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Abstract Cellular heterogeneity within a cell population is
a common phenomenon in multicellular organisms, tissues,
cultured cells, and even FACS-sorted subpopulations. Impor-
tant information may be masked if the cells are studied as a
mass. Transcriptome profiling is a parameter that has been
intensively studied, and relatively easier to address than pro-
tein composition. To understand the basis and importance of
heterogeneity and stochastic aspects of the cell function and
its mechanisms, it is essential to examine transcriptomes of a
panel of single cells. High-throughput technologies, starting
from microarrays and now RNA-seq, provide a full view of
the expression of transcriptomes but are limited by the amount
of RNA for analysis. Recently, several new approaches for
amplification and sequencing the transcriptome of single cells
or a limited low number of cells have been developed and
applied. In this review, we summarize these major strategies,
such as PCR-based methods, IVT-based methods, phi29-
DNA polymerase-based methods, and several other methods,
including their principles, characteristics, advantages, and lim-
itations, with representative applications in cancer stem cells,
early development, and embryonic stem cells. The prospects
for development of future technology and application of tran-
scriptome analysis in a single cell are also discussed.
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Introduction

The past decades have witnessed enormous advances in
transcriptome (RNA) analysis, including high-throughput
RNA profiling with microarray and deep sequencing (RNA-
seq). Although microarray platforms and RNA-seq are
extremely powerful, most measurements were performed on
populations of cells. The sensitivity and accuracy of single-
cell methods are limited by the efficiencies of each sample-
processing step. Single-cell RNA-seq requires a procedure
that can amplify the very limited starting material suffi-
ciently for large-scale analysis, with high reproducibility,
high fidelity, and high coverage, and is simple enough for
practical application. A number of methods for amplifica-
tion and analysis of transcriptomes for low number and sin-
gle cells have been reported. In recent years, RNA-seq at the
single-cell level has unprecedentedly paved the way towards
understanding individual cell states, greatly enhancing our
understanding of the molecular basis of aberrant cell states
and disease development. Here, we present a review of sev-
eral approaches that have successfully sequenced the tran-
scriptomes at the level of individual cells. We will discuss
the amplification of transcriptome, its application to single-
cell analysis, and prospective applications.

Cellular heterogeneity and transcriptome analysis
Cellular heterogeneity

Cellular heterogeneity is a widespread nature phenomenon
and has been observed in multiple cell and tissue types,
ranging from simple unicellular organisms to stem cell

populations and complex tissues [1-3]. For example, tumors
have been known to be heterogeneous mixtures of cell types
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for a long time [4]. Solid tumors are frequently composed
of individual, molecularly distinct clones that differ in their
proliferation rates and metastatic potential, and most criti-
cally, in their sensitivities and responses to drug treatment
[5]. The key therapeutic targets in tumors might be cancer
stem cells, which represent a small percentage of the total
mass of tumors, but could be responsible for tumor repopu-
lation following treatment. Dissecting cell-to-cell variations
using single-cell analysis is extremely important in under-
standing cancer stem cell initiation, progression, metastasis,
and therapeutic responses [6]. Furthermore, some stem cell
populations, such as embryonic stem cells, adult stem cells,
and induced pluripotent stem cells, may be heterogeneous
populations [2, 7]. Even within a seeming homogeneous tis-
sue, individual cells show clear heterogeneity. The causes of
this heterogeneity include differentiation in different ways,
varying stages of the cell cycle, cellular senescence, and
non-uniform RNA processing and degradation. Important
information may be masked by heterogeneity if the cells
are studied as a mass. Therefore, analyzing cells individu-
ally will lead to a more accurate representation of cell-to-
cell variations instead of the stochastic average masked by
bulk measurements [8]. Single-cell analysis (SCA) will be
crucial for elucidating cellular diversity and heterogeneity.
Examination of transcriptomes of individual cells is essen-
tial to understand the basis and importance of heterogene-
ity and stochastic aspects of gene expression [9]. Further
improvement in the breadth of single-cell mRNA analysis
has been achieved recently using RNA sequencing [10, 11].

