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Abstract

Increasingly mRNA expression patterns established using a variety of molecular
technologies such as ¢cDNA microarrays, SAGE and cDNA display are being used to
identify potential regulatory genes and as a means of providing valuable insights into the
biological status of the starting sample. Until recently, the application of these techniques
has been limited to mRNA isolated from millions or, at very best, several thousand cells
thereby restricting the study of small samples and complex tissues. To overcome this
limitation a variety of amplification approaches have been developed which are capable of
broadly evaluating mRNA expression patterns in single cells. This review will describe
approaches that have been employed to examine global gene expression patterns either in
small numbers of cells or, wherever possible, in actual isolated single cells. The first half of
the review will summarize the technical aspects of methods developed for single-cell analysis
and the latter half of the review will describe the areas of biological research that have
benefited from single-cell expression analysis. Copyright © 2000 John Wiley & Sons, Ltd.
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Introduction

Following enormous advances in the area of
genomics and the complete sequencing of the
human genome, the current challenge to biologists
is to learn how the products of the 30 000-150 000
identified genes interact to produce the complexity
exhibited by higher eukaryotes. Although an exam-
ination of mRNA or protein expression patterns
alone does not directly address function, the knowl-
edge of when and where a gene is expressed can
provide valuable insights as to the potential role of
a gene and has historically been instrumental in the
discovery of developmentally regulated genes. For
example, the earliest cDNA cloning experiments
were based on the knowledge of tissue-specific
expression and led to the isolation of cDNA
clones for globin [39] and lysozyme [50]. Subsequent
to the isolation of highly expressed genes such as
globin, cDNA subtraction strategies were developed
in order to reveal lower-abundance differentially
expressed genes and led to the discovery of bio-
logically important genes, such as the T cell
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receptor [29,63] and the myoD transcription reg-
ulator [18].

Recognition of the value of the examination of
expression patterns led to the development of a
plethora of more advanced technologies, such as
cDNA microarrays [22], SAGE [58] and cDNA
display [37] aimed at the simultaneous measurement
of tens to several thousand genes in the target
samples. However, a major restriction of most
mRNA profiling approaches is the relatively large
amount of starting mRNA required, thus limiting
studies to the examination of pools of several
million or at best several thousand cells. The ability
to apply expression profiling to smaller samples
including single cells would be beneficial for both
basic research and clinical molecular diagnosis.
However, since the total RNA content of mamma-
lian cells is in the range 20-40 pg [46,54] and only
0.5-1.0 pg of this is mRNA, any attempt at single-
cell profiling must be capable of dealing with a total
of 10°-10° mRNA molecules. Despite this consider-
able limitation, over the last decade a multitude of
amplification procedures have been developed in
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order to tackle mRNA expression profiling specifi-
cally at the level of a single mammalian cell. This
review will focus on approaches that have been
employed to multiply gene expression patterns
either in small numbers of cells or, wherever pos-
sible, in actual isolated single cells. The first half of
this review will summarize the technical aspects of
methods developed for single cell analysis and the
latter half of the review will describe the areas of
biological research that have benefited from single-
cell expression analysis.

Technical approaches to single-cell
profiling

In the late 1980s, Rapopolee and colleagues
described a protocol known as ‘single-cell mRNA
phenotyping’, which was developed for the analysis
of multiple genes (10 or more) in small samples,
including single cells [44,45]. In the original single-
cell mRNA phenotyping method, following total
RNA isolation, cDNA was prepared in a reverse
transcriptase (RT) reaction using an oligo dT
primer and separate gene-specific PCRs were
carried out on aliquots of the total cDNA [45].
The method can detect as few as 100 mRNA
molecules added to the RT reaction and was
estimated to be able to detect three-fold differences
in mRNA abundance [45]. Since the development of
single-cell mRNA phenotyping there have been
many technical advances, including the ability to
analyse several genes simultaneously within the
same PCR reaction (multiplex analysis). Multiplex
analysis has been used to examine up to seven
separate genes in single Purkinje neurons and
Bergmann glial cells following patch-clamp record-
ing of cells identified in situ [48]. Estimates of the
relative abundance of target genes using multiplex
approaches can be made by comparing the intensity
of the target band to a constitutively expressed
endogenous gene amplified in the same PCR
reaction [42]. Alternatively, a known quantity of
competitor cRNA can be added to the reverse
transcription reaction to provide an absolute mea-
sure of the number of target mRNA molecules
present in the analysed cell [4,66].

