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ABSTRACT 
RNA-sequencing (RNA-seq) technology has been progressing so fast in the last few years and made it 
possible to perform transcriptome analysis at single-cell level that was even unimaginable a few years 
before. Nowadays, the importance of gene expression analysis at the single-cell level is increasingly 
appreciated for the study of complex heterogeneous tissue. Also, in order to solve the obscure and no 
consensus definition of cell types, the single-cell gene expression analysis approach will be important. In 
this thesis we described a novel approach of single-cell gene expression profiling, called Single-cell 
Tagged Reverse Transcription (STRT).  Here we can analyse 96 single cells at the same time by using a 
DNA barcode to tag individual single-cell.  We analysed both 41 embryonic stem cells (ES) and 44 
mouse embryonic fibroblast (MEF) cells in a 96-well PCR plate using STRT and successfully separated 
the distinct cell types from each other by cluster analysis using only the gene expression profile. We 
believe that the strategy to discriminate cell types using gene expression profiling will empower the 
unbiased discovery and analysis of heterogeneous cell populations in both normal and diseases tissue. 
However, the low efficiency of cDNA synthesis (~ 10%) and PCR amplification bias of this first STRT 
version reduced throughput and also decreased the possibility to detect genes that were expressed at 
lower level.  
 
To improve the efficiency of cDNA synthesis, we significantly improved the template switching (TS) 
mechanism – the mechanism to make secondary oligonucleotide from RNA during first strand cDNA 
synthesis. Since most of the present single-cell methods use TS mechanism, the base preference of 
terminal transferase activity was studied in detail. We found that an NGG motif at the 3´ end of the 
template switching oligonucleotide (TSO) will work better than a GGG motif.  
 
To remove the amplification bias we introduced a molecular barcode, a 5 bp short random degenerate 
sequence, which entirely eliminate the amplification bias. As this short random sequence uniquely labels 
each single molecule, their exact number can be determined. By introducing a microfluidic sample 
preparation, Fluidigm C1, we ensure the quality of cells that undergo sample processing until sequencing. 
In this updated method, called STRT-C1, we used 96 ES cells and split it as two final libraries consisting 
of one single strand cDNA library and one double strand cDNA obtained by amplifying the first single 
strand cDNA. We also used and analysed spike-in RNA in the same experiment. Both the reproducibility 
(correlation coefficient >99.5 within and between sample) and efficiency of reverse transcription (~48%, 
5 folds more than previous version of STRT) of the improved method are excellent. Correlation 
coefficient for the endogenous gene within and between samples is much better at the molecule level than 
at the read level, especially for the genes of low abundance.  
 
By analysing only the spike-in RNAs, we found that technical noise is minimized and we can observe 
true biological noise for endogenous genes. Some biological noise is intrinsic at the single-cell level but 
most of the genes showed only low level of noise. However, we detected ~173 genes in ES cells which 
shows significant noise. Our data also revealed that biologically noisy genes have a significant function to 
give a resonant state of the embryonic stem cell.  
 
In conclusion, the single-cell molecule counting method makes it possible to count molecules in single-
cell accurately and without any bias. So we believe our STRT-C1 version of the single-cell method is a 
significant step forward for all expression analysis.  
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1 INTRODUCTION 
Though organs and tissues are composed of million of cells, each individual cell has its own set 

of characteristics, organized in a precise manner and acting together to shape the final form and 

function of the tissue. Even though the individual cells in a tissue carry essentially the same 

genotype, particular sets of genes are expressed in particular single-cell, which are determined 

by their epigenetic state. Different studies have already shown that gene expression is 

heterogeneous even within the same cell type 1-4, which leads to differences also in protein level 
5 and some important functional consequences5-7. Many factors may play a critical role to create 

heterogeneity in gene expression patterns in similar cell types, which include mainly epigenetic 

states of cells 8, cell cycle 9 and the stochastic nature of  gene expression 10-12. 

Due to heterogeneity of tissues and its constituent cells, gene expression analysis at the tissue 

level will blend the expression data of individual cell (Figure 1). To date, a growing number of 

reports have shown the gene expression heterogeneity in single-cell6, 7 particularly in stem 

cells13. Hence the need has increased from the research community to perform single-cell 

analysis, which will give capability to analyse the dynamic fluctuation in gene expression in 

molecularly heterogeneous populations.  

 

  

 
Figure 1: Importance of single-cell RNA-seq to learn the details in molecular level of 
individual single-cell. Even cells from seemingly homogeneous cell population can differ widely 
in gene expression6.   
 

The amount of RNA in typical single-cell varies from 10 to 20 pg of total RNA. However, only 

1-5% of this total RNA is mRNA. So technically it is very challenging to work on single-cell 

due to the detection limits of existing methods. Until next-generation sequencing (NGS) 

technology was developed, most transcriptome studies were carried out at the tissue level or in 

bulk cells where thousands to million of cells take part in the transcriptome analysis. But in 
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many cases, the number of cells is intrinsically limited, which underscores the importance of 

single-cell analysis. For example, single-cell analysis will be beneficial for the cells in the early 

stages of development, to know the differentiation pattern during embryogenesis, transcription 

of rare circulating tumor cells 14, 15, forensic medicine 16, and to analyze tumor heterogeneity 17.  

To meet the demands of single-cell transcriptomics analysis, efforts are continuously ongoing 

to develop more powerful single-cell RNA-seq methods. The first successful high throughput 

single-cell RNA-seq method18 came in 2009, and was demonstrated on oocytes and blastomeres 

of the early mouse embryo. However, these are unusually large cells, and further developments 

were required to create methods suitable for somatic cells. In this thesis, I describe a single-cell 

RNA-seq method called STRT (single-cell tagged reverse transcription). STRT achieves high 

throughput by early multiplexing, is highly sensitive and thus applicable to any somatic cell, 

and uses unique molecular identifiers (UMIs) to count mRNA molecules with nearly no bias. 

 

1.1 BACKGROUND    

1.1.1 Cell theory  

Cell theory is one of the few universal laws of biology and most important ideas in the history. 

Still now, the cell is the center of all scientists in the field of cell biology to reveal the mystery 

how the enormous variety of life are organized and functionally operated. Many scientists work 

in the long way to identify the role of cells as a functional unit.  First the invention of 

microscope led to the discovery of cell. Plant cells were discovered first followed by animal 

cells. Though many scientists work on the concept of cells since sixteenth century, botanist 

Matthias Schleiden and zoologist Theodor Schwann first made a conclusion in 1839 that the 

cell is the basic unit of structure for all organisms. Few years later, in 1958, Rudolf Virchow 

stated, “ Every animal appears as a sum of vital units, each of which bears in itself the complete 

characteristics of life”. It was the landmark in the history for cell biologist. However, all of 

these scientists were not sure about the formation of cells. Scientists Robert Remak was the first 

to propose the theory in animal cells that cells come from another pre existing cells by cell 

division.  The same theory was endorsed as stated “all cells come from other cells” by 

Virchow19. According to cell theory, all living organisms are built from cells and that all cells 

arise from pre-existing cells. Finally, in one sentence to describe all above concepts, cells are 

the center of life. 

 

1.1.2 Cell types  

Conventionally, cells are defined morphologically or phenotypically. In higher organisms like 

human, there is no consensus among scientists how many different cell types exist. 

Interestingly, cells might have similar appearance yet they are molecularly distinct. Though the 

most common approach to find cell types is morphology, we therefore need to look at the 
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molecules inside of cells.  That is, similar cells expressing certain important markers should be 

classified together. The precise nature of this classification, and which markers to include, are 

not yet known. 

 

1.1.2.1 Our hypothesis regarding cell types 
 
Cells do not form a continuum of characters, but are rather confined to a relatively small 

number of functional states. We presume that cell types can be discovered de novo and in an 

unbiased way by comparing and clustering single-cell expression profiles. We propose that this 

approach will provide a firmer basis for the concept of cell type, will lead to the discovery and 

molecular characterization of previously unknown cell types, and will provide insight into the 

functional relationships between different types of cells.  

 

At the beginning of this thesis work, large-scale attempt were taken for the first time to get 

unbiased discovery and enumeration of cell types, mainly focused on brain. Midbrain 

dopaminergic neurons, which are complex and heterogeneous, were the targeted tissue to work 

with. In order to classify midbrain neurons in an unbiased manner, it is insufficient to use a 

small number of markers. Instead, we will characterize expression of large numbers of genes 

(transcription factors, signaling pathways, ion channels, neurotransmitters) in a large number of 

single-cells taken directly from midbrain. The resulting dataset will be clustered, and each 

cluster will be designated as a “provisional cell type” (Figure 2). The result will be similar to 

the molecular taxonomy derived by Sugino et al. 20, except that it will be based on single-cell 

data from hundreds of cells rather than pooled data from few cell populations, and thus will be 

of much higher resolution.  

 

 
 

Figure 2: A concept of cells types from gene expression data. Here we took published 

microarray data of 80 samples from mostly nervous tissue and clustered them based on gene 
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expression. Samples from similar tissue ended up very close together. Here each small dot 

represents a single data point and each colored are represents a single tissue.   

 

1.1.3 Brief background of midbrain work  

 
The midbrain is a part of the central nervous system mainly involved in motor functions of the 

brain and behavior, and it is the site of dopaminergic neurons involved in diverse functions 

including the control of voluntary movement. A complex combinatorial code of transcription 

factors is involved in the development of the midbrain. At an early stage of neuronal 

development (from E8.5 to E10.5 in the mouse), differentiation of neural progenitors to 

midbrain dopaminergic (mdDA) neuron occurs in specific regions that include the substantia 

nigra pars compacta (SNc) and the ventral tegmental area (VTA). In the next phase of 

development (E10.5 to E14.5), a complex regulatory network including many developmental 

genes are associated to control the embryogenesis process and pattern mdDA neurons. At both 

stages (E8.5 to E14.5 days), some of the morphogens and transcription factors are critically 

important for the development of midbrain, such as Shh, Wnt-1, Lmx1a, Lmx1b, Nurr1, Pitx3, 

FoxA2, Msx1 or En121, 22. 

 

At an early stage of development (8.5 to 10.5 days), neuronal progenitors differentiate by the 

action of Shh, Wnt-1 and Lmx1a22 to DA neurons positioned in two different part of the ventral 

midbrain that clearly make two distinct subgroups of DA neurons - the SNc and VTA. We 

hypothesized that mdDA neuron might be a heterogeneous population of cells, i.e. that during 

development in this stage, different subtypes of cells may exist, which are not only regionally 

separated but functionally distinct.  