Microscopy, FACS, FISH, or real-time PCR-based meth-
ods can provide a preliminary type of single-cell analysis to
experiments but are able to assay only a handful of genes
or some simple phenotypes at a time. This problem can be
overcome by sequence or array analysis of the transcriptome.
Furthermore, the analysis of the transcriptome in individual
cells offers a number of advantages compared to cell-aver-
aging experiments [12—14]. Recent advances in molecular
biology have enabled us to carry out single-cell genomic
or transcriptomic analysis using whole-genome or cDNA
amplification [15-22]. Single-cell analysis represents one of
the novel areas of application for high-throughput sequenc-
ing, and is particularly important for the study of popula-
tions that have a high degree of intrinsic variation, such as
the brain, cancer, immune cells and stem cells. Recent stud-
ies have also shown that gene expression is invariably het-
erogeneous even in evidently similar cell types [3, 23]. Such
stochastic variations in the transcriptomes have important
implication for the composition of cells.

Transcriptome analysis

Onmics is the general term for genome-wide studies, includ-
ing genomics, epigenomics, transcriptomics, proteomics,
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metabolomics, lipidomics, and interactomics, and is the
foundation for systems biology [24]. Single-cell analysis is
the new frontier in omics.

The “transcriptome” is the complete set of transcripts
for a certain cell or a population of cells. The term was first
used in 1997 [25]. Transcriptome analysis has been widely
used in molecular biological research for more than a dec-
ade. Understanding the transcriptome is essential for inter-
preting the functional elements of the genome and revealing
the molecular constituents of cells and tissues, and also for
understanding individual development and disease progress.
Transcriptome profiling has many applications in areas of
research where acquisition of small, highly specific tissue or
cell samples is required for accurate expression analysis. Sev-
eral methods have been used for transcriptome analysis, such
as microarray (RNA hybridization based), SAGE (serial anal-
ysis of gene expression), MPSS (massively parallel signature
sequencing), and RNA-seq [11]. Hybridization-based micro-
array analysis is a high-throughput procedure. However, this
method has several limitations, which include: reliance upon
existing knowledge about the genome sequence; high back-
ground levels owing to cross-hybridization; and a limited
dynamic range of detection owing to both background and
saturation of signals [11, 26]. Recently, following the dramat-
ically decreasing costs of sequencing, RNA-seq has become
the preferred method for transcriptomic analyses [11].

In 2006, the first RNA-Seq paper was published [27].
RNA-seq, also known as RNA-sequencing or transcrip-
tome-sequencing, refers to the use of high-throughput
sequencing technologies to sequence cDNA libraries
transcribed from all the RNAs in cells, and can be used
to quantify, profile, and discover new RNA transcripts by
sequence reads. The transcripts can then be mapped on the
reference genome to get comprehensive information, such
as transcription localization and alternative splicing status.
RNA-seq has been widely used in biological, medical, and
pharmaceutical research [11]. Besides superior accuracy in
the quantification of gene expression, RNA-seq offers other
advantages, such as the possibility to detect novel tran-
scripts, splice variants or allele-specific expression [28—30].
By analyzing the transcriptome at unprecedented depth and
accuracy, thousands of new transcript variants and isoforms
have been shown to be expressed in mammalian tissues or
organs. These advances greatly accelerate our understand-
ing of the complexity of gene expression, regulation, and
networks for mammalian cells [29, 31, 32].

Transcriptome amplification and RNA-seq for single
cells

RNA-seq for a single cell can produce information that cannot
be attained by analysis of multi-cell populations, but is limited
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by the amount of RNA needed for analysis. RNA-seq usually
needs microgram amounts of total RNA for analysis, which
corresponds to million or submillion level of mammalian
cells. However, there are only around ~10 pg of total RNA and
~0.1 pg of mRNA in single cells. In order to process the RNA-
seq at the single-cell level, an amplification step is needed.
Commonly used amplification techniques are based on two
different approaches, linear isothermal amplification by in
vitro transcription (IVT) of the cDNA population into comple-
mentary RNA (cRNA) [33, 34], and PCR amplification of the
entire population of cDNA following reverse transcription [35,
36]. Recently, other methods have been developed to perform
RNA-seq at the single-cell level, which were template switch-
ing for preparing full-length cDNA for PCR amplification, and
Phi29 DNA polymerase-based RNA amplification [37, 38].
The amplified cDNA can then be analyzed with deep sequenc-
ing [15-17, 21, 22]. The representative strategies of these will
be described in detail in the following parts.

