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Abstract It is well known that gene expression is regulated
at the level of individual cells, and more evidence is now
emerging that heterogeneity of cell regulation is orders of
magnitude greater than previously thought. In order to
detect meaningful variations in transcription levels, it is
necessary to measure gene expression at single cell levels
rather than in bulk cells, where individual differences or
heterogeneity could be lost. In this work, we report an
improved reverse-transcriptase polymerase chain reaction
(RT-PCR) protocol which allows the direct measurement of
gene expression in one tube (5-25 ul of total PCR mixture)
at the single mammalian cell level. The protocol employs a
new cell lysis buffer, and involves no RNA isolation or
nested PCR steps, significantly reducing the possibility of
contamination and errors. We successfully applied this
protocol in qRT-PCR and linear-after-the-exponential
(LATE)-PCR to analyze selected genes of various expres-
sion levels from three cell lines. Although further charac-
terization of RNA stability is important, the preliminary
results showed that gene expression heterogeneity could be
common among members of genetically identical cell
populations. The protocol illustrated can be utilized for a
wide array of applications without much modification, such
as cancer cell analysis and preimplantation genetic diag-
nostics. In addition, the protocol is based on intercalator-
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based (SYBR Green PCR) chemistry, which is less
expensive and suitable for high-throughput platforms.
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Introduction

It has long been accepted that cells in mammalian tissue
and genetically identical cell populations are homogeneous
at the cell level. However, recent studies have suggested
that even cells in a seemingly homogeneous culture or
tissue exhibit different characteristics in many respects [1—
3]. Some studies have suggested that the heterogeneity of
gene expression among individual cells could arise from
stochasticity, or noise, in the gene expression of each
individual. The amplitude of such noise in gene expression
is controlled by many factors, including transcription rate,
regulatory dynamics, and genetic factors of the cells [4-9].
As a result of these factors, individual cells in genetically
homogeneous populations contain different copy numbers
of messenger RNA (mRNA) molecules, which eventually
leads to different numbers of functioning protein molecules
[9]. In order to better understand the molecular mechanisms
that specify the identity and gene-expression palette of any
multicellular organism, it is apparent that one needs to address
the issues related to gene expression variations from cell to
cell. Several methods, such as in situ hybridization and
immunohistochemistry, are available to investigate the iden-
tity and diverse gene-expression patterns of single cells.
However, these methods are mostly semiquantitative and have
other limitations, such as difficulty in confirming a probe’s
specificity, and inability to analyze multiple target genes
expressed by the same cell [10].
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Conventional polymerase chain reaction (PCR) and
reverse-transcript (RT)-PCR are ubiquitous technologies
for the direct identification of alleles of specific genes or
the mRNA transcribed from those genes. Quantitative RT-
PCR (qRT-PCR) offers even better sensitivity and is the
gold standard for mRNA quantification [11, 12]. Coupled
with various cell sorting and collecting methods, several
groups have published protocols for single-cell gene
expression analysis by RT-PCR. Most of these studies used
relatively large cells, such as embryo [13], retinal ganglion
[14], muscle fiber [15] or neuron cells, which are 3-10
times larger than typical mammalian cells [10, 16—18]; or
targeted highly expressed alien genes, such as viral genes,
in single mammalian cells [18]. In addition, most of these
protocols involve either a laborious mRNA purification step
or two-stage PCR [10, 12-24]. For RNA isolated from
single cells, especially cells of small size, recovery rates
have been low, and yield varies significantly from sample
to sample, creating problems for accurate and reproducible
gene expression measurements [25]. Multiple tube oper-
ations increased the chance of contamination when RNA
isolation is done separately. For two-stage RT-PCR,
although the detection sensitivity is generally improved,
false positives become common due to increased PCR
cycles. Even for nested PCR, which uses two successive
runs of PCR, each with different primers, with the second
set intended to amplify a secondary target within the first
run product, false positives are still common [26]. This
view is confirmed by a recent study demonstrating that the
major errors in qPCR came from the pipetting and PCR
processes [25]. To address these issues, a single-tube,
single-stage RT-PCR protocol needs to be developed. In
one recent work, Hartshorn et al. [13] reported a single-tube
method for RNA preparation and quantification of Oct4 and
Xist templates from large embryo cells using linear-after-
the-exponential (LATE)-PCR, an advanced form of asym-
metric PCR for real-time measurement. This study
employed complementary methods to confirm LATE-
PCR’s specificity and quantitative accuracy.

In this work, we present an improved one-tube, single-
cell RT-PCR analysis of gene expression in individual cells
of three mammalian cell lines without RNA purification
and nested PCR. The lysis buffer in the protocol, RNaST,
exhibits minimal inhibitory effects on the RT-PCR, so that
we can decrease the RT-PCR volume to 5 pl. The single-
cell lysate, obtained by quick freezing on dry ice and
subsequent thawing in RNaST, was reverse transcribed and
quantitatively amplified in one tube. Gene expression
analysis by this protocol showed that the heterogeneity
among cells can be lost when even as few as five or ten
cells are used in one assay. We also successfully applied
this protocol for the LATE-RT-PCR analysis of single-cell
gene expression.
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Materials and methods
Cell lines

Human lung epithelial carcinoma A549 cells were pur-
chased from the American Type Culture Collection (ATCC)
and maintained in Ham’s F12-K medium (Invitrogen,
Carlsbad, CA, USA), with 10% fetal calf serum and 5%
penicillin/streptomycin (Sigma, St. Louis, MO, USA).
Barrett’s epithelial CP-C cells [27, 28] were kindly
provided by Dr. Brain Reid, Fred Hutchinson Cancer
Research Center, Seattle, Washington, and were cultured
in keratinocyte-serum free medium supplemented with
bovine pituitary extract (BPE) and human recombinant
epidermal growth factor (rEGF) (Invitrogen, Carlsbad, CA,
USA). Human cervical cancer HeLa cells received from
ATCC were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% fetal bovine
serum (FBS) and antibiotics.