 

More specifically, in my research program, development of midbrain dopaminergic neuron 

(DA) (E10.5 to E14.5 days of mouse embryo development) is the key target whose loss is 

related with the main symptoms of Parkinson’s diseases (PD). As we know that PD is 

characterized by the loss of dopaminergic neuron specifically in the substantia nigra, it may 

also be possible to link Parkinson’s disease with the different subtypes of cells in this stage.  

 

For this purpose, we have developed a method for high-throughput single-cell gene expression 

profiling. By avoiding the use of markers, or cell culture, we will obtain a direct, unbiased view 

of the kinds of cells present in the developing tissue, and the functional repertoire of genes they 

express. In this method, we can generate gene expression profiles of hundreds of single-cells 

followed by clustering them on the basis of similar expression profiling. To identify each 

cluster, a minimum set of genes is required to establish relationship within the cluster. Each 
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cluster then will be assigned as a group and provisionally identified them as functional cell 

types.   

 

 

1.2 NEXT GENERATION SEQUENCING 

 
The microarray assay was the first powerful molecular technology for study of expression of 

thousands of gene simultaneously, allowing accurate quantification of gene expression in many 

cells or samples at the time of study. However, the shortcomings of microarray are: limited 

number of probes, where each microarray can only provide information about the genes in the 

array; and limited sensitivity and dynamic range with a requirement for microgram amounts of 

RNA to analyse gene expression23.   

 

The introduction of next generation sequencing technology in 2005 was a major breakthrough 

for the extraction of genetic information from biological systems24-26. Since then, this platform 

outcompeted the array technology and became the preferred method for transcriptomics. 

Among many other benefits of massive sequencing in NGS technology, it gives nearly limitless 

information about the genome and transcriptome, has broad dynamic range, high accuracy and 

is applicable to any species27. Overall, NGS technology has triggered ground-breaking 

discoveries in medical science, agriculture field and make a revolution in transcriptomics 

science. Some of the popular platforms for NGS include e.g. 454 pyrosequencing, Illumina 

HiSeq, Life Technologies SOLiD and Ion Torrent, Helicos HeliScope etc. These platforms will 

be discussed in the later part of the thesis.   

 

1.3 RIVER OF SINGLE-CELL TECHNOLOGY DEVELOPMENT 

 
The tiny amount of starting materials in single-cells was always a technological challenge for 

single-cell work. So far all single-cell methods are dependent on the amplification of small 

materials from single-cell. Exponential and linear amplification are the two major strategies to 

amplify cDNA from single-cells. On the basis of exponential amplification, Brady et al, one of 

the pioneers to work on single-cell cDNA, used oligo(dT) to prime RNA in the 3´ ends from 

individual hemopoietic cells and prepared microgram amounts of cDNA from single-cells28. 

Around the same time linear amplification was also achieved from single-cell; here the 

promoter of T7 RNA polymerase was introduced by priming cDNA with a synthetic 

oligonucleotide and amplified mRNA from single-cell of rat hippocampus29 or from single 

cerebellar purkinje cells30. So far most of the existing single-cell methods depend on either 

linear or exponential amplification of cDNA from single-cell RNA or minute quantity of 
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control RNA (either spike-in RNA or reference RNA). Though both types of amplification have 

some advantages and disadvantages31 and they are complementary to each other, however, 

exponential amplification is mostly used to amplify cDNA from single-cell level RNA.   

 

Based on microarray analysis, Kurimoto et al.32 developed a method to amplify cDNA from 

single-cell by combination of both exponential and linear amplification. Basically, this method 

is the improvement of single-cell analysis with the original method from Tietjen et al. 33 to 

amplify cDNA from single-cells. In the method by Kurimoto et al., cDNA was amplified 

initially by directional PCR amplification with subsequent linear amplification by introducing 

T7 promoter to the 5´-end.  It improved both the number of detected unique genes from single-

cell and reproducibility between different experiments34.   

 

To get single-cell transcriptomics based on next generation sequencing for the first time, Tang 

et al.35 used the same principal as Kurimoto et al. with slight modification in the method to 

amplify cDNA from single-cell. By increasing the incubation time for reverse transcription and 

extension time for PCR, this method significantly improved the length of cDNA for the 

majority of expressed genes compared with previous method. However, this improvement 

doesn’t interfere the accuracy of mRNA detection.  Though the amplification of cDNA from 

single-cell is improved significantly using this mRNA-seq technology, however it leaves some 

technical limitation to be improved. The major limitation of this first RNA-seq method is to 

amplify preferentially the 3´ ends of mRNA and it could not identify the 5´ end that is 3 

kilobase away from the 3´ end. This method also cannot distinguish sense strand from anti-

sense strand. RNA is synthesized from one of the two strands of DNA. A special way of sample 

preparation is necessary to preserve the information from which strand the RNA is synthesized.  

Strand-specific RNA-seq improves on standard RNA-seq in several ways: identifying antisense 

transcripts, determining the transcribed strand of non-coding RNAs (e.g. lincRNAs), and 

establishing the boundaries of closely situated genes. It also gives the information of two 

overlapping genes36.  

 

The Smart-seq approach to work on single-cell14 markedly improved transcriptome coverage 

throughout the transcripts and lead to more detailed analysis of alternative transcripts isoform 

and identification of SNPs. In this method, full length cDNA is obtained from single-cell by 

SMART template switching technology37 and subsequently amplified using PCR.  As a result, 

enough cDNA materials were generated from each single-cell to make sequencing libraries. 

The breakthrough of this method was to overcome the 3´end or 5´end transcripts bias18, 38 that 

usually persists with other single-cell method. Smart-seq method considerable improves full-

length coverage of all longer transcripts. However, due to limitation of multiplexing, each 

library represents only one single-cell, which turns this method expensive for any general users.  
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CEL-Seq is another approach to perform multiplex single-cell transcriptomics by linear 

amplification39. By improving the sensitivity to detect mRNA at single-cell level and 

reproducibility, it is another method of choice for single-cell work. In this method, a primer 

designed with an anchored poly T, a unique barcode, the 5´ Illumina sequencing adapter and a 

T7 promoter, introduced during reverse transcription reaction. After cDNA synthesis, all 

samples are pooled in a single tube to do in-vitro transcription. The samples are fragmented, 

processed to make the final cDNA library. In this method, only 3´ end of transcripts is possible 

to detect. By combination of in-vitro transcription, multiplexing and single-cell step of linear 

amplification, this method gives sufficient cDNA from single-cells with the advantage of strand 

specificity and significantly lower noise. However, the detection of only 3´ end and sensitivity 

to small copy number makes this method limited for a wider research community. Moreover, 

this method is limited to detect alternative splicing forms due to its strong 3´ bias.  

 

Quartz-Seq is the latest highly quantitative single-cell RNA-seq approach40. By using this 

method, it is possible to see cellular heterogeneity in terms of gene expression between the 

single-cells of similar cell types and even at the same cell cycle phase. In this method, three 

critical steps were optimized: suppression of synthesis by-products during sample processing 

and PCR; a highly efficient PCR enzyme to make all steps in a single-tube reaction, and 

optimized conditions for reverse transcription and second strand synthesis for the captured 

mRNA. All these three optimizations allowed this method to be performed in a single tube 

reaction without any purification, which increased the efficiency of this method significantly in 

single-cell level.   

 

Recently, the update of Smart-seq method, Smart-seq2 41 came out with longer coverage across 

transcripts than previous version. This new method significantly improved the sensitivity of the 

method and increased the ability to detect more genes with minimum technical variation for 

low and medium abundance genes. Smart-seq 2 also achieves more coverage of the transcripts 

length, with higher accuracy and minimum biasness along with reduce cost compare with the 

previous protocol. However, this method has still limitation having lost strand specificity, PCR 

bias and only limited to poly (A)+ RNA. In the following tables, all the features related to 

method are discussed for all current published single-cell protocol (Table 1 & 2).  
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Table 1: A summary of key steps during sample processing of all published single-cell RNA-seq 

method. All these steps affect the outcome of single-cell method significantly. 

 

Table 2: A summary of key features of recently published single-cell RNA-seq method. 

Achieving all these features will increase the acceptability of any single-cell RNA-seq method 

that leads the method to explore more and more features in life science.  

 

1.4 DESCRIPTION OF SINGLE-CELL RNA-SEQUENCING 

1.4.1 Overall STRT method 

 
I will now describe the overall method of Single-cell Tagged Reverse Transcription (STRT). 

The method development step by step will be explained in later sections. Single-cell tagged 

reverse transcription (STRT) is an RNA-seq approach capable of profiling 96 single-cells in 

parallel38, 42. After making a single-cell suspension either from a tissue or from cultured cells, 

single-cells were collected using either a fine-capillary cell picker instrument or FACS sorted, 

and the cells are lysed to free RNA from the cell to participate in reaction. The mRNA 

Method Reverse Transcription PCR 
amplification 

Template 
Switching 

Tagmentation Year of 
publication 

Tang et al Poly A-tailing 29 cycle No No 2009 

STRT Template Switching 33 cycle Yes No 2011 

Smart-Seq Template Switching 27 cycle Yes Yes 2012 

CEL-Seq Invitro Transcription - No No 2012 

Quartz-Seq Poly A-Tailing 31-33 cycle No No 2013 

Smart-Seq2 Template Switching 23 cycle Yes Yes 2013 

STRT-C1 Template Switching 21 cycle Yes Yes Submitted 

Method Coverage Multiplexing Molecule 
counting 

PCR-bias 
free 

Strand 
specificity 

Tang et al 
�

��� ��� ��� ���

STRT 
�

���� ��� ��� ����

Smart-Seq 
�

��� ��� ��� ���

CEL-Seq 
�

���� ��� ���� ����

Quartz-Seq 
�

��� ��� ��� ���

Smart-Seq2 
�

��� ��� ��� ���

STRT-C1 
�

���� ���� ���� ����

5’ 3’

5’ 3’

5’ 3’

5’ 3’

5’ 3’

5’ 3’

5’ 3’
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population of each cell is converted to cDNA by reverse transcription, which is tagged with 6 

base pair (bp) cellular barcode sequence simultaneously. The core of the approach is template 

switching – the switch from the RNA molecule to a secondary oligonucleotide as template for 

cDNA synthesis – as this mechanism is responsible for the introduction of the cellular barcode. 