PCR-based amplification

PCR-based amplification was the first report on the prepa-
ration of single-cell cDNAs for single-cell transcriptome
analysis, such as cDNA microarray and RNA-seq analysis
[35]. With PCR-based RNA amplification, any RNA start-
ing amount can be employed. The advantage of the PCR
strategy is the exponential amplification of cDNAs so that
single-cell cDNAs can be amplified more than a million-
fold in several hours, allowing analysis at the single-cell
level. In 2009, Tang firstly reported his RNA-seq research
at the single-cell level. In this research, a PCR-based ampli-
fication was used in combination with SOLID sequencing
[10]. The PCR-based method has been extended to include
a multiplexing step for the amplification of multiple cells
in parallel, allowing for high-throughput analysis, with the
Illumina sequencing platform [18].

One complication of PCR amplification is the accumula-
tion of primer dimers and other nonspecific products dur-
ing amplification, especially during later cycles of PCR [9,
19]. Some concern has also existed over the impact of PCR
amplification on the accuracy of gene expression quantifi-
cation of RNA-seq, as exponential amplification can skew
the original quantitative relationships between genes from
an initial population. Several modified PCR-based methods
of cDNA amplification have been developed, such as global
PCR amplification (GA), 3’-end amplification (TPEA), and
strand-switch-mediated reverse transcription amplification
(SMART) [36, 39-41].

The first effort on single-cell RNA-seq

The first RNA-seq study in single cells appeared in 2009
[10]. This method was based on a widely used single-cell

whole-transcriptome amplification method [19, 42]. A
single cell is manually picked under a microscope and
lysed. Then mRNAs are reverse-transcribed into cDNAs
using a polyT primer with anchor sequence and unused
primers are digested, after which terminal transferase is
used to attach polyA tails to the first-strand cDNAs at the
3’ end, and second-strand cDNAs are synthesized using
polyT primers with another anchor sequence. Further-
more, amine-modified primers were used for the second
round of PCR to remove the residual primers and primer
dimer from the sequencing library to improve throughput.
Then, the libraries are amplified, fragmented, and ligated
with adaptors. With Applied Biosystems’ next-generation
sequencing SOLID system, this method was successfully
applied to trace the process of the derivation of embryonic
stem cells from the inner cell mass of blastocysts, illus-
trating that the approach works can be used for the analy-
sis the transcriptome of relatively small-sized individual
cells [10, 43].

This method extended the cDNA fragment sizes from
0.85 to 3 kb by extending the incubation time compared
with previously reported [19, 42]. This improvement
permitted capturing full-length ¢cDNAs for the major-
ity (64 %) of expressed genes [10]. This method treats
the cDNA as any double-stranded DNA (dsDNA) for
sequencing, and subjects it to a standard sample prepara-
tion protocol including fragmentation, adapter ligation,
and library amplification. The entire procedure is repeated
for each single cell to be analyzed, and the resulting
reads were distributed along the entire cDNA length (but
strongly biased to the 3’ end), which permitted a partial
analysis of alternative splice isoforms [37]. However,
this technique has its limitation: for most of the mRNAs
longer than 3 kb, the 5’ end of the mRNA will not be
detected [10, 21].

SMA

SMA (semirandom primed PCR-based mRNA transcrip-
tome amplification procedure) was another method suitable
for single-cell RNA amplification on the bench top. After
cDNA was generated, semirandom priming and universal
amplification PCR was used to generate a sufficient amount
of short (with uniformed sizes) and overlapping cDNA
fragments along the entire length of cDNAs for RNA-
seq. After the amplification was finished, the semirandom
primer was completely removed with a type II restriction
enzyme, BciVI, whose recognition sequence was built into
the primer [38]. The output DNA fragments can even be
directly ligated to sequencing adapter without end-repair-
ing. SMA could be performed in a microfluidic apparatus
that has PCR capability. Carrying out the reaction in nano-
liter volumes has the potential to substantially improve
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single-cell work [44]. Outstandingly, compared with other
methods, SMA can cover the full length of any size of tran-
scripts. The full length message of transcripts enables splic-
ing form and other structure message to be detected.

