
of these two protocols demonstrated that they both displayed low technical variation 
and produced highly reproducible profiles (r≥0.95). One of these two protocols identified 
significantly more transcripts but had also a higher number of false discoveries. These 
two protocols could also be used to generate ample amounts of mRNA for (q)PCR and 
sequencing techniques.
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Introduction

Global gene-expression profiling using microarrays or next-generation sequencing has 
become an invaluable tool for the understanding of gene function and regulation. Until 
recently, large numbers of cells were required to obtain enough RNA for global gene-
expression profiling. Although highly informative, this profile is often of limited value since 
it represents an average profile of all cells from the tissue under investigation while the 
actual expression in any single cell most likely varies [1-6]. Furthermore, in some conditions, 
such as in studies investigating gametes or preimplantation embryos, only one or a few 
cells can be analyzed.

To overcome the inability to analyze single cells, many studies have pooled samples from 
the same experimental procedure to obtain sufficient RNA for microarray analysis [7-13]. 
Pooling is also often used to reduce the number of arrays or subject-to-subject variability 
[14, 15]. Although pooling can be useful in some studies, it can introduce bias since the 
gene-expression profile derived from a pooled sample is not equivalent to the gene-
expression profile of the individual samples [15]. 

Recent developments now allow transcriptome analysis of single cells. Obtaining 
reproducible gene-expression profiles using microarray technology in combination with 
limited starting material, such as single cells, requires amplification of the hybridization 
signal, mRNA amplification, or both. The methods aiming at intensifying fluorescence 
hybridization signal have reduced the required RNA input a few folds but not to the level 
of a single cell, i.e. picogram amounts [16]. Also, there are many practical issues, like the 
difficulty in isolating and labeling low abundant transcripts [17]. 

For mRNA amplification nowadays several commercial kits are available. mRNA 
amplification protocols fall in two categories: those based on exponential and those based 
on linear amplification [18-21]. The exponential amplification PCR protocols introduce PCR 
priming sites at both ends of each reversed transcribed cDNA molecule, followed by global 
amplification via a number of PCR cycles. Most linear amplification protocols employ 
the Eberwine method where double-stranded cDNA, generated by reverse transcription 
of mRNA and RNA polymerase utilizing a poly(T) oligonucleotide primer carrying a T7 
promoter, undergoes in vitro transcription by T7 RNA polymerase. Alternatively, the Ribo-
SPIA protocol uses a combination of chimeric DNA/RNA primers (3’ end and random 
primers), DNA polymerase and RNase-H to linearly and isothermally amplify total RNA [22]. 

PCR protocols are relatively simple and can easily amplify a RNA sample about a million-
fold in only a few hours. Limitations include the use of DNA polymerase having low 
efficiency in the amplification of GC rich sequences and low fidelity leading to errors and 
their subsequent exponential amplification (reviewed in [23, 24]). Also, the PCR reaction 
can lead to saturation if excess RNA input is used favoring the amplification of high-
abundant transcripts and distorting the original RNA distribution [23]. Linear amplification 
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does not disturb the original RNA distribution as the RNA polymerase is almost not affected 
by template sequences or the concentration of templates and the reaction has a higher 
fidelity as errors do not accumulate exponentially [25]. A single round produces up to 
1000-fold amplification, which is not sufficient for most microarray-based protocols when 
subnanogram amounts are used. Therefore, additional amplification rounds are required 
that are time consuming and can lead to RNA degradation [23, 26-28]. Optimized protocols 
for both PCR-based and linear amplification protocols have been described to overcome 
the previously mentioned disadvantages [29, 30]. 

However, irrespective of the protocol, there are common limitations associated with RNA 
amplification (reviewed in [24]). For example, since most of these methods make use 
of the poly(A) tail of the mRNA, partially degraded RNA or non-coding RNA cannot be 
readily detected. Methods that use random primers together with oligo(dT) primers may 
overcome this problem, but then the primers should not be targeting the rRNA and tRNA, 
or these RNA types should be depleted prior to amplification [31].

By analyzing single cells, the effect of biological difference(s) between cells can be 
measured. Technical replication is not possible as these samples have to be analyzed as a 
whole in one amplification step. Therefore, it is essential to find a protocol that can robustly 
and accurately amplify picograms input RNA from a single cell into micrograms necessary 
for microarray analysis. Also, the technique should exhibit high amplification efficiency, 
high signal enrichment, and produce reproducible gene-expression patterns. Since the 
RNA content of individual cells can vary per tissue, it is important to validate the protocols 
directly on the cell type to be used in each study [32].