The STRT protocol is applicable to both 48 and 96 single-cell format with 48 or 96 different 

unique cellular barcode sequences. All single-cells are uniquely tagged with cellular barcode 

before pooling it in a single tube and all further processing after this step will be in parallel in a 

single tube reaction. Both this early barcode introduction and pooling enables a streamlined 

time-efficient protocol. The barcodes are deconvoluted from the final sequencing output 

allowing the assignment of the sequencing reads to the corresponding single-cells.  

 

First strand synthesis is primed with an oligo (dT) primer carrying a universal amplification 

sequence. Reverse transcriptase extends the first strand based on mRNA as template. In that 

step, a well (cell) specific barcode is introduced into cDNA using the reverse transcriptase 

template switching mechanisms where a helper oligo, named template switching oligo (TSO) 

helps to introduce a specific sequence at the 5´ end of cDNA. In this way, each single-cell is 

tagged with a different helper oligo. To facilitate the PCR with unique PCR primer, the helper 

oligo also carries the universal sequence at the 5´ end. After cDNA synthesis, all 96 samples 

from 96 different single-cells are pooled in a single tube, purified using beads followed by 

single-primer PCR amplification. The amplified sample is then fragmented using DNase 

treatment and then processed to adapt with Illumina sequencer.  
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2 METHOD DEVELOPMENT 
  

2.1 CHALLENGES OF SINGLE-CELL METHOD DEVELOPMENT 

 
After development of next generation sequencing technology, transcriptomics analysis from 

many cells or bulk tissue is now quite straightforward. When it comes to single-cell analysis, 

many challenges will come in front. Some challenges are technical (e.g. amplification bias, very 

low starting materials etc.) but a few challenges are biological (e.g. stochasticity of gene 

expression, natural fragility of some types of single-cell etc.). One of the big challenges is to get 

enough sequencing materials from single-cell without introducing any amplification bias or 

introducing error43. On the other hand, the presence of only femtograms of mRNA in a single-

cell makes the amplification unavoidable in all current single-cell method. The risk of 

contamination in the lab is another important issue to take care. Though the current method can 

manage to process and sequence hundreds of single-cells at the same time, still the cost is 

considerable for running a large number of single-cells; the information from a large number of 

single-cells need to be analyzed most of the cases to get answer of some key biological 

questions. For example, to know the cell types in complex dopaminergic neurons of midbrain, 

sequencing of at least 1,000 cells may be needed to get biologically significant evidence. Put 

aside the biological and technical challenge of single-cell analysis, the complexity of the data in 

NGS also adds additional challenge for any general lab, and requires sophisticated 

bioinformatics. Good news is that technology has moved apace and dramatically reduced the 

cost of sequencing, making single-cell sequencing now very routine.  Here I will discuss a few 

challenges in the laboratory part during development of our single-cell method, STRT and 

STRT-C1. 

 

2.2 SINGLE-CELL COLLECTION  

 
The first step in any single-cell work is to collect single-cells into the lysis medium in a desired 

cell capturing plate. It is one of the challenges also to get healthy single-cell with intact RNA 

materials. The single-cell source can be from cultured cells or from the solid tissue. Though the 

single-cell collection from cultured cells is easier and straightforward, the tissue should be 

processed through enzymatic digestion or mechanical disintegration into single individual cells 

with minimum time span. Nowadays, there are many ways to collect single-cells: using 

micromanipulation by either simple mouth pipetting34  or in automated robot system44, Laser-

Capture Microdissection45, 46 (LCM), Fluorescence Activated Cell Sorting (FACS)40, 

Microfluidics 47-49- with their own advantage and disadvantage.  
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2.2.1 Cell Picker 

During method development, a custom-built semi-automated cell picker was used. A 

fluorescence-based microscope was attached with the cell picker device, which was controlled 

by computer. In that system, the single-cell suspension was checked manually under the 

microscope and healthy-looking single-cells were targeted to be picked. The process was more 

reliable in that way, only good and live cells were picked. Though the cells were collected in 

cell capture plate containing only 5 μl of lysis medium, it was also very important to make sure 

that the cells ended up in the lysis medium. The whole system was temperature controlled to 

pick single-cells at 4°C. With the reliability of hand picking system as clear advantage, time 

and labour are the two key limitations to pick hundreds/thousands of single-cells. It usually 

takes 2-3 hours to pick 96 single-cells. Another big advantage of this method is that only a few 

hundred cells in total are needed to collect 96 single-cells.  

 

2.2.2 FACS 

FACS single-cell sorter was the other option during developing single-cell method. Although 

the process is high-throughput to collect thousands of single-cells within short time and easy to 

sort either targeted sample by using cell-type specific markers or random cells by using the 

light-scattering properties, the reliability to collect single-cell is questionable. In STRT 

protocol, single-cells must be collected in 5 μl lysis buffer of 96 well plate. However, the cells 

might sometimes be deposited on the wall of the plate. Additionally, the rapid flow in a FACS 

sorter can damage single-cells, and sometimes the instrument will detect light scattered from 

part of the cells or debris instead of whole cells, which leads to weak downstream reaction in 

specific wells. Again, when the number of cells is limited in any experiment, FACS sorting will 

be not efficient, as it needs large number of cells as starting materials in single-cell suspension. 

Specifically, in my experiment to collect Th-GFP positive single-cells from midbrain 

dopaminergic neuron of developing embryo, only few thousand of cells made it difficult to 

collect single-cells efficiently. Finally, the transcriptomics data from manually collected single-

cells experiments were consistently better and most of the wells of 96 well plate contained 

single-cells. In contrast, in case of FACS sorting, many wells were missing single-cells.   

 

2.2.3 Cell Fixation  

Single-cells do not always behave very nicely as expected. To get single-cell suspension from 

primary tissue using enzymatic degradation – the common method to get single-cell suspension 

– the cells should be exposed to enzymes for a minimal amount of time to preserve maximum 

viability of cells. Moreover, to getting single-cells into lysis buffer from developing embryo, 
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the time is very important parameter to be considered and should be kept as short as possible 

between killing animal and collection of single-cells. In order to preserve the cells, it is possible 

to fix the cells using DSP (Dithio-bis-succinimidyl propionate), which can easily pass cell 

membrane and reversibly cross link cellular proteins50. The cells can then be stored for longer 

time and single-cells can be collected by using any suitable platform as necessary. The cells are 

readily unfixed during sample processing by using reducing reagents. We developed DSP as a 

general fixative for single-cell RNA-seq by adapting the lysis buffer to reverse the cross-links 

and efficienctly release cellular RNAs. 

 

2.2.4 Microfluidics 

Recently microfluidics, also referred to as lab-on-chip, has seen as promising future in single-

cell isolation and analysis. In the last few years, great progress has been made in the 

implementation of microfluidic devices – for single-chromosome isolation 51, single-cell 

isolation and analysis17, 52, 53, high-throughput capacity for single-cell analysis49 – and offers 

promising potential in the future. By combination and integration of various fluid manipulation 

components (e.g., pumps, valves, filters and mixers), nanolitre reactions can be performed 

entirely using fabricated microfluidic chips. In our latest development of single-cell work, the 

Fluidigm C1 single-cell auto prep system has been used to merge with STRT technology for 

both sorting single-cell efficiently and library preparation in a much lower volume. In the C1 

auto prep device, both the low-volume chambers and very low volume reagents in reaction 

make this system very suitable to work with single-cell efficiently with less effort, cost 

efficiency and improving accuracy.  

 

2.3 LYSIS  

 
The first step to work on single-cells is to release mRNA successfully and keep intact the 

information of mRNA. In case of bulk cells or tissue, it does not matter if all cells are lysed 

properly or not, moreover, it would not interfere finally if you lose some mRNA during lysis 

procedure which compensate by same mRNA of other cells. However, in single-cells, every 

mRNA molecule is valuable. All mRNA molecules from single-cells must be made accessible 

to enzymes for downstream processing. Again, the lysis condition should be set up in a way 

that it should work for all type of cells irrespective of the toughness of their cellular membrane 

and extracellular matrix. Additionally, the lysis condition must not add any chemical or 

detergent that are not compatible with reverse transcription procedure or any downstream 

procedure of library preparation.  
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In most of the single-cell analysis to date, detergent-based lysis was used to create pores within 

the membrane to lyse the cells completely. Several detergents have been used so far those 

usually not interfere with subsequent reverse transcription process. Among the detergents, 

Triton  X-10054, Tween-2038 and Nonidet P-4032, 40, 55, 56 are most widely used. Most types of 

cells are lysed easily using these detergents. At the beginning during STRT method 

development, the lysis buffer was composed of Tris hydrochloride together with Tween-20. ES 

cells, mouse embryonic fibroblast (MEF), HeLa cells and dopaminergic neuron cells were lysed 

successfully with that buffer in room temperature. However, all cell types might not be lysed 

efficiently in Tween-20. Usually, lysis method should be optimized for different cell types with 

different detergent using varied concentration. As example, primary keratinocytes cells that are 

sticky, hard to dissociate and hard to lyse required more stringent conditions for lysis. Finally, 

the commercial buffer from Life Technology, CellsDirect Resuspension & Lysis buffers cover 

a wide range of lysis conditions for all most all different types of cells and additionally, 

compatible with chemicals using reverse transcription step. In most cases of single-cell method, 

the cell-lysate is directly used for reverse transcription without any purification32, 39. In STRT 

method, the oligo(dT)-containing reverse transcription primer is mixed with lysis buffer to 

capture mRNA as soon as the cells lyse. In our final protocol, STRT-C1, we use a combination 

of Triton X-100 and heating to 72°C to lyse most cell types, although keratinocytes were still 

not efficiently lysed in these conditions. 

 

2.3.1 Spike in RNA/Internal control 

Despite the clear advantage of reproducibility of RNA-seq, already mentioned in different 

methods and applications in single-cell level40, 57, 58, technical variability may be difficult to 

avoid especially in lower level of gene expression59. In order to establish the accuracy, 

reproducibility and sensitivity, and to allow normalization of raw data, synthetic spike-in RNA 

should be introduced in every experiment. The total input amount of spike-in RNA along with 

the length information, GC content, number of molecules of input RNA and concentration of its 

constituent can be used as RNA standard. All the relevant information of the standard RNA will 

be used to derive a standard calibration curve to calculate and analyzed the data in the studied 

sample. Both exogenous and endogenous types of RNA control can be used in RNA-seq. 