Template-switching-based single-cell RNA-seq

The “template-switching” method is also marketed as the
“switching mechanism at the 5’ end of the RNA transcript”
(SMART), and it is a specific type of PCR amplification
method of RNA. The Moloney Murine Leukemia Virus
(MMLV) reversed transcriptase has a property that can
add a few non-templated nucleotides (mainly cytosines)
to the 3’ end of the first-strand cDNA when the reversed
transcription reaches the 5’ end mRNA [37, 45]. When the
first-stand cDNA synthesis was finished, the newly added
nucleotides at the end of cDNA provide a primer binding
site. When an added oligonucleotide contains sequences
that can pair with these new nucleotides, the reverse tran-
scriptase switches from the mRNA to the new DNA oligo-
nucleotide [37, 41, 45]. The cDNA then contains primer
binding sites at both the 3’ and 5’ end and can be amplified
by stretch PCR. The resulting cDNA is enriched for full-
length transcripts. This is the advantage of this method, and
is also the main disadvantage, as template switching will
occur only if reverse transcription successfully reaches the
5" end; any partially reverse transcribed mRNA will fail to
be obtained. Three RNA-seq approaches have been pub-
lished based on this method: STRT-seq, SMART-seq, and
SMART-seq2.

STRT-seq

STRT (SMART-based single-cell tagged reverse transcrip-
tion) is the second RNA-seq method used at the single-cell
level to analyze the transcriptome. STRT method is a PCR-
based multiplexed single-cell RNA-seq method using an
Ilumina platform, and was introduced by Islam et al. [18].
It is the first template-switching method-based single-cell
RNA-seq protocol. By using template-switching mecha-
nism, a barcode and an upstream primer-binding sequence
are introduced simultaneously with reverse transcription.
All cDNAs are pooled and amplified together, then pre-
pared for 5’ end sequencing.

STRT quantifies transcripts through reads mapping to
5" ends of mRNA [18], compared with the initial mRNA-
seq method, which preferentially amplified the 3’ ends of
mRNAs. Hence, the data could only be used to identify dis-
tal splicing events [10]. An important aspect of STRT is its
ability to pinpoint the exact location of the 5’ end of tran-
scripts, which is often lost in methods that show 3’ bias.
This method could be used to analyze promoter usage in
single cells and, in effect, provide a straightforward method
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for single-cell CAGE (cap analysis of gene expression).
Furthermore, it facilitates quantification, as each mRNA
molecule results in a single cDNA molecule, and thus the
number of reads observed should be proportional to the
number of mRNA molecules. The chief advantage of this
approach is the great reduction in cost and time, afforded
by the early barcoding strategy. Compared with previous
methods [10], it is more suitable for large-scale quantitative
of single cell analysis, as well as for the characterization of
transcription start sites, but it is unsuitable for the detection
of alternatively spliced transcripts [18, 37].

Smart-seq

A new RNA-seq method, called Smart-seq, can be used to
study single-cell transcriptome analysis. This Smart-seq also
relies on template-switching technology as STRT-seq, which
generates full-length transcripts that can then be amplified
and sequenced. Smart-seq is a simplification of STRT with-
out barcoding and so it is a lower throughput method. It has
improved read coverage across transcripts, which enhances
detailed analyses of alternative transcript isoforms and iden-
tification of single-nucleotide polymorphisms [46]. The
researchers used the method to analyze gene expression of
circulating tumor cells isolated from the blood of a melanoma
patient. They report hundreds of differentially expressed
genes by comparing a few cells per cell type [46]. This proto-
col, in slightly altered form, was successfully implemented to
profile the transcriptome of single neurons [47].

Current methods to examine single-cell transcriptome
suffer from coverage limitation, which either favors the 3’
end or the 5’ end [10, 18]. The Smart-seq kit that came out
last year is the first one that aims to cover the whole part
of the transcript (towards full-length coverage). It gives us
more information, not only about the gene expression level,
but which variant of a gene is expressed. It should be noted
that the full-length ¢cDNA is synthesized, some incom-
plete synthesized cDNA are lost in the analysis, which
may reduce the coverage when it is applied to single cells
because in single cell process many transcripts may be par-
tially damaged.

Smart-seq2

Recently, an improved method, Smart-seq2, which is an
updated version of Smart-seq, was reported in the journal
Nature Methods [48]. Based on the Smart-seq, this team
systematically evaluated a large number of variations in
reverse transcription, template-switching, and PCR pre-
amplification and compared the results to Smart-seq. They
generated a new protocol for single-cell RNA-seq, named
Smart-seq2 [48]. Smart-seq2 captures an increased num-
ber of transcripts from a single cell, along with increases



Single-cell analysis of the transcriptome and its application

2711

in transcript coverage and accuracy compared to Smart-seq
libraries. RNA sensitivity was increased about threefold.
The new procedure consistently captures three to four times
as many RNA molecules, which often translates into 2,000
more genes per cell than current methods allow [46]. Such
coverage is important when trying to simultaneously track
polymorphism or mutation patterns and gene expression
with RNA from individual cells. Furthermore, by using off-
the-shelf reagents, Smart-seq2 is very cost-effective [48].