There are several successful strategies to reduce the required RNA input and several studies 
have been published using few pooled or even single cells [7, 8, 11, 18, 32-38]. However, 
the lower sensitivity limits have not adequately been validated with respect to accuracy 
and reliability of gene-expression analysis. Many studies reported on generated expression 
profiles from picograms of RNA. Some of these studies reported only on a small number of 
genes [2, 3, 39-42], while at the whole transcriptome level, studies have utilized populations 
of few cells [7-13, 32, 43], titrated dilutions of stock total RNA to picogram amounts, or 
single cells [1, 18, 35, 38, 44-48]. Few studies though have validated the performance of 
whole transcriptome profiling from picogram amounts of input RNA [8-12, 18, 32-34, 36, 
37, 49, 50] and only four, to our knowledge, used actual single cells [38, 45-47]. 

In this study, we determined the technical and biological variability of samples, using 
commercially available single-cell based global gene-expression protocols to establish an 
optimal and robust workflow when working with human single oocytes. 
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Methods

Biological materials 

Oocytes in the germinal vesicle stage (GVs) were used for the technical validation. Couples 
undergoing ICSI treatment at the Center for Reproductive Medicine of the Academic 
Medical Center of the University of Amsterdam (Amsterdam, the Netherlands) were asked 
to donate their immature oocytes for research and written informed consent was obtained 
in all cases. Since spare immature human oocytes were used, no ethical approval was 
deemed necessary by the Central Ethics Committee on Research involving human subjects. 
All couples did sign informed consent to donate their spare immature oocytes for research.

Individual oocytes were transferred shortly to a drop containing 0.05% HCl/Tween 20 to 
remove the zona pellucida, subsequently they were washed using oocyte culture medium 
and transferred to PCR tubes. The oocytes were snap-frozen in liquid nitrogen and stored 
at -80°C till analysis. 

RNA isolation and amplification 

RNA isolation was performed using the Arcturus PicoPure isolation kit (Life Technologies) 
following the instructions of the manufacturer. RNA extraction was performed with 50 μl 
extraction buffer and the recommended DNase treatment was performed. The RNA was 
then amplified using the following kits: ExpressArt pico (Amsbio), Ovation PicoSL WTA 
System V2 (NuGEN), WT-Ovation One-Direct (NuGEN), Ambion Amino-Allyl MessageAmp 
II (Life Technologies) and Arcturus RiboAmp HS Plus (Life Technologies). All experiments 
were performed according to the manufacturer’s instructions. The ExpressArt pico, Amino-
Allyl MessageAmp II and Arcturus RiboAmp HS Plus kits are based on a linear amplification 
protocol and produce RNA as the final product. The Ovation PicoSL WTA System V2 and 
WT-Ovation One-Direct kits are SPIA-based methods and result in cDNA as end product.

RNA yield and quality

The concentration of RNA or cDNA was measured on the NanoDrop ND-1000 (Thermo 
Scientific). The quality of the amplified product was investigated with the BioAnalyzer 
(Agilent Technologies) using the RNA Nano 6000 kit (Agilent Technologies) as recommended 
by the manufacturer.

Experimental design for protocol validation

Two of the protocols for mRNA amplification were further validated using microarray 
technology. For the validation, RNA was isolated from 25 human oocytes. From twelve 
oocytes, RNA was individually isolated. To eliminate biological variation, thirteen human 
oocytes were pooled together right after the addition of extraction buffer of the isolation 
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protocol. The pooled material was homogenized and split into twelve identical samples for 
further RNA isolation. Six individual and six pooled samples were subsequently amplified 
using the NuGEN WT-Ovation One-Direct (called NuGEN Single; NS 1 - 6 and NuGEN Pooled-
and-Split; NPS 1 - 6) and the rest were amplified using the Arcturus RiboAmp HS Plus (called 
RiboAmp Single; RS 1 - 6 and RiboAmp Pooled-and-Split; RPS 1 - 6). All samples amplified 
with one protocol were processed in the same round.