Though both can be used as control for RNA-seq experiments, however, exogenous control 

with known sequence gives more reliable and reproducible output. Different sequencing 

parameters for quality control of the sample –  for example sequencing error rate, sequencing 

coverage biases, errors in mapping – are possible to measure by using fixed control of known 

exogenous RNA control sequence. Moreover, the uniform levels of control RNA across 

different samples can be used when optimizing RNA-seq experiments in single-cell level.     
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During STRT single-cell method development, our laboratory use RNA spike-in control from 

The External RNA Control Consortium (ERCC). ERCC, a group of scientist representing 

different private and public organizations and from different laboratories formed this 

consortium in 2003 under US National Institutet of Standard and Technology (NIST)60, 61. This 

organization is working to develop a standard set of exogenous RNA control for use in gene 

expression assays62. Now this exogenous RNA control, ERCC spike-in RNA is commercially 

available in different combination. The ERCC mix that is used in STRT consists of 92 different 

polyadenylated transcripts, which mimic natural mRNA. The lengths of the transcripts are 

between 250 bp - 2000 bp and with known concentration and the sequence are easily accessible 

through the manufacturing process to the NIST reference material. The concentration of the 

transcripts in ERCC spike-in mix varied an approximately 106- fold concentration range, which 

is suitable for Illumina sequencing platform (however, for single-cell analysis, the range is 

excessive as most cells contain less than 106 total mRNA molecules). The ERCC RNA mix is 

diluted to a fixed concentration before adding to library preparation. 

 

Another quality control to measure gene expression profile was developed by the Microarray 

Quality Control project (MAQC), a big community effort that was initiated and led by Food 

and Drug Administration (FDA) scientists involving 137 participants from 51 organizations63. 

A whole issue of “Nature Biotechnology” in 2006 was mainly focused on that topic. Universal 

Human Reference RNA from Stratagene was used in STRT method, which is composed of total 

RNA from 10 human cell lines, referred to as ‘reference RNA’ in this thesis. 

 

2.4 REVERSE TRANSCRIPTION  

2.4.1 RT enzymes 

 
To make cDNA from mRNA using reverse transcription, many different reverse transcriptases 

have been used. In single-cell transcriptomics, the number of detected transcripts is very much 

dependent on the efficiency of the reverse transcription step. To date, no published method 

performed sequencing directly from RNA. All methods are in some way dependent on the 

reverse transcription step to convert mRNA to cDNA for downstream processing. After reverse 

transcription, the cDNA is amplified either by linear or exponential amplification, which 

prevents any further loss of any specific transcripts due to processing of library preparation. On 

the other hand, if any transcripts are lost in RT step due to inefficiency of this step, the 

transcripts cannot be recovered by any amount of amplification or sequencing.  

 

The success of the reverse transcription reaction depends on many parameters. As a 

consequence, different methods used different conditions, which were carefully optimized to 
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get expected cDNA library for subsequent steps. During STRT optimization for single-cell, 

conditions were optimized which were also favourable for the template switching mechanism. 

Several different reverse transcriptases are commercially available for the preparation of cDNA 

library64. Though Superscript III from Invitrogen is a most widely used enzyme for RT 

reaction32, 65, 66, however Superscript II was found best in our case for the optimized STRT 

reaction. Superscript III RT has been engineered to work at higher temperature, at 55°C 

whereas the common RT enzyme including superscript II is mostly active at 42°C and becomes 

inactive over 45°C. With this specific criterion, Superscript III is then the preferable choice for 

most of the RT reactions, because secondary structures of RNA can be denatured in this 

temperature. However, we found that under these conditions, the total yield of template-

switched cDNA was reduced. Different reverse transcriptases are used in different methods; for 

example PrimeScript (Takara) in NanoCAGE67, SMARTScribe in SMART37 and SMARTer14, 

Superscript II in STRT38 and SQRL68 are among the most used enzyme for reverse 

transcription. 

 

2.4.2 RNA priming 

In standard library preparation for RNA-seq experiments, the RT reaction is primed by different 

types of primer and different RNA priming strategy can effect the efficiency of cDNA 

synthesis. Three priming strategies are available: sequence-specific primer, oligo (dT) primer 

and random hexamer. With different advantages and drawbacks for different priming activities, 

oligo (dT) primer is the favourite choice for their specificity to prime only with the mRNA.  

STRT method also uses oligo (dT) primer because of its target to capture mRNA only. 

However, oligo (dT) primer always start priming from the 3´ end of RNA and it needs to reach 

5´ end of RNA in order for template switching to occur, to generate an amplifiable cDNA. Due 

to the nature of secondary structure of RNA, it may not complete reverse transcription, which 

can lead to incomplete cDNA synthesis and may decrease the efficiency of reverse 

transcription. Alternatively, random hexamer is also widely used to synthesis cDNA and get its 

popularity to also synthesize large pool of non-polyadenylated RNA; as example long 

intergenic non-coding RNAs (lincRNA), rRNA and tRNA. Additionally, random hexamer 

reduces the problem due to secondary structure of RNA. Theoretically, random hexamer 

priming should give uniform coverage, but in practice the resulting sequence coverage is far 

from uniform which lead to bias in Illumina transcriptome sequencing69. At single-cell level, 

random priming is problematic because it leads to the formation of unwanted side-products, 

which overwhelm the reaction and suppress the desired cDNA. 
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2.4.3 Template switching  

Template switching allows certain reverse transcriptases, derived from Moloney Murine 

Leukemia Virus (MMLV), which has intrinsic terminal transferase activity, switch template 

from the RNA molecule to a secondary oligonucleotide called template-switching 

oligonucleotide (TSO) during first-strand cDNA synthesis (Figure 3). The TSO anneals to a 

couple of protruding nucleotides added to the 3´-end of the cDNA by the RT in a template-

independent fashion. If the TSO carries barcode or adaptor sequences, these features are 

incorporated into the cDNA molecule. As such, the template-switching capacity is an attractive 

means to introduce necessary adaptors in RNA protocols. Recently, it has found widespread use 

in the setting of RNA-seq library preparation. In addition, the template-switching event occurs 

predominantly at the 5´-ends of transcripts meaning that the position of the transcription start 

site (TSS) can be obtained. As such, the transcript abundance data is supplemented with 

information about the TSS. 

 

 
 

Figure 3: Template switching mechanism. In step (a) reverse transcriptase use transcript as a 

template and synthesize first stand of cDNA; in step (b) template switching oligo (TSO) acts as 

a template after making a template switching event. 

 

The template-independent nucleotide addition and template switching employing RTs of the 

MMLV class have been applied previously, predominantly to generate full-length cDNA from 

transcripts and for delineation of transcriptional start sites. For example, the CapFinder 

approach uses this mechanism to capture the 5´-ends of transcripts70. The CapSelect technique 

achieves the same by allowing the RT to incorporate nucleotides in the template-independent 

fashion, extending the protruding end by using a dedicated terminal transferase and ligating a 

dsDNA adaptor with a corresponding overhang71. In the above-mentioned methods the adaptor-

tailed captured products are PCR amplified. Moreover, Clontech (Mountain View, CA, USA) 

offers a number of kits relying on template switching for the construction of full-length cDNA 
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libraries37. A slightly modified version of Clontech’s SMARTer Ultra Low RNA Kit was 

recently combined with the standard Illumina library preparation procedure, as well as with the 

transposon-based Nextera library construction technique, in Smart-seq – an RNA-seq protocol 

capable of transcriptome profiling of single-cells but also of samples comprised of larger cell 

numbers14. Short quantitative random RNA libraries (SQRL) is another RNA-seq protocol for 

larger RNA inputs employing template switching68. In this method, tagged random hexamers 

are used to prime first-strand synthesis and template switching is used to incorporate the second 

universal sequence into the first-strand cDNA. The final sequencing library is sequenced on the 

SOLiD platform. The SQRL approach uses hexamer and all RNA species are thus potential 

targets. However, the published protocol targets only mRNA as ribosomal-RNA depleted 

mRNA is used as template. A method to study non-polyadenylated RNA types with template 

switching relies on ligation of an RNA linker to the desired RNAs prior to reverse 

transcription72. 

 

2.5 DEVELOPMENT OF MOLECULE COUNTING METHOD 

2.5.1 Concept of UMI 

 
Currently in all published single-cell methods, RNA needs to be converted to cDNA and 

amplified; however, these enzymatic steps inevitably introduce quantitative errors in the form 

of biased yields of amplified cDNA.  A Unique Molecular Identifier (UMI) can be used to 

nearly eliminate this bias. A UMI tags single molecule by introducing a short random sequence 

during first strand synthesis (Figure 4), and serves the purpose to identify and count individual 

cDNA molecules after amplification and sequencing. Introducing UMI can eliminate any 

amplification or sample processing bias and provides accurate quantitative analysis of single-

cell transcriptomes. UMIs also provide absolute molecule counts, with a definitive zero, and 

thus remove the need for arbitrary relative scales such as RPKM. 

 

 
 

Figure 4: UMIs tag single molecules. (a) Molecules from the same or different transcripts of a 

single cell were tagged with different UMIs, which keep tracked the molecule until sequencing. 

Cell 1 Cell 2

Reverse transcription and UMI labelling

UMI 5' end of transcript

Lost mRNA 

a b

Transcript 
5’

5’

AAAAAA.............AAAAGGG
T T T T..............TT T T T TCCC

CATGAMolecule 1
UMI 

Transcript 
5’

5’

AAAAAA.............AAAAGGG
T T T T..............TT T T T TCCC

GAATTMolecule n
UMI

Transcript 
5’

5’

AAAAAA.............AAAAGGG
T T T T..............TT T T T TCCC

TATTGMolecule 2
UMI



 

 18

The molecules, which didn’t get UMI, will be lost and beyond detection (b) shown in sequence 

of UMI tagging with the molecules.  

 

2.5.2 What is UMI  

In the STRT method, the UMI is a 5 bp degenerate DNA stretch sequence, which is part of the 

template switching oligo and in the immediate upstream of 3´ riboguanosine. The UMI 

approach leads to each transcript molecule acquiring a unique DNA sequence in the early 

stages of sample preparation.  The degenerate stretch constituting the UMI can have varying 

length. The numbers of unique possible TSO sequence will increase with increasing the length 

of UMIs. There will be 256 different possible combinations when UMI contain 4 degenerate 

bases, 1024 combinations by 5 degenerate bases and 4096 combinations by 6 degenerate bases. 

When designing degenerate base number in UMIs, two opposite factors should be balanced. 