IVT-based amplification

Linear RNA amplification is the first strategy that has been
used to successfully amplify RNA for molecular profiling
studies [34], which actually promoted the birth of the era of
single cell analysis. The most commonly used mechanism
for linear isothermal RNA amplification is based on T7
RNA polymerase-mediated in vitro transcription (IVT) [34,
49]. IVT-based RNA amplification protocol is more tedious
and time-consuming, requiring three rounds of amplifica-
tion (~5 days work/cell), because each round of IVT can
amplify the cDNAs only up to 1,000-fold [33]. These fea-
tures have prevented the original IVT protocol from being
directly used for single-cell RNA-Seq. The main advantage
of the IVT strategy is its specificity and ratio fidelity while
reducing accumulation of nonspecific products; its draw-
back is that cDNAs typically less than 1 kb are generated
[9, 33], the resulting library is biased towards the 3’ end of
genes, the low efficiency, and the time consuming proce-
dure. This disadvantage was then partly overcome by sev-
eral groups and cDNA sequences up to 3 kb or more were
obtained [10, 21, 38, 42].

CEL-seq

CEL-seq (cell expression by linear amplification and
sequencing), a protocol that barcodes and pools multiple
samples before linearly amplifying mRNA, partially meets
the demand of linear amplification by IVT for sufficient
material by pooling barcoded samples, therefore allow-
ing the efficient linear amplification of RNA from single
cells and their analysis by sequencing [50]. The CEL-seq
method begins with a single-cell reverse-transcription reac-
tion using a primer designed with an anchored polyT, a
unique barcode, the 5’ Illumina sequencing adaptor, and a
T7 promoter. Second-strand synthesis is performed and then
the cDNA samples are pooled and comprise sufficient tem-
plate material for IVT reaction. The RNA is fragmented to
a size distribution appropriate for sequencing, the Illumina
3’ adaptor is added, RNA is reverse transcribed to DNA,
and the 3’-most fragments that contain both Illumina adap-
tors and a barcode are selected. The resulting library under-
goes paired-end sequencing, where the first read recovers

the barcode, whereas the second read identifies the mRNA
transcript [50]. CEL-seq method was successfully used to
analyze early C. elegans embryonic development at a sin-
gle-cell resolution. The robust transcriptome quantifications
enabled by CEL-seq will be useful for transcriptomic analy-
ses of complex tissues containing populations of diverse cell
types [50]. When compared to the STRT method introduced
above [18], CEL-seq gives more reproducible, linear, and
sensitive results than a PCR-based amplification method
[50]. Its advantage lies in the linear mode of amplification,
which unlike PCR amplification, does not exponentially
deplete sequences that are unfavorable to PCR process [45].

Quartz-seq

Quartz-seq is another single-cell RNA-seq method based on
a poly-A tailing, PCR amplification and in-vitro transcrip-
tion, which claims a simpler protocol and higher reproduc-
ibility and sensitivity surveying the mRNA content of indi-
vidual cells than existing methods. This method has certain
advantages: byproduct synthesis was suppressed obviously;
the whole amplification process can be finished in a sin-
gle tube. The Quartz-Seq approach successfully detected
gene expression heterogeneity between ES cells and more
developmentally mature “primitive endoderm” cells based
on gene expression. Quartz-seq is also able to measure
clear differences in ES cells gene expression between dif-
ferent cell-cycle phases. The reproducibility and sensitiv-
ity of Quartz-seq are high. Compared with the Smart-seq
method, Quartz-seq has a higher Pearson correlation coef-
ficient (PPC) (the PCC of Quartz-Seq was approximately
0.93, whereas the PCC of Smart-Seq was approximately
0.72). Quartz-seq can detect 8§1.4 % transcripts, more than
Smart-seq (only 63.1 %). Higher reproducibility and sensi-
tivity were also detected when compared with the CEL-seq
method [51]. The Quartz-seq proves valuable for exploring
genetic differences among individual cells.