RNA labeling and microarrays

5 µg of amplified RNA obtained with the Arcturus RiboAmp HS Plus protocol (Arcturus 
RAHSP) was dried in a speedvac, dissolved in 5 µl 50 mM carbonate buffer (pH 8.5) and 
placed at 37°C for 10 min. 10 µl of CyDye (1 µg/µl) (Cy3 for test samples and Cy5 for reference 
samples) diluted in DMSO was added to each reaction. The samples were subsequently 
incubated in the dark at room temperature for 60 min. The reactions were quenched by 
addition of 5 µl of 4 M hydroxylamine for 15 min. at room temperature in the dark. The 
RNA was purified according to the MicroElute RNA Cleanup protocol (Omega Bio-Tek). The 
labeled RNA was finally eluted in 15 µl RNase/DNase free water. 

2 µg of amplified cDNA obtained with the NuGEN WT-Ovation One-Direct protocol (NuGEN 
WTOOD) was labeled and purified using the SureTag DNA labeling kit (Agilent Technologies) 
according to the sample labeling and clean-up protocols for 4x microarrays described in 
the Agilent Oligonucleotide Array-based CGH for Genomic DNA Analysis manual. In both 
cases, pooled RNA/cDNA from the amplified samples was used as reference. The yield and 
CyDye incorporation of labeled RNA/cDNA were measured with the NanoDrop ND-1000 
(Thermo Scientific). 

Microarrays were custom designed and obtained from Agilent technologies using the 
4x180k format. The 180k microarray (design ID: 028004) contains ~42,000 probes in 
quadruplet and 11,200 control probes. 

Microarray hybridization, scanning and data processing

For the Arcturus RAHSP samples, each hybridization mixture contained 825 ng of “test RNA” 
and 825 ng “reference RNA”. For the NuGEN WTOOD samples, each hybridization mixture 
contained 3 µg of “test cDNA” and 3 µg “reference cDNA”. The hybridization mixture was 
prepared according to the Two-Color Microarray-Based Gene Expression Analysis protocol. 
Labeling and array hybridization of the NuGEN WTOOD samples was performed according 
to the NuGEN recommendations [51]. The RNA/cDNA was hybridized for 17 hours at 65°C 
and 10 rpm. Afterwards, the slides were washed and scanned in an ozone-free room with the 
Agilent scanner GA2505C (Agilent Technologies). Slides were scanned at 3 μm resolution. 
Microarray data were extracted with Feature Extraction software version 10.7.1 (Agilent 
Technologies). To avoid technical variation introduced by these procedures, labeling and 
hybridization were performed for all samples at the same day.
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All data analysis was performed on non-normalized log2-transformed data using R (version 
2.14.1) (http://www.R-project.org). The variance between the samples was investigated 
with a principle component analysis (PCA). All correlations were calculated using Spearman 
correlation coefficients. The number of present/absent transcripts was generated by 
setting a cut-off on the intersection between distribution of the negative control probes 
and the distribution of the transcript probes. The list of differentially expressed genes 
(DEGs) was generated based on the Expectation Maximization Algorithm were the real 
signal ratios (test/reference) were compared to the expected normal distribution using 
a cut-off Benjamini-Hochberg, false discovery rate (FDR)-corrected P value of 0.05. The 
microarray data presented in this study are published in the Gene Expression Omnibus 
database under accession number GSE48141. 

Results

Quantitative analysis of amplification products

In this study, we evaluated five commercially available amplification kits that after a 
literature search were identified to be frequently used for amplification of small RNA 
samples (Table 1). The analysis was performed using single human oocyte samples, a non-
template control sample to account for background amplification, and a control sample of 
human total RNA. All procedures were performed by a single investigator at one laboratory 
facility.

Yields sufficient to perform microarray analysis were obtained from all protocols tested, 
apart from amplification with the Message Amp II (Table 2, Figure 1). Moreover, all protocols 
generated a certain yield of non-specific amplification products when amplification was 
performed without RNA (non-template control, NTC) (Table 2). Amplification reactions that 
yielded over 3 µg of aRNA or 1.5 µg of cDNA were considered successful and success rates 
varied between 21% and 100% (Table 2). Based on the best yields and success rates, only 
the Arcturus RAHSP and the NuGEN WTOOD protocols were further characterized (Figure 
2). 
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Protocol validation 