We found that shorter TSO performed better in cDNA synthesis, and hence it would be 

advantageous to keep UMIs shorter. On the other hand, we must consider the number of 

transcripts molecules and UMI should not be saturated due to the limited number of UMIs. The 

saturation of UMIs would mask the real number of molecules and underrepresent the number of 

detected molecules as different transcript molecules will receive the same UMIs after 

saturation. From our experiment, we found that 5-base UMI is good enough to cover almost all 

genes without saturation (given an efficiency of cDNA synthesis slightly lower than 50%). 

However, a few of the highly abundant genes might be saturated by using 5-base UMI. To 

optimize the use of 6 bp UMI in TSO is now under way. Without sacrificing efficiency (at least 

if it remains the similar as with 5 bp UMI), the 6 bp UMI will be the choice of TSO to count all 

single molecules in single-cells.  Finally, to make sure the randomization of UMIs during 

synthesis, we asked for hand mixing of a bottle of reagents with all nucleotides and put that on 

fifth port on synthesizer. This will ensure a 1:1:1:1 ratio of degenerate TSO.   

 

2.5.3 UMI introduction explained  

Transcriptome profiling is now the method of choice to accurately measure the abundance of 

RNA in a sample. In case of whole tissue, the amount of RNA is not any limiting factor 

whereas in single-cells, the minute quantitates of RNA make it difficult technologically. In 

single-cell RNA-seq, efficiency of cDNA synthesis and the amplification bias are the two most 

important limitations to be overcome. By optimizing the template-switching oligo, the 

efficiency of cDNA synthesis has improved significantly. Due to minute quantities of RNA in a 

single-cell level, PCR amplification is necessary to prepare the cDNA library to meet the 

requirement for Illumina sequencing.  
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2.5.4 Necessity of molecule counting/indexing 

The conventional Illumina library processing is a multi-step process from million of cells. In 

single-cell RNA-seq we also follow a very similar library preparation. After template switching 

for cDNA preparation, several steps consist of PCR amplification, DNA digestion, 

fragmentation, adapter ligation and again PCR amplification with ligated adapter, with the 

potential to introduce noise or bias in any step73, 74. It should be considered also that noise may 

be introduced during sample preparation due to temperature fluctuation, pipetting error or depth 

of sequencing. This is crucial, as biological fluctuations can be overlooked if we failed to 

distinguish biological fluctuation with technical noise. To overcome the PCR bias, methods are 

developed to prepared sample library without PCR amplification75-77. Some other methods also 

developed to avoid PCR amplification in RNA-seq by directly sequencing single molecules of 

RNA without converting cDNA from RNA78, or do reverse transcription directly on flow cell79 

or single molecule sequencing directly where a single read is generated from a transcript80 or 

using single-molecule barcode to minimize amplification noise77.  

 

In a conventional RNA-seq library preparation, the cDNA molecules are ligated with the 

adaptor before it going to amplification, which leads to a loss of the capability to distinguish 

two (originally) identical molecules. Counting molecules exactly is one of the long desired 

goals for scientists involved in transcriptomics. Counting molecules with unique molecular 

identifiers or labels has been developed to minimize or remove PCR amplification bias or 

counting cDNA molecules in bulk samples81-83. Introducing molecular label randomly make the 

molecules unique before it going to amplification84, 85. The molecules, then, become immortal 

and the library can be amplified, sequenced and processed without loss of information about the 

original molecules. After sequencing, the molecules are simply identified and counted. With 

deep sequencing, each molecule can be observed at least once, leading to absolute 

quantification. A similar approach recently published86 to identify individual single nucleotide 

variation in single-cell label using random primer. 

 

But the behaviour of single transcripts in single-cells is very much obscured in bulk cells or 

tissue samples87. In our lab, we also developed a method to count molecule but in single-cell 

level. We used the similar approach that already published83. However, the detection limit to 

count molecule in single-cell was still not satisfactory at the beginning. Since the cDNA 

synthesis efficiency is very important especially in single-cell level, losses of any molecule due 

to inefficiency will give major error in the final output. For example, the number of molecules 

is greatly varied among the cell types38, and hence losses will be big in case of small cells such 

as stem cells or dopaminergic neuron cells, in which the starting RNA materials is so scarce to 

start with. 
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Using a known amount of ERCC spikes in sample, the efficiency can be directly measured 

simply by counting the number of ERCC molecules in the output. In our first attempt to 

molecule count in single-cell level, the efficiency was only 8-10%, which indicates that at least 

10 molecules of any particular transcripts were needed to detect a single molecule. Put another 

way, 90% of the molecules were lost, and hence the majority of the molecules went uncounted. 

This will affect small cells more, rather than the bigger cells though it will introduce 

quantitative error as well in case of bigger cells. As part of a continuous process of 

development, a great improvement of efficiency has been achieved recently in our lab. The 

current efficiency of mRNA molecule detection improve to 50% in a single-cell level – 5 fold 

more than previous protocol, which now gives the opportunity to count half of all single mRNA 

molecules in single-cells  

 

2.6 CURRENT IMPROVEMENT OF STRT METHOD 

 
Fluidigm C1 single-cell auto prep system recently came to the market to sort single-cells and 

process samples automatically. Based on microfluidic technology, the instrument is a complete 

new methodology to isolate 96 single-cell rapidly and reliably in a integrated fluidic circuit 

chip, and perform the first few steps of sample preparation to make cDNA library from each 

individual cells. From isolation of single-cells – through lysis, reverse transcription and PCR 

amplification– to cDNA preparation is performed in streamlined, comprehensive and 

automated workflow.   Nanoliter volume of sample handling inside the machine makes this 

platform perfectly suitable to work with single-cells with high precision and with minimal 

technical variation between wells. 

 

Recently, as part of continuous optimization, the STRT method has now improved in many 

aspects. A summary of the achievement of the most recent protocol is shown in the table below 

(Table 3). The major changes were made by a combination of three different technologies in 

one: STRT, the Fluidigm C1, and a modified Tn5 transposase65 tagmentation strategy. All the 

necessary oligos, chemicals and enzymes are in-house and not the part of any kit, which leads 

to complete control of the process and a low cost.  Here we described the major steps of the 

new STRT method, named STRT-C1 (Figure 5), very briefly. 
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Figure 5: Schematic figure of STRT-C1 reactions. Step (a-b) synthesis of cDNA and tag each 

single cDNA molecules with UMIs in this step followed by PCR amplification and all these 

steps have done inside Fluidigm C1, step (c-e) tagmentation of cDNA and introduced cellular 

barcode along with the Illumina adapter, (f) the sequence of final library with UMI is in one 

end of the transcripts and cellular barcode is in another end.   

 

Features Comments 

Multiplexing Currently 96 single-cells can run as a single sample at a time 

Strand specificity  Distinguish between sense strand and antisense strand  

Molecule counting Count mRNA molecules of 96 individual single-cells at the same time 

Reduced PCR  The PCR cycle reduced to 21 cycles compared to 33 cycle of previous STRT  

Time efficient Take 1.5 days to finish sample preparation of 96 single-cells 

Cost effective Very cheap compare to any other commercial method.  

Scalable Possible to scale to adjust with lower volume of sample (Nanoliter level) 

Efficiency Efficiency of counting mRNA molecule is approximately 50% 

Reproducibility No or very little technical variation between the samples 

Automation Automated the whole method with minimum manual handling 

 

Table 3: Summary of advantages of present STRT-C1 
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2.6.1 Cell preparation 

In the first part of the method, cells are prepared very carefully according to the requirement for 

Fluidigm C1. The cells should be prepared in the shortest possible time to get healthy cells, 

which should be free from debris and dead cells. The cell size is also important to choose 

correct cell size for sorting. Currently, three different size of Fluidigm C1 chip in the range 5-10 

μm, 10-17 μm or 17-25 μm are available commercially. According to the instruction manual of 

Fluidigm C1 (and our experience), in average 1000-1500 cells in 5 μl is good enough to sort 96 

single-cells successfully.  In this single-cell capturing method, the combination of automation 

with ease of use and speed makes this device very attractive for reproducible and reliable 

output. 

 

2.6.2 Cell capture and cDNA synthesis 

After loading the cells, the cells go through all the steps – automatically loaded single-cells in 

individual capture site of chip, imaging of the chip, the lysis reagent then flows through the 

capture site and lyses the cells and pushes the content of the cells to next chambers, thereafter 

reverse transcription and PCR amplification takes place in next chamber sequentially and 

finally cDNA is released for further downstream processing.  

 

The STRT-C1 protocol differs significantly from the commercial kit, and also from our 

previous STRT method. The template switching oligo is significantly shorter (29 bp vs. 36 bp) 

with a 5 bp degenerate nucleotide for molecule counting. The sequence has been changed to 

directly introduce the Illumina forward adapter (P1). 

 

The TSO contains no cell-specific barcode, which makes the TSO shorter and increases the 

efficiency of template switching. Instead, the sample barcode is introduced after cDNA 

amplification. Since all single-cells in the chip go through all steps as individual reaction in 

separate wells, there is no need to tag cells individually before PCR amplification (pooling of 

cDNA in a single tube before PCR amplification was done in previous version).  Additionally, 

all nucleotide in TSO are ribonucleotides, which we found performed better to give higher 

cDNA output. Finally, the nanoliter volume (10 μl in previous version) of reaction inside 

Fluidigm C1 increases the efficiency of the reaction by greatly reducing background reactions.  

 

2.6.3 Tagmentation mechanism 

Sequencing libraries are prepared from cDNA eluted from the Fluidigm C1. The cDNA from 

each single-cell is still kept individually in different wells of a 96 well plate. Tn5 transposase  is 

used to simultaneously fragment and adapter-ligate the cDNA, in a process called 
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‘tagmentation’. The tagmentation reaction happens in one step, which employ two reactions 

simultaneously to fragment and tag DNA with suitable adapter65, 88. This one step reaction 

removes all others procedure of fragmentation, end-repair, A-tailing and adapter ligation and 

performed tagmentation step within only 15 minutes instead of day long sample processing. 

The P2 adapter for Illumina sequencing along with cellular barcode is introduced in this step, 

and therfore only the 5´ and 3´ ends of the cDNA will receive both P1 and P2 adapters. The 

cDNA from each single-cell is then immobilized using Dynabeads MyOne Streptavidin C1, 

which binds with biotin of TSO of the cDNA. 3´ fragments are destroyed by restriction 

digestion, leaving only 5´ fragments, and the library is eluted from the beads using simply 

heating at 98°C for 3 minutes with water. Finally the library is quantified with KAPA library 

Quant kit using qPCR and the sample is now ready for sequencing.  