Phi29 DNA polymerase-based RNA amplification

Several approaches have been proposed for obtaining tran-
scriptome data from single cells as illustrated above. These
approaches may yield biased representations of sequences
along the mRNA and fail to give complete sequences for
long mRNAs because long DNA templates are discrimi-
nated against by either PCR or IVT based methods [10,
50]. Two single-cell RNA amplification methods were
raised recently, based on the Phi29 DNA polymerase [52,
53]. The Phi29 DNA polymerase is the replicative polymer-
ase from the Bacillus subtilis phage phi29 (®29) [52]. This
polymerase is a highly processive polymerase with strong
strand displacement activity that allows for highly effi-
cient isothermal DNA amplification. This enzyme was first
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successfully used in whole genome amplification (WGA)
[53], and now it can also be used in RNA amplification.

TTA

A novel method of TTA (total transcript amplification),
using Phi29 polymerase multiple displacement amplifica-
tion (MDA) of circularized cDNA, was developed for a
single prokaryotic cell transcriptome analysis [54]. These
existing methods of transcript amplification described
above involve multiple rounds of PCR and/or linear ampli-
fication of cDNA [10, 50], but would encounter many chal-
lenges when these methods were used in single bacterium.
These challenges included the low amount of RNA, the
lack of polyA-tails for easy tagging and mRNA specific
amplification [54]. The TTA method yielded reproducible
data, low fold-change bias, and a high number of genes
efficiently amplified from a single prokaryotic cell with
low drop-outs as detectable by microarray [54].

PMA

Phi29 DNA polymerase-based mRNA transcriptome ampli-
fication (PMA) is an approach for single and low quantities
(LQ) cell cDNA amplification. It is the 1st method using
phi29 DNA polymerase to generate material for sequenc-
ing the whole mRNA transcriptome. Firstly, the mRNA
derived cDNA was selectively generated from the total
RNA by poly-dT primed reverse transcription. Follow-
ing it, the cDNA was circularized by intermolecular liga-
tion. Then the phi29 DNA polymerase-based rolling cycle
amplification (RCA) was applied. Therefore, PMA capture
both the 5’ end and 3’ end sequences [38]. PMA is suit-
able for sequencing the transcriptome covering full length
of all sizes of transcripts. These full-length cDNAs would
be important for resolution of ambiguities in assigning
splice isoforms. Compared with existed methods, PMA is a
method most suitable for full-length RNA sequencing. Fur-
thermore, PMA has a particular advantage for application
to microfluidic systems: it is relatively simple in operation
with few steps of manipulations and isothermal reaction.
This would allow a large number of single cells to be ampli-
fied in parallel [38]. It needs to note that PMA requires the
gDNA in sample to be removed before the amplification
procedure is applied. This is then rewarded with very clean
RNA data without any genomic DNA signal.

Application of single-cell RNA-seq in stem cells
and early development characterization

Single-cell RNA-seq can be used to determine the gene
expression regulation networks at the whole-genome scale,
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especially for stem cell identification, including cancer
stem cells, pluripotent stem cells, and adult stem cells. Fur-
thermore, this technique is relevant for the analysis of cells
during early development of the embryos. All of these cells
possess highly dynamic character with a high level of het-
erogeneous subpopulations. Single-cell transcriptome anal-
ysis is very important for analysis of rare cell types.

Identifying circulating cancer stem cells

As introduced above, cell heterogeneity between cells in
tumors has been known for a long time [4]. Such cellular
heterogeneity could be studied by robust techniques for
single-cell analysis. Single-cell transcriptome analysis is a
feasible strategy to elucidate the heterogeneity and somatic
mutation-based evolution of tumors, to identify the sub-
populations in a tumor, and to detect putative cancer stem
cells [55]. Circulating tumor cells (CTCs) are cells that
depart from a primary tumor or metastasis and enter the
blood stream via the leaky vasculature that arises around
a growing tumor. CTCs may be defined as circulating can-
cer stem cells, for its capacity of self-renewal and for ini-
tiation of distant metastases; some of these cells are also
resistant to traditional chemotherapy. These circulating
tumor cells are clinically significant. They have important
roles in diagnostic, prognostics, and therapeutic implica-
tions for patients with cancer [56]. Transcriptomic analy-
sis of individual CTCs might provide useful information
to make personalized medical decisions for cancer therapy
and provide insights into the biological processes involved
in metastasis. However, CTCs transcriptome analysis was
limited by the low amount of cells in blood. The progress
in single-cell RNA-seq offers an excellent opportunity to
advance the understanding of gene expression in individual
CTCs and test whether CTC transcriptomic information
can be used in clinical therapy for tumor patients. Smart-
seq was successfully used to putative circulating tumor
cells captured from the blood of a melanoma patient. Dis-
tinct gene expression patterns were identified for melanoma
circulating tumor cells [46]. The gene expression profile of
CTCs was also identified in prostate cancer using single-
cell mRNA-seq [57].