The experimental design to determine technical variation used single as well as artificial 
identical samples (Figure 3). Given the limited amount of RNA in a single cell, assessment of 
RNA quantity and quality after RNA isolation could not be performed and we had to rely on 
the quality of the amplified products (aRNA or cDNA) (Figure 4A). The size of the products 
ranged from 50 to 3,000 nucleotides for both protocols and all samples gave reproducible 
patterns. Although both protocols generated sufficient quantity of amplified product for 
further microarray processing, the yields of aRNA obtained from Arcturus RAHSP were 
higher than the yields of cDNA obtained by NuGEN WTOOD (Figure 4B). The Arcturus 
RAHSP yielded a median of 60 µg and the NuGEN WTOOD a median of 19 µg. Except for 
the non-pooled samples in the NuGEN WTOOD protocol, all samples cluster together per 
sub experiment (Figure 4B). Both protocols produced similar yields of about 3 - 4 µg of non-
specific amplification products from the NTC samples (Table 2).

After amplification, aRNA or cDNA from the four best (based on amplification yield and 
bioanalyzer profile) single and pooled-and-split samples was labeled and used in microarray 
analysis to assess the impact of each protocol on gene-expression profiles. As expected, 
the PCA analysis showed that the major variance observed (PCA1; accounting for 38% of 
the total variability) distinguishes the two amplification protocols (Figure 5A). The NuGEN 
WTOOD protocol resulted in more variability among the technical replicates compared to 
the Arcturus RAHSP protocol, as shown by the closer clustering of the pooled-and-split 
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samples (Figure 5A). In both protocols the pooled-and-split samples were very similar with 
correlation coefficients above 0.95 and the correlation coefficients for the single samples 
were above 0.80 (Figure 5B). The correlations between samples of different amplification 
protocols were weak (r=0.66). The NuGEN WTOOD protocol resulted in significantly more 
genes called present than Arcturus RAHSP (Figure 5C). The number of genes detected as 
differentially expressed, therefore in our experiment the false positive genes, were in the 
NuGEN WTOOD protocol on average higher than in the Arcturus RAHSP protocol, but this 
difference was not statistically significant (Figure 5D). 

Figure 1: Amplification quality. Examples of the Bioanalyzer electrophoretic profiles of amplified products 
(single oocyte: black line; positive control: blue line; NTC: green line) from four amplification protocols.

Discussion

Over the last years, tools and methods have been developed to facilitate the generation 
of expression profiles from as little as one cell or even cellular fractions. Improvements 
have been made in all steps of the process from sample collection, to RNA isolation, RNA 
amplification, data acquisition and analysis. In this study, we evaluated the performance of 
five commercially available protocols for RNA amplification using single human oocytes. 
Three of them resulted in poor yields and success rates, whereas two provided good 
sensitivity and reproducibility. The failure of the Message Amp II protocol to amplify RNA 
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from human single oocytes might be caused by the low amount of total RNA present in a 
single human oocyte (~55 pg [7]), which is less than the recommended minimum input (35 
ng). For the other two protocols, no obvious explanation for their failure is available. The 
protocols with the best performances were the Arcturus RAHSP and the NuGEN WTOOD. 
These two protocols were further used to validate the procedure of generating expression 
profiles as a whole. 

Even though the gene-expression profiles within each protocol were very reproducible 
(correlation coefficient ≥ 0.95), the gene-expression profiles obtained by the two protocols 
were quite variable (correlation coefficient r=0.66). The NuGEN WTOOD protocol identified 
more transcripts, which is most likely due to the utilization of random primers that recognize 
mRNA without poly(A) tails next to mRNA with poly(A) tails not only from the 3’ end but 
also within the mRNA. Both protocols introduced errors into the microarray data. However, 
the NuGEN WTOOD protocol resulted in more false positive differentially expressed genes 
in the pooled-and-split samples. 

Of the four studies that validated their protocols on actual single cells, one validated 
an amplification method for generating robust expression profiles by microarray 
technology using three single HeLA and three primary brain tumor cells [45]. Intra-sample 

Figure 2: Amplification protocols. Amplification process of NuGEN WT Ovation One-Direct (left) and 
Arcturus RiboAmp HS PLUS (right).
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Figure 3: Experimental design 
for validating the two protocols. 
Pooled-and-split oocytes (NPS and 
RPS) were used to determine the 
technical variation introduced by the 
two protocols and single oocytes (NS 
and RS) were used to determine the 
biological variation among single 
human oocytes.