Single-tube sample collection and cell lysis

Mammalian cells were diluted to 10°-10° cells per ml in
phosphate buffer (PBS) (pH 6.8). Cell picking was done
using a robotic single-cell manipulation system developed
in our research center [29], which can aspirate a single cell
in a total volume of 50 nl. The single cell aspirated was
delivered onto the lid of a regular 100 pl PCR tube
(Applied Biosystems, Foster City, CA, USA), containing
2 pl of denaturing reagents (RNaST lysis buffer). After
closing the lid, the tube was centrifuged briefly in a “Quick-
Spin” Minifuge (ISC BioExpress, Kaysville, UT, USA) to
let the cell and RNaST lysis buffer [RNaST lysis buffer:
RNase inhibitor: 2 p/pl (Ambion, Austin, TX, USA); NaCl:
0.135 M; Tris-HCI (pH 8.0): 9 mM; dithiothreitol: 4.5 mM]
settle at the bottom of the tube. The tube was frozen on dry
ice immediately, and then stored at —80 °C for further gene
expression analysis. Alternatively, the cell suspension was
subjected to serial dilution with sterile 1xPBS to achieve a
theoretical given cell number in a final total volume of
2.5 ul. The solution with cells (2.5 ul) was then transferred
to a 0.2 ml (or 0.1 ml) PCR tube containing 2.5 ul of
RNaST lysis buffer. The cells were then quickly frozen on
dry ice and stored at —80 °C.

Genes selected for single-cell expression analyses

Three genes were selected for single-cell analysis:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Gen-
Bank Access No. NM_002046), cell cycle regulator gene p16
(CDKN2A, GenBank Access No. NM_000077), and tumor
suppressor gene p53 (GenBank Access No. NM 000546).
These genes are expressed at different levels in mammalian
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cells. Primers for these genes were designed using VisualOMP
(DNA Software, Ann Arbor, MI, USA) and synthesized by
BioSearch Technologies (Novato, CA, USA). The amplified
PCR fragment was designed to span two exons of the genes of
interest in order to eliminate genomic DNA contamination.
The primers and probes used in this study are listed in Table 1.
The RT-PCR for series diluted cells was run according to the
following thermal profile: 1 cycle at 45 °C for 45 min; 1 cycle
at 95 °C for 2 min; 60 cycles at 95 °C for 20 s, 65 °C for 20 s,
and 68 °C for 30 s; a final extension at 68 °C for 7 min and a
soak at 4 °C were used. The RT-PCR cycling condition for
picked single cells was run in a Corbett Research RG-6000
using the SuperScript III Platinium SYBR Green One-Step
gRT-PCR kit from Invitrogen: 1 cycle at 45 °C for 30 min; 1
cycle at 95 °C for 2 min; 50 cycles at 95 °C for 15 s, 60 °C for
30 s; 1 cycle at 40 °C for 1 min following melting curve
analysis according to the instrument documentation. After the
reverse transcription reaction, LATE-PCR was performed in a
Corbett Research RG-6000 by adding the appropriate reagents
in the same vessel. Fragments of the genes of interest were
amplified using the total cDNA from 5 pl of reverse
transcription in single-cell lysate as the template. Each
reaction was run in a final volume of 25 ul and contained
the following reagents: 2.5 pul of 10x reaction buffer, 2.5 pl of
2 mM dNTPs, 1.5 ul of 50 mM MgCl,, 5 ul of RT reaction
mixture, 1 pl of 25 uM excess primer, 1 pul of 1.25 nM limit
primer, 1 pl of 25 uM probe, 1 pl of 7.5 uM PrimeSafe 001,
1 ul of 0.625 uM PrimeSafe 060 [13], 0.25 ul of Platinum
Tag from Invitrogen, and 7.25 pl of DNase/RNase free water.
The PCR profile was 1 cycle at 95 °C for 3 min; 15 cycles at
95 °C for 10's, 72 °C for 20 s; and 50 cycles at 95 °C for 10 s,
72 °C for 10 s, 68 °C for 10 s, 72 °C for 20 s and 60 °C for
20 s, with fluorescence acquisition at 60 °C following the
melting program from 50 °C to 80 °C. This additional melting
program will evaluate whether the PCR program generates a

Table 1 Oligos and probe used in the study

Name of oligo Sequences GenBank No
hGAPDH-F 5'-AAGGTCGGAGT NM_002046
CAACGGATTTGGT-3'

hGAPDH-R 5'-AGTGATGGCATGG
ACTGTGGTCAT-3'

hp53-F 5'-CTTCTGTCCCTTCC NM_000546
CAGAAAACCTACC-3'

hp53-R 5'-AGACTTGGCTGTC
CCAGAATGCAAG-3'

hp53-lim 5'-ACTGTCCCAGAATGC NM_000546
AAGAAGCCCAGACG-3'

hp53-exc 5-TGTCATCTTCTGTCC
CTTCCCAGAAA-3’

hp53-Pr 5" BHQ-1 TACCAGAATG