 

2.7 DATA PROCESSING 

2.7.1 Data analysis  

 
Briefly, the output reads from the Illumina sequencer were filtered to remove low quality reads 

according to the Illumina pass-filter score. The reads with missing barcode, reads without GGG 

following barcode and reads with smaller insert (<25 base insert) were removed. The remaining 

valid STRT reads were run through the analysis. In case of molecule counting method, the UMI 

was extracted and either kept or discarded based on Phred scores (Figure 6). 

 

 
 

Figure 6: Overview of analysis pipeline 
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2.8 ALIGNMENT 

Valid STRT reads were aligned to the genome using the Bowtie89 short read aligner allowing 

for up to three mismatches and up to 24 alternative mappings for each read. We used Bowtie in 

STRT method since it is very fast and can process the 200 million reads of a lane within a few 

hours. The alignment was done against UCSC annotated genomes90 of hg19 for the human 

genome and mm9 for the mouse genome. As ERCC spike-ins, a mix of 92 artificial RNAs, 

were also used and aligned against an artificial genome sequence made by the concatemer of 

ERCC control RNA sequences. In addition, we included an artificial chromosome made up of 

all possible splice junctions between known exons. 

 

2.9 ANNOTATION  

Five categories of features – exon, splice junction, intron, upstream & downstream regions and 

repeats – are annotated (Figure 7). Except repeat, all features are annotated with orientation. To 

count the number of reads in each UMI, we counted the exact same position occupied by the 

same read. On the other hand, the number of molecules was determined by the number of 

distinct UMIs observed at each mapping position.  

 

  

 
Figure 7: Different categories of annotated features. The reads shown as bold in the figure are 
repeats. 
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3 AIMS OF THE STUDY 
 

Although the method development is discussed throughout the thesis, the ultimate goal of the 

work is to characterize the cell types in heterogeneous tissue. The method development is the 

first step to discover the cell types at molecular level, which leads to define a clear definition of 

cell types finally. In the long run, we are chasing a neurodegenerative disease, Parkinson’s 

disease (PD) by discovering different cell types within dopaminergic neuron in the midbrain. In 

addition, the specific aims were 

 

- To develop a high throughput and low cost single-cell method 

- To optimize a critical step, template switching, which is used in most of the current 

single-cell method 

- To count mRNA molecules in single-cell level by using unique tag, named Unique 

Molecular Identifier (UMI) 

- To remove PCR amplification bias resulting from the materials of single-cells being 

heavily amplified to get enough materials for sequencing. PCR introduced bias in 

single-cell analysis data, which make it difficult to distinguish between real variation 

and noise in single-cells.  
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4 RESULTS AND DISCUSSION 
 

4.1 SINGLE-CELL MIDBRAIN ANALYSIS USING STRT 

4.1.1 Sample collection 

 
We applied our STRT single-cell method on different types of cells, mostly from mouse. Due to 

the known heterogeneity of mDA neuron in the developmental stage of early embryo, this 

tissue is one of our main interests to find the cell types.  The midbrain usually develops between 

E10.5 to E14.5 in mouse91, which days are the key target to analyse singe-cell. Here, we 

analysed single-cells of mDA neuron from E12.5, E13.5 and E14.5. We used transgenic TH-

GFP mouse, which is a model for visualizing dopamine neuron92. The pregnant mouse was 

killed and embryos were collected at each specific day. The midbrain, visible as bright green 

under the fluorescence microscope due to TH-GFP marker, was dissected manually from 

embryo. The tissue was then dissociated into single-cells either enzymatically or mechanically. 

After that, we collected 96 single-cells based on TH-GFP marker from each time point through 

FACS sorting and run through STRT protocol. Both TH-GFP positive cells and TH-GFP 

negative cells were collected to compare gene expression analysis. Three different libraries 

from 3 different time points were sequenced in Illumina genome analyzer using a single lane of 

flow cells for each time point.  

 

4.1.2 Result  

The number of mapped reads for each sample was between 20 and 35 millions, comparatively 

much less than standard bulk RNA samples. Along with less number of reads, the numbers of 

detected transcripts varied widely among the cells in different wells. In STRT method, the 

numbers of transcripts detected from each single midbrain dopaminergic neuron cells were 

between approximately 100 and 1500. Low number of transcripts (100-500) was detected for 

most of the single-cells. However, we detected higher number of transcripts (1000-1500) in a 

few cells.  The possible different reasons to detect less number of transcripts in mDA cells are – 

low sensitivity of the original STRT method, or the dopaminergic neuron cells were damaged 

or dead before or during FACS sorting as mDA cells are very sensitive and fragile93,  or the 

cells itself may contain a small number of transcripts.  

 

Though the numbers of detected transcripts in single-cell of each sample were low and the total 

number of analysed cells was not good enough to find cell types, still we tried to cluster the 

cells to find any subtypes on the basis of gene expression. Qlucore software was used for 

principal component analysis (PCA). All the data from three different samples were pooled. We 
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Even though the number of detected transcripts in single-cell analysis was low; we compared 

the single-cell data with total RNA analysis of the same day point. We checked a few specific 

markers that were expected in specific tissue. For example, we compared TH-GFP single cell 

sample from E14.5 with the VM tissue from the same day point. In agreement with the total 

RNA analysis data, single-cell TH-GFP positive cells also expressed Pitx3, Nr4a2 specifically 

in those cells but not in TH-GFP negative cells.  

 

To improve single-cell data from mDA neuron, the new STRT-C1 protocol may significantly 

improve the number of detected transcripts. Moreover, the quality and number of mDA cells in 

single-cell preparation may need to be improved to give higher output.     

 

4.2 APPLICATION OF SINGLE-CELL TRANSCRIPTOMICS IN GENERAL 

 
Advancement of single-cell technology along with sequencing will revolutionize the science of 

genomics94 and beyond, including proteomics, medical science and so on.  

 

4.2.1 Exploring cell types 

Conventionally cell types are classified according to morphology or phenotype though there is 

no consensus about the definition of cell types. Cells vary greatly in their functional properties, 

size and developmental origin. Though morphology is important to distinguish cells, molecular 

markers are also important criteria to make the cells distinct. But the expression of molecular 

markers has already been observed to be heterogeneous in some cases, such as expression of 

marker for pluripotency in the subpopulations of homogeneous embryonic stem cells8, 95. Since 

current concepts of cell types and their evolution are not well defined, some studies put light on 

this crucial issue96 and tried to summarize all published cell types97.  

 

Using single-cell technology, it will be possible to move forward and solve the question of cell 

type classification without using morphology or pre-existing markers. In this approach, a large 

number of cells will be collected and sorted into a single-cell. Each cell will go through single-

cell transcriptomics procedure and sequenced. A large data set will be created from a large 

number of cells and this will be used to computationally classify cells on the basis of similar 

pattern of expression. In our experiments, we used Qlucore software to find cell types, which 

mostly based on principal component analysis and Ayasdi software mainly based on topology 

analysis to visualize subpopulation98. Many others free softwares may also be used to analyse 

and visualize the data99 
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4.2.2 Finding regulatory network 

Another major application of single-cell transcriptomics is to study the regulation of complex 

gene networks in a single-cell. Typically, the expression of a particular gene of interest is 

perturbed in a single-cell by overexpression or knockdown and effects on other genes involved 

in the regulatory network are analysed35.  A larger number of genes interact each other and with 

their regulator to create a complex gene regulatory network. The dynamics of gene expression 

can give a diverse phenotype, which leads to different function of individual cells 100. On a 

shorter time scale, dynamic gene expression is also associated with internal cellular processes, 

such as the cell cycle. Moreover, the cause of many diseases, e.g. cancer, often involves the 

interaction of several genes than more than one gene. Knowledge of the gene regulatory 

network of cells in both diseases and healthy tissue is therefore crucial to understanding the 

phenotype of cancer and find a proper therapy.  

 

4.2.3 In Development 

During development in the early embryo, the cells are highly dynamic and heterogeneous and 

possibly a number of subpopulation of cells exist in this stage. Additionally, the number of cells 

as well as total mRNA amount at the early stages of embryo development is too low for 

standard bulk RNA-seq. However, this limitation can be overcome using single-cell 

transcriptomics. Single-cell RNA-seq can also meet the challenge of analysing rare cells that 

are very transient during development. Due to technological challenges, many key questions 

remain unanswered in the developmental stage, but they will now become possible to  answer 

with single-cell analysis.  

  

4.2.4 Distinguishing between two alleles 

Single-cell technology can provide single nucleotide resolution information, which allows 

analysis of allele specific gene expression. Though other methods are available to detect 

accurate and quantitative single nucleotide polymorphism (SNP) in situ101, 102, RNA-seq method 

also successfully can reveals the allele specific information83. In our recent single-cell molecule 

counting method, we can see allele specific molecule in single-cells. Using UMIs labelling each 

individual cDNA molecule, we could identify genes containing a heterozygous SNP. This type 

of analysis could be further extended for systematic study of allele specific gene expression.   

 

4.2.5 In clinical research 

Single-cell RNA-seq analysis opens the window for numerous application and promising future 

in medical science. For example, recently using single-cell analysis a bimodal gene expression 

pattern was demonstrated for immune cells in response to lipopolysaccharide, a component of 
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gram-negative bacteria in single-cell that were previously unobserved in mixed populations of 

cells6. Single-cell technology is now being applied to reveal genome wide transcriptome 

profiles in rare cells, for example in circulating tumor cells14, profiling of rare tumor cells in 

scarce clinical sample103, to find rare chemoresistant103 cells and digital karyotyping from blood 

samples of pregnant mothers to detect Trisomy 2183.  Again, the heterogeneity of tumor still 

poses a challenge for the clinical scientist, and the bulk cells mask the signal from distinct 

subclones and make it difficult to differentiate between individual cells.  As a consequence, 

research is now extended to work on single-cell resolution in different tumor cells17, 104-106 that 

will give much clearer genetic picture, mechanism of growth of tumor cells, and to find targets 

for possible treatment.   

  

4.3 CURRENT LIMITATION OF SINGLE-CELL METHOD 

 
Though recent advances in single-cell methods open the window to take biological science 

forward, still some technological hurdles remain. To date, no published single-cell RNA-seq 

protocol combines all the desired features in one method. As example, one method has 3´ bias 

whereas the other has 5´ bias, one give strand specificity but the other does not and so on. 

Moreover, a few more challenges still exist in all single-cells RNA-seq methods.  