reproducibility was much lower than the protocols analyzed in the current study (r=0.76 
and r=0.74 respectively versus r≥0.95 in the current study). Another study validated 
a local mRNA sequencing protocol on single oocytes and single cells of a mouse 4-cell 
embryo [46] and demonstrated very similar oocyte transcriptome profiles (r=0.99). Also, 
another study developed and validated a single cell PCR-based amplification protocol in 
combination with microarray-based analysis using single cells from the olfactory system 
[38]. Comparison of the transcriptional profiles of two individual cells revealed a correlation 
coefficient of 0.66. Even though all these studies proved that their methods were able to 
produce reliable and reproducible expression profiles from single cells of the same type, 
they were not able to validate the technical reproducibility since the observed variation 
could be attributed to either technical errors or biological differences between the cells.  
The fourth study validated a PCR-based amplification protocol by microarray experiments 
on single and pooled cells from the murine mammary carcinoma cell line TUBO [47]. The 
correlation coefficient was above 0.87. A similar design like that of our study was used, where 
pooled cell lysates were split to obtain identical single cell equivalents. Using such a design, 
one can validate a protocol using actual single cells while correcting for biological variation 
which allows conclusions for the technical variation. An exact comparison between these 
studies and our study is not possible, since neither the experimental design, nor the cell 
types are the same. More importantly, in our study we compared multiple protocols that 
are commercially available, whereas all other studies validated their own locally developed 
protocols. 

As we have clearly demonstrated, different mRNA amplification methods can generate 
different transcriptome profiles. In order to obtain more valid comparisons, researchers 
should generate their datasets using a standardized protocol. The decision as to which 
protocol to use should be based on the number of detected transcripts and an accepted 
false positive rate. Other factors include the quality and quantity of input RNA, sample size, 
cost and time per reaction, experience with the techniques and experimental goal. 

This study used human oocytes to validate the two protocols. The unique nature of oocytes 
should therefore be considered. During the first three days of preimplantation embryo 
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development, transcription is absence and protein synthesis is sustained by the translation 
of mRNA stored during oogenesis [52]. As such, oocytes contain a higher amount of mRNA 
compared to single cells from other tissues [7]. It might be that the two protocols described 
here will not work as optimal when single cells of another tissue that contain lower amounts 
of mRNA are analyzed. 

Nowadays, another technique (RNA-sequencing) is available to obtain expression profiles 
from as little as 10 ng input cDNA [46, 53, 54]. As such, the success rates reported in Table 2 
have to be recalculated when sequencing is used. In our hands, both Message Amp II and 
ExpressArt Pico kits repeatedly failed to amplify RNA in various experiments and as such 
the success rates were low (also see Figure 1). Non-reliable techniques are not useful, either 
for microarray or sequencing so our conclusion that these two kits cannot be used for 
downstream applications remains. Ovation PicoSL WTA V2 could be used for downstream 
applications but WT-Ovation-One-Direct, both provided by NuGen, utilizes the same 
experimental principle and it is more sensitive compared to Ovation PicoSL WTA V2. 

Figure 4: Quality and quantity assessment of amplification products. A: Examples of the Bioanalyzer 
electrophoretic profiles of cDNA obtained using NuGEN WT-Ovation One direct and aRNA obtained using 
Arcturus RiboAmp HS Plus (single oocyte: black line; pooled-and-split oocyte: grey line; positive control: 
blue line; NTC: green line). B: cDNA and aRNA amplification yields obtained with the two protocols.
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In summary, we compared several commercially available protocols for amplification of 
mRNA from single human oocytes. The two protocols that gave sufficient yields and high 
success rates were further validated to assess reproducibility and sensitivity of the obtained 
expression profile using a design that can discriminate between biological and technical 
variation. It was shown that both protocols introduced limited technical variation and 
produced highly reproducible transcriptome profiles among the technical replicates. One 
of them was able to identify more transcripts, but gave a higher false discovery rate. These 
protocols are correctly validated and can be used for single cell gene-expression profiling.

Figure 5: Validation of the protocols’ performance on gene-expression profiling. A: Principal component 
analysis of the unnormalized log2 ratios (test/reference). B: Spearman correlations showing the similarity of 
the unnormalized microarray data from single and pooled-and-split samples obtained by the two protocols. 
C: Mean number of present transcripts per protocol. D: Number of differentially expressed genes per 
protocol.
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