Although single-cel mRNA phenotyping or
multiplex analysis has proved useful in examining
expression in single cells, it is limited by the number
of genes that can be analysed in each individual cell.
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In order to examine all, or at least the majority, of
genes expressed in individual cells, a variety of
global amplification protocols have been devised.
One of the first successful global approaches
applicable to single cells used RNA polymerase
rather than Taq DNA polymerase to amplify target
sequences [24,56]. In RNA polymerase-based ampli-
fication, known as aRNA, total cDNA is prepared
using a specialized oligo d(T) primer incorporating
the sequence of an RNA polymerase promoter, and
approximately 1000 RNA copies of each ¢cDNA
molecule are generated in an in vitro RNA
polymerase reaction [24,56]. When applied to
single cells, the reverse transcriptase reaction is
carried out directly on the cell contents and
amplified aRNA is produced following cDNA
purification and second strand synthesis [56]. Over
the last decade aRNA has proved a successful and
reliable method [32] and has been adapted for
cDNA display [16,40] and recently has been used to
generate probes for cDNA arrays from as little as
10 ng of total human RNA, equivalent to the RNA
content of around 300 cells [59].

Around the same time that the aRNA amplifica-
tion protocol was developed, two global RT-PCR
methods were developed, both relying on utilizing
the mRNA poly(A) tail for the first priming site,
and creating a second priming site using the
template independent polymerase terminal transfer-
ase [6,8]. These methods differ from one another
primarily in that one approach (the Belyavsky
method) focused on the amplification of full-length
cDNA products [6], whereas the second method
(PolyAPCR) was aimed at preserving the relative
abundance of transcripts [8]. The major advantage
in using the Belyavsky method is that, unlike
PolyAPCR, both 5" and 3’ sequences are amplified,
thereby increasing the amount of sequence infor-
mation available and allowing the detection of 5’
changes, such as differential promoter use or
alternative splicing. However, in order to avoid
selective amplification of shorter cDNA products,
the Belyavsky method employs several purification
steps [6], thereby introducing the potential for
sample loss, thereby limiting its effectiveness in
single-cell profiling. In contrast, biased amplifica-
tion of cDNAs due to size is avoided in PolyAPCR
by limiting the initial ¢cDNA strand to around
100-700 bases, regardless of the size of the original
RNA template, and amplification is achieved by the
sequential addition of reagents to the starting
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cell(s), thereby avoiding any losses associated with
sample purification [8,10]. Although the simplicity
and representative nature of PolyAPCR lends itself
to multiple single-cell analysis [7,8,9,52,66] and
quantitative studies [2,8,14,43,60], the 3’ nature of
the PCR product (PolyAcDNA) makes it unsuit-
able for the analysis of changes in the 5. Both
amplification procedures have been used to prepare
single-cell ¢cDNA libraries [1,23] and have been
adapted for ¢cDNA subtraction [9,28,34,61] and
cDNA display [12,30]. Due to the speediness and
simplicity of the PolyAPCR method, it can be
readily applied to hundreds of samples [66] and the
resultant PolyAcDNA products have been widely
used as probes in differential screening approaches.
For example, PolyAcDNA probes have been pre-
pared from micro-dissected mouse embryo tissues
[57], antibody-fractionated human haematopoietic
precursors [41], single murine haemopoiectic pre-
cursors [15,61] and, more recently, PolyAcDNA
probes from Drosophila follicle cells have been used
for high density microarray screening [11].