Monitoring the change of early embryo development
and embryonic stem cells

Every mammalian individual is developed from the totipo-
tent zygote. Mammalian pre-implantation development is
a complex process involving dramatic changes in the tran-
scriptional architecture, such as zygotic genome activation
process (ZGA). It is common opinion that this step playing
important role in the early development. However, previous
gene expression profiling of human pre-implantation has
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been limited by blastomere size. Recent advances in single-
cell RNA-seq technology have provided the unprecedented
opportunity to study gene regulation in the ZGA process
[58]. In this research, they identified novel stage-specific
genes during the pre-implantation embryo development
using the single-cell RNA-seq technology. This finding
extends our knowledge of the transcriptional architecture,
sequential order of gene activation, and genetic program-
ming for early embryogenesis [58].

Differential gene expression in individual cells is a key
determinant of cellular differentiation, functions, and phys-
iology. Deciphering the gene expression in embryos at sin-
gle cell level is a crucial step towards understanding early
developmental processes. Pioneering work in transcrip-
tional profiling has been carried out by transcriptional tech-
nology using bulk of cells, and has given some important
information [59, 60]. However, as this information obtained
from bulk of cells, some specific cell fate determined gene
expression which differs from one cell to others will be
masked, and some cell types are transient. To well charac-
terize the genetic basis of cell fate determination and coor-
dination among the embryonic stem cells, transcriptional
profiling should be done at the single-cell level. Studying
gene regulation at the single-cell level is necessary and
effective for understanding normal development [61]. Sin-
gle cell level mRNA-seq has been used to analyze the digi-
tal transcriptome of individual blastomeres in early mouse
embryos [10, 62]. A recent research successfully profiles a
comprehensive set of transcriptome landscapes of human
pre-implantation embryos and human ES cells [63]. The
researchers applied single-cell RNA-Seq analysis with
global gene expression analysis for the gene expression
characteristics of three lineages at human late blastocyst,
which is trophectoderm (TE), epiblast (EPI), and primitive
endoderm (PE). They have also historically documented
the dynamics of global gene expression during the process
of human ES cells derivation and found significant differ-
ences in transcriptomes between that EPI cells and primary
human ES cells outgrowth [63]. These studies provide a
comprehensive framework of the transcriptome landscapes
of early development and embryonic stem cells.

Embryonic stem cells (ES cells) are derived from the
inner cell mass (ICM) of the blastocysts, and have indefi-
nitely self-renewal ability and pluripotency [64]. There
have been intensive studies on ES cells in recent years,
but these have usually been on bulk cells by RNA-seq and
microarray [65]. The precise changes accompanying the
process of ES cells derivation is not clear, due to the limita-
tion in technology. In order to investigate the early devel-
opment, the single cell transcriptome analysis provides us
an excellent tool. Now, several groups have successfully
gained insight into this process by the single cell RNA-
seq technology [43]. Furthermore, it is feasible to address

allele-specific expression (ASE) during early development
using single-cell RNA-seq analysis [62].

Prospects

As reviewed above, for the heterozygous cell population,
functional transcriptomics of a single cell can produce a
wealth of information at resolutions that cannot be attained
by analysis of multi-cell populations or communities, which
will be more helpful for us in understanding the relationship
between cells. Such advances hinge on the development of
innovative methods for single-cell isolation and transcript
amplification from a minute amount of starting material
with low gene expression bias. Despite these approaches on
single-cell transcriptomic analysis, there is still much work
to be done, both in enabling new modes and algorithm of
analysis, and improving the robustness speed, sensitivity,
precision, and economy of those that exist. A major problem
is that although we can process several analyses at the sin-
gle-cell level, such as DNA sequencing, RNA-seq, telomere
length measurement, epigenomic analysis, etc [14, 66, 67],
at present we can not perform several analyses of individual
cells simultaneously. It is very important for the investiga-
tors to understand the genotype and phenotype of individual
cells, so new methods are expected to analyze a single cell
at the genomics, epigenomics, transcriptomics and even
proteomics level simultaneously.
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