 

First, all current single-cells methods are based on reverse transcription using oligo dT primer 

which can only recognize polyadenylated RNA, mostly mRNA. However, in a mammalian cell, 

around 80% of RNA is rRNA and 15% is tRNA, leaving only 3-5% for protein coding mRNA. 

So present single-cell method only detect a small fraction of the total RNA and exclude all 

others rRNA and tRNA, and most short and long non-coding RNA (ncRNA). Though ncRNA 

cannot encode any protein, however, ncRNA protein contain much information and play a key 

role in genetic regulation and diseases107. Moreover, non-coding long RNA have surprising 

roles in the regulation of transcription108 and in cancer109. So in the future, a single-cell method 

that preserves information about all types of RNA is desired. 

 

Secondly, all current single-cell RNA-seq methods depend on reverse transcription to convert 

RNA to cDNA. However, converting to cDNA from RNA is still not fully efficient and any 

loss of RNA in this step causes some information to be lost permanently.  

 

Third, even though the cost of sequencing is going down rapidly, still the cost is a major hurdle 

for single-cell RNA-seq in general. To get representative data from any group of cells or to find 

the cell types in heterogeneous tissue, a large number of cells need to be analysed. We 

estimated that approximate 10000 cells might be sufficient to give representative cell types 

from a heterogeneous tissue such as the midbrain dopaminergic neuron or neocortex, however 
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this takes many sequencing runs in the current format of single-cell technology. Along with the 

cost, time is also a limited factor when a large number of cells need to be analysed.  

 

4.4 FUTURE OF SINGLE-CELL RNA-SEQ 

 
To count every single molecule in many single cells is the ultimate goal of sequencing 

technology. Though the molecule counting method is available for bulk cells or at the tissue 

level83 and it was hitherto only possible to count a few individual transcripts in a single-cell 

level using fluorescent in situ hybridization110-112, the STRT-C1 method will provide the 

information about millions of mRNA molecules of thousands of genes in hundreds of single 

cells in one experiment.  

 

Sample processing time is another important factor. Helicos Bioscience Corporation has 

described a technology, which allow sequencing of cDNA directly without making any sample 

preparation80. Oxford Nanopore developed another ground breaking sequencing technology, 

which can sequence the entire human genome in a single run within 15 minutes. In this 

sequencer, a single strand DNA will pass through a protein pore where the passing speed is 

controlled by another protein located in the pore. During passing every base through the pore, 

the measured electrical current will be altered inside the pore depending on the specific 

combination of base. This may make it possible to sequence RNA directly without making any 

sample preparation113. Droplet microfluidics is another potential future technology to work on 

single-cell level. In many ways, microfluidics has emerged as an important tool for single-cell 

analysis48.  In this method, thousand of single-cells are isolated as droplet per seconds and 

picoliter of reagents per droplet makes the method higher throughput and reduced cost. 

Moreover, the lower volume in microfluidics results in reduced noise and increased 

sensitivity49, 114, 115.   
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4.5 MAIN THEME OF PAPER I  

Tissues are rarely homogeneous and it was already shown that gene expression is invariably 

complex even in similar cell types. Therefore, a method should be developed to study gene 

expression of complex tissues, in which the unique patterns of gene expression of individual 

cells are lost when analysing in bulk mRNA. Here we developed a single-cell RNA sequencing 

to generate hundreds of single-cell expression profiles, and demonstrated its usability by 

clustering single cell data without any prior information to make a two dimensional cell relation 

map. This resulting map correctly identified groups of cells of the same type by their similar 

expression profiles.   

 

To achieve this goal, we have developed a high-throughput single-cell RNA-seq method. In our 

method, tissue samples are dissociated into a single-cell suspension and individual cells are 

captured in the wells of a PCR plates. During cDNA synthesis, every single cell is identified by 

introducing a unique 6 base pair cell identifier. After this step, the samples can be pooled and 

treated as a batch and converted to a single cDNA library. The cDNA library is then processed 

with Illumina sequencing to produce million of reads. As a result, millions of reads from each 

single-cells are also tagged with this short sequence and each read carries a cell identifier 

sequence that makes it possible to keep track the cDNA where it come from. The resulting data 

set is split into 96 single-cells based on the cell identifier, and gene expression is quantified by 

counting the number of reads originating from each gene. The method is called Single-cell 

Tagged Reverse Transcription (STRT). 

 

As a proof of concept, we analysed 92 single-cells from embryonic stem cell (ES R1) and 

mouse embryonic fibroblast (MEF) as well as replicates of 10 picogram human brain reference 

RNA into each well of a 96 well plate as control experiment. In all experiments, all samples are 

supplemented with spike-in RNA to calculate the efficiency of mRNA conversion in each well.  

 

STRT single-cell RNA-seq method makes it possible to run a large number of single-cells in 

the same run. A previous single-cell method18 had been used so far for only limited number of 

cells, and those cells were the unusually large blastomers of the early embryo. To analyse larger 

numbers of cells to reveal the cell types inside a complex and heterogeneous tissue, STRT will 

be advantageous, with reduced cost and increased throughput. Strand specificity information is 

also required to properly assign reads to transcripts because sometimes genes that are 

transcribed on opposite strands. STRT preserves strand specificity information while some 

others published single-cell method14, 35, 40 do not. 
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4.6 MAIN THEME OF PAPER II: 

 

The details of Single-cell Tagged Reverse Transcription (STRT) are presented here. To get the 

cell type map for a complex heterogeneous tissue, a large number of single-cells may need to be 

analysed. So a very high-throughput, scalable, low-cost method is necessary for single-cell 

expression profiling. In current single-cell RNA-seq methods sample preparation is labor 

intensive and costly. Due to the small volumes and minute mRNA quantities, all the steps 

should be performed very carefully with utmost precaution. Especially RNA handling in single-

cell level also needs proper equipment, chemicals etc. Several steps of RNA processing are very 

sensitive in a sense that a small change in processing can make the reaction completely fail. The 

reagents used in throughout single-cell RNA-seq also need to be of high purity and RNase-free 

to make successful cDNA libraries.  

 

In this paper we described a detailed step-by-step protocol for any user who wish to reproduce 

the STRT method in any lab. All the reagents and equipment are explained with the name of 

source and catalogue number that are known to work with the method. The oligonucleotides are 

explained in detail with all necessary modifications. Preparation of spike RNA and control 

RNA for method validation are also explained.  

 

Time is also very important in planning a single-cell experiment. Here we carefully measure the 

time how long it exactly takes to run each individual step of the experiment. The STRT method 

can run 96 single-cells at the same time, that are processed in a single tube immediately after 

the first cDNA synthesis step. As a result, the throughput is greatly increased compare to other 

single-cell methods. Moreover, it takes only 1.5 to 2 days to process 96 single-cells, from cell 

collection to finished sample ready to load on the Genome analyzer. Thus it is possible to run 

more than few hundred cells in a week.   

 

To explain the details of the method, we identified some “Critical steps” in the sample 

processing. We found that all these critical steps must be followed exactly; otherwise, the 

sample processing may fail. Though the whole protocol takes two days, specific pause points 

are indicated where the experiment could be stopped and later resumed. Additionally, we 

provide a troubleshooting guide to help resolve problems.  

 

We also explain the anticipated result at different steps during sample processing. This can be 

treated as quality control before making decision to put the sample on genome analyzer to avoid 

expensive sequencing of bad samples. A successful cDNA library covers the range between 

200 bp and >2000 bp with occasionally few bands in the smear indicate some abundant 
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housekeeping gene in the library. No strong band should be in around or below 200 bp indicates 

the presence of primer dimer in the library. The uneven smear or weak smear from 96 single-

cells will indicate the poor cDNA library or that cells are missing in many wells.  

 

In the data analysis, the reads were filtered according to Illumina pass-filter score and aligned 

using Bowtie short read aligner89. The aligned reads were annotated to known transcripts using 

UCSC genome annotations90 and only the sequence hit on the exon in the sense orientation 

count as expression value for a particular gene.   

 

4.7 MAIN THEME OF PAPER III 

Template switching is a mechanism by which reverse transcriptases (RTs) of the Moloney 

murine leukemia virus (MMLV) family can switch template from the RNA molecule to a 

secondary oligonucleotide, called the template-switching oligonucleotide (TSO), during cDNA 

synthesis. Upon reaching the terminus of the mRNA molecule, the employed Moloney murine 

leukemia virus reverse transcriptase (MMLV RT) incorporates a couple of nucleotides in a 

template-independent fashion owing to its terminal transferase activity. The TSO anneals to the 

protruding bases by virtue of a complementary ribo base stretch. The RT then switches template 

from the mRNA to the TSO and continues with the first-strand synthesis. As the TSO carries 

both a unique cellular barcode and a universal amplification sequence, these two features are 

incorporated in the newly-synthesized cDNA.  

 

Since the efficiency of reverse transcription and template switching is very crucial in single-cell 

level, here we optimized the concentration of TSO in reaction, length of TSO, the different 

reverse transcriptase enzyme and concentration of Superscript II. Moreover, we also analysed 

the sequence preference at the template switching junction, base composition of the template 

independent incorporation and the preferred sequence of DNA bases upstream of the ribo part 

in the TSO.  

 

We evaluated TSO concentrations in the range between 10 nM to 5 μM. We found the optimal 

concentration of TSO for STRT condition to be 1 μM. The length of TSO has significantly 

effect the efficiency of template switching. The length of TSO in STRT protocol is 40 bp, much 

longer than some other protocol; as example 30 bases in SMARTer Ultra low RNA kit and 27 

bp in NanoCAGE67. In the STRT protocol the TSO contains an amplification handle sequence, 

cellular barcode and UMI, which defines a lower limit for the TSO length. We analysed length 

of TSO from 35 to 45 bases with 2 bp differences between each oligo (total 6 oligo’s used in 

this experiment) and found that shorter TSOs oligo give higher template switching efficiency.   
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Superscript III is the most widely used RT enzyme for synthesis of first strand but its role in 

template switching is divergent. A number of techniques68, 116 integrating template switching 

have used SuperScript II. Here we compared SSII with SMARTScribe and SSIII. The template 

switching efficiency of SSII was higher than SSIII by qPCR readout. The SSII is also better 

than SMARTScribe in case of STRT when the final full-length cDNA amplification products 

were assessed on an agarose gel.  To evaluate the best concentration of SSII for RT reaction, 

the amounts between 1 and 200 unit were assessed. We surprisingly found that higher amounts 

(200 units) tend to produce more background and the amount between 10 and 50 units works 

significantly better with 10 units of SSII giving the best output. 