A fourth global RT-PCR method (known as
TPEA) has recently been described which uses the
poly(A) tail for the first priming site and creates a
second site by priming second strand cDNA
synthesis with a primer consisting of both unique
and degenerate sequences [20]. As with PolyAPCR,
TPEA can be applied directly to the cell contents
without RNA purification and the product is
restricted to the 3’ end of each mRNA. So far
TPEA has been used to detect expression of
housekeeping genes and receptors in whole cells
and fractions of cytoplasm sampled from individual
cells following patch-clamp recording [20,21].
Finally, a recent report has described a method
which combines aspects of aRNA and PolyAPCR,
which in principle is able to generate representative
full-length cDNA from single cells [64].

Biological applications of single cell
profiling

Although the technological improvements listed
above are clearly important, the most important
factor in single-cell expression profiling is the
correct identification and isolation of the target
cell. A variety of approaches have been developed
for cell identification, based on morphology, cell
location, presence of surface epitopes, physiological
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function and the behaviour of sibling cells. Here a
selection of approaches will be outlined in order to
illustrate the advantages of single-cell profiling.

Single-cell analysis is a potential important tool
in the study of neoplasia, since tumour and
leukaemic cells develop alongside their normal
counterparts and are characterized by increasing
cellular heterogeneity during the course of the
disease. Analysis of individual tumour or leukaemic
cells provides an elegant means of teasing out
expression patterns in malignant cells free from
contaminating cells and has the potential to further
basic research and clinical pathology. For solid
tumours, laser capture microdissection (LCM)
offers one of the most promising means of isolating
cells based on direct microscopic visualization of
tissue sections [25]. Gene-expression profiles using
gene-specific RT-PCR and micro-arrays have been
obtained following LCM applied to human breast
cancer sections [49] and LCM has been used to
generate amplified aRNA probes for cDNA arrays
from small numbers of rat neurones [38]. With
recent improvements in both visualizing [26] and
acquiring [51] single cells from pathological sec-
tions, it is likely that LCM will be a tool for single-
cell profiling in tumours.

The ability to obtain single-cell dispersions read-
ily and the presence of immunologically detectable
cell-surface markers has greatly enhanced the
identification and molecular profiling of leukaemic
and lymphoma cells. For example, following micro-
scopic isolation based on morphological and immu-
nological staining, Trumper and colleagues applied
PolyAPCR to individual Hodgkin’s and Reed-
Sternberg cells isolated from patients with
Hodgkin’s disease [52,53]. The combination of
fluorescence-based cell sorting (FACS) and Poly-
APCR has also been used to examine and compare
expression patterns in normal and leukaemic hae-
matopoietic subpopulations [33,47] and has led to
the identification of a tumour-suppressor gene
which is downregulated in pre-leukaemic disease
[41]. Recent advances in tissue fixation, RNA
recovery and FACS analysis [5] make it likely that
cell fractionation methodologies similar to those
developed for examining haemopoietic disorders
will be increasingly used for the analysis of solid
tumours.

In addition to aiding the study of tumours and
leukaemia, single-cell profiling approaches have
been particularly useful in examining haemopoiesis,
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early embryonic differentiation and cell physiology.
As well as using antibody-based fractionation
protocols to enrich for defined precursors
[13,17,41,65,67], the ability to grow haemopoietic
precursors in culture, has allowed the identification
and molecular characterization of individual cells
on the basis of their developmental capacity
[9,14,66]. The general principle of this approach
(known as sibling analysis; see [9] for details) is to
grow individual precursors in vitro under non-
restrictive growth conditions and allow them to
divide two or five times to generate a ‘colony start’
of 4-32 cells. From each colony start, one or more
cells are withdrawn for global amplification and the
remaining sibling cells are grown separately to
generate secondary colonies. The differentiation
capacity of the lysed cell(s) used for RT-PCR is
then inferred from the colony types arising from the
living siblings. Since the culture conditions used
result in synchronous differentiation [9,66], cou-
pling single-cell profiling to functional developmen-
tal outcome in the form of sibling analysis provides
a direct and precise examination of lineage-specific
gene expression. Furthermore, since the haemato-
poietic precursors analysed by sibling analysis
generally amount to less than 1% of starting
haematopoietic tissues, it is unlikely that the
expression patterns uncovered would be detected
using expression methods applied to bulk popula-
tions. One frequently observed feature of single cells
undergoing differentiation is the strikingly transient
nature of expression patterns. For example, the
imprinted tumour suppressor gene HI19 is transi-
ently expressed specifically at the onset haemopoie-
tic lineage commitment and is low or undetectable
at earlier or later stages of differentiation [41].
Similarly, examination of the expression of retinoic
acid receptors (RAR) « and y in enriched popula-
tions and single cells revealed transient expression
predominantly in cells destined to become granulo-
cytes [35]. This observation led to the analysis of
haematopoietic precursors in RAR « and vy null
animals and the discovery of a requirement for
RAR o and y expression during terminal granulo-
cytic maturation [35]. Recently, the scope of sibling
analysis has been extended to the simultaneous
assessment of genomic methylation patterns and
mRNA expression in growing T cell clones [27].
Since oocytes, eggs and single-cell fertilized
embryos represent the most readily recognizable
and biologically important single cells in multi-
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cellular organisms, it is not surprising that single-
cell profiling has been used to study early embryos
[1,31,43]. Expression studies of oocytes, eggs and
one-cell embryos is greatly helped by the fact that
they are large and contain around 50-100-fold more
mRNA than somatic cells (1-3 x 10’ mRNAs/cell;
see discussion in [43]). Studies of early embryos
have revealed frequent transient expression patterns
similar to those seen in haematopoietic precursors,
which are thought to reflect embryonic genome
activation and the initiation of embryonic differ-
entiation [19,36,43]. Latham and colleagues have
applied quantitative RT-PCR to mRNA from
embryos treated with transcription inhibitors and
from enriched polysomes in order to evaluate gene-
regulation due to alterations in adenylation of
existing mRNAs or recruitment of mRNAs to the
transcriptional machinery [43,60]. Their results
indicate that a subset of G protein « subunits are
regulated by de novo cytoplasmic adenylation of
existing mRNAs at the 1-2 cell stage [43] and
differential polysomal association of transcription
factor and ribosomal protein mRNAs in metaphase
II oocytes, 1 cell-stage embryos and 2 cell-stage
embryos [60].

The third area of biological research that is
frequently associated with single-cell mRNA profil-
ing is that of cell physiology (reviewed in [21]). As
with embryology and haematology, the application
of single-cell mRNA profiling to cell physiology has
been greatly facilitated by the prior development of
a variety of methods for the identification, char-
acterization and isolation of individual cells. For
example, the experience gained in cell manipulation
through patch-clamp analysis has facilitated the
application of amplification protocols applied to
cytoplasm extracted from single cells [21,24,56]. By
combining physiological analysis and quantitative
assessment of transcript levels in individual cells, it
is possible to establish associations between mRNA
expression physiological function [4]. Knowledge of
the physiology and anatomy underlying olfactory
sensory perception led to the isolation of a putative
mammalian pheromone receptor from cDNA
libraries constructed from single sensory neurons
[23].

Single-cell expression profiling studies are
enabling researchers to tackle the cellular complex-
ity of higher eukaryotes. Single-cell studies of the
type described in this review represent one of the
few approaches suitable for the examination of rare,
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biologically important cell types such as stem cells
[3,55,62]. In addition to improving molecular
analysis of limited amounts of clinical samples,
single-cell profiling methodologies are also proving
to be invaluable tools for uncovering novel patterns
of gene expression linked to normal differentiation.
Given the plethora of single-cell profiling
approaches available, the choice of which method
to use can be tailored to the requirements of each
individual study. Factors to be considered when
choosing the appropriate method include the
number of samples to be processed, the need for
quantitative analysis, the time required for sample
preparation, whether full-length or short ESTs are
required and the overall costs involved. Although
single-cell approaches are currently clearly produc-
tive, in order to realize the true potential of these
powerful techniques, more research will be required
to establish the reliability and sensitivity of ampli-
fication and improved means of cell identification
and isolation.
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