  

In order to determine the template-switching site along the transcripts, ERCC spike-in RNA or 

universal human reference (UHR) RNA was used as template. Two spikes and five human 

transcripts spanning a wide range of expression were analysed. Though template switching can 

happen at any location along the transcripts, we found that the major sites for template 

switching are in the 5´ end (except MALAT1 which is non-coding transcripts). It indicates that 

RT enzymes extended the transcripts until its end before adding non-template bases for 

annealing with template switching oligo. Looking at the base composition of non-template 

nucleotide addition,  a clear preference of ribo base guanosine at 3´ end of TSO was observed. 

However, the guanosine preference was reduced with increasing distance from 3´ end.  After 

calculation the percentage of guanosine preference for all above 5 transcripts, the average 

percentage is 94 %, 83% and 57 % for 3 corresponding ribo base guanosine.  We can conclude 

that GGG is not the best choice to use at the 3´ end of TSO, which we observed in only 46% of 

the reads according to our experiments. A NGG (where ‘N’ can either A or C or T) sequence 

should instead be used at the 3´ end of TSO, which may increase the possible capture rate to 

80% of all cDNA molecules. We also analysed any preference of oligo upstream of the 3 ribo 

guanosine. We used DNA sequences consisting of 10 degenerated base position upstream of 3 

ribo guanosine. From the above 5 transcripts experiments, we found preference of guanosine or 

cytosine just upstream of 3 ribo base guanosine though not very significant. It is also difficult to 

conclude any preference of any base further upstream from the template-switching site.  

 

Features Comments 

TSO concentration 1.1 μM in RT reaction mix 

Length of TSO 30 bp 

Motif at the TSO junction NGG  

Modification  All nucleotides are ribo base 

 

Table 4: Summary of best conditions of template switching oligo (TSO) for STRT-C1 
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4.8 MAIN THEME OF PAPER IV 

One of the ultimate goals of single-cell sequencing is to accurately count the number of RNA 

molecules in a single-cell. In addition to know the molecular abundance, minimizes the PCR 

amplification bias is another crucial features to get a high throughput and quantitative single-

cell method. Several works have already tried to count transcripts molecules quantitatively 

along with removal or minimize PCR amplification bias73, 77, 83. However, most of the methods 

are developed on bulk cells. Here we describe a single-cell method that improved both the 

efficiency of cDNA synthesis and reducing amplification bias that leads to count molecule 

accurately. 

 

By combination of STRT (template switching and introducing unique molecular identifier), 

fluidigm C1 (getting single-cells in chip) and tagmentation reaction (making final cDNA library 

in one step), the new STRT-C1 protocol can analyse 96 single-cells at a time. Here we analysed 

high quality 41 mouse ES cells along with spike-in RNA controls to monitor the technical 

reproducibility of the method.  

 

Since single cells contain very small amount of RNA, the cDNA needs to be amplified heavily 

to get sufficient sample for processing, which potentially introduced PCR bias. In STRT-C1 

method, we use UMIs to remove the PCR amplification bias, which introduced by uneven 

amplification of transcripts. We used 5 bp UMIs (1024 possible combinations) and didn’t find 

any single transcript that occupied all 1024 UMIs or even closer to 1024. Hence 5 bp UMI is 

enough in our protocol to count molecules in single-cells without any saturation. Moreover, we 

also proved that each UMI tagged a single molecule by examining genes containing a 

heterogeneous SNP. All reads of the same UMI always displayed the same allele, indicating 

that they stemmed from the same original mRNA molecules. We analysed Tubb2b gene in two 

different cells. We found that reads of Tubb2b genes are varied widely after PCR amplification 

that basically originates from individual UMI. So STR-C1 method is capable to remove any 

amplification bias easily by simply counting the molecules using UMI. 

 

We analysed the correlation coefficient within and between samples (both samples process 

independently) to see technical reproducibility, which was found to be excellent based on 

control RNA. UMI improved the quantitative precision significantly compared with read 

counting, especially at low level of expression.  

 

The most significant achievement of this method is to improve the efficiency of cDNA 

synthesis. Here we measured the efficiency of reverse transcription by using known number of 

spike-in RNA control molecules. Compared to our previous STRT protocol where we observed 
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10% reverse transcription efficiency, we presently achieved around 50% efficiency in average 

with the STRT-C1 method.  This substantial improvement is the result of using a microfluidic 

device (sorting high quality cells with reducing losses in sample preparation) as well as efficient 

template switching using optimized template-switching oligo design.  

 

4.8.1 Transcriptional noise and our findings 

The heterogeneity of expression of similar cells originates from distinct molecular mechanism 

of the single cells and the stochasticity process of gene expression10, 117.  Stochastic gene 

expression is resulting from both intrinsic noise that come from the inherent stochasticity of 

biochemical process such as transcription and extrinsic noise that comes from the fluctuation of 

other cellular component87, 118. This explains that why the variation of gene expression in a 

single cell level varied even they are genetically identical population.   

 

In our present STRT-C1 single-cell molecule counting method, we analysed the transcriptional 

noise of ES cell. Most of the previous publication found that transcriptional noise in single cell 

is large and fluctuate widely 119. On the contrary to the previous findings, we found that most of 

genes in single ES cell are less noisy. Usually the transcriptional noise is measured as 

coefficient of variation (standard deviation divided my mean). Here we run 41 ES cells and take 

the average number of detected molecules of each gene and calculate transcriptional noise. We 

found that most of the genes followed poison distribution (which is expected due to the 

variation introduced by the sampling of molecules) indicating less noise in their expression 

among the cells. However, we detected more than 100 genes that give significant noise in ES 

cells. After carefully analysing these noisy genes, we found that noise is not simply the result of 

stochastic gene expression but rather reflect more complex biological heterogeneity.  We also 

observe synchronized synthesis of noisy genes in ES cells with ‘resonant states’ of the cell 

(between pluripotency and early differentiation) indicating that these genes reflect biological 

heterogeneity of ES cells to maintain regulatory states rather than intrinsic fluctuation.   
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5 CONCLUSION:  
The conclusion of whole thesis work is that RNA-seq is a powerful technology to reveal the 

transcriptome even in a single cell. This thesis work has developed a single-cell method, called 

STRT. We have proved the usability of this method for cell type discrimination by building a 

two-dimensional gene expression similarity map of STRT data obtained from 96 single cells of 

two different cell types, and demonstrated a clear separation of the two cell types based solely 

on the STRT data. We believe that the resolution of the map to separate cell types will be better 

by adding more and more cells to single-cell experiments. 

 

In addition, our RNA-seq method can be used to accurately count individual mRNA molecules 

nearly without bias. The molecule counts have an absolute scale and the data is comparable 

between genes and between experiments. PCR amplification bias is also nearly entirely 

removed by single-cell RNA-seq using molecule counting method. Though the different single-

cell methods have different advantages, counting molecules in single-cell level using RNA-seq 

is a very unique feature of STRT-C1 method.  Considering all advantages in this method, we 

believe molecule counting will be a future standard for all expression analysis, not only in 

STRT.  

 

To find the cell types in a heterogeneous tissue will be next immediate application of our 

single-cell molecule counting method.  
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6 POPULAR SCIENTIFIC SUMMARY 
Even though the human body is made up with billions of cells, the single-cell is the center of life. Even 
cells that look similar morphologically in an organ or tissue may not be similar at the molecular level. 
There are many different cell types in the body, however knowledge of the different cell types is still 
poor. As example, midbrain is one of the heterogeneous tissues (many different types of cells may exist) 
in the brain, which is mainly responsible to control the movement of the body. The loss of dopaminergic 
neuron (neuron cells in midbrain) in this area is mainly responsible for the Parkinson’s disease (PD). 
Surprisingly, loss of some part of the midbrain is not associated with PD whereas the other part involved 
with disease, which carry different genetic control.  So, the goal is to find the subtypes in the 
heterogeneous tissue to develop the treatment in molecular level, for example, in midbrain. To make this 
purpose successful, a large number of cells need to analyse resulting to see which gene is expressed in 
each single-cell. 

Single-cell analysis is widely applicable in medical science. The cells are very heterogeneous in tumor 
tissue and single-cell analysis may give the molecular mechanism of different types of cells. In this way, 
a proper treatments or drug development can be possible against the specific type of cells. Next, to know 
the molecular mechanism during development is another important application. Though the number of 
cells are limiting factor in the early embryo development, single-cell analysis can solve the mystery of 
embryo development when the number of cells are only few with dynamic changes of gene expression 
between cell to cell.   

Most of the current RNA-sequencing analysis needs thousands of cells to see gene expression and they 
cannot count the number of expressed gene in cells. Again, the analysis using mixture of cell can also 
blend the result and loses information of individual single-cells. In this consequence, we developed a 
single-cell RNA-sequencing method, which can analyse 96 single-cells at the same time without losing 
information of individual cells. Each single-cell was tagged at the beginning of reaction and that give the 
opportunity to mix the cells without losing individual information. On the basis of expression in 
molecular level, the similar type of cells group together and make a cluster for a group of cells. By 
observing the cluster, it is possible to say that how many different types of group in the original cell 
population though a large number of cells should be analysed to get such a cluster of cells. 

A single-cell contains very small amount of RNA materials and only 3-5 % of these small amount 
materials are mRNA, which code to protein finally.  In all current methods, only this mRNA is the target 
to include in the analysis. However, in order to work with this small amount of starting materials one 
must amplify to get enough materials for sequencing. However, polymerase chain reaction amplification 
capacity is not uniform for all molecules, which leads to introduce bias and loss of quantitative. To solve 
this problem, we introduced unique molecular identifiers (UMI) that tag each single molecule uniquely 
before amplification. So in this way, both the removal of amplification biased and quantification of 
molecules are achievable. 

Finally, single-cell method is applied to midbrain dopaminergic neuron of the developing embryo, the 
neuron responsible for mobility and to sensory neurons, which is responsible for different sense of the 
organism, as example heat, cold, touch, pain etc. Single-cell analysis reveals the complexity of this tissue 
and function that will lead to more clearly understanding how the mobility and sense is controlled. In 
summary, this thesis gives a high throughput and low cost quantitative single-cell analysis method. The 
molecular mechanism of a heterogeneous tissue is now accessible to find the different cell types and its 
complexity that lead to help to find clinical solution of many complex diseases and reveals the complex 
genetic control mechanism of development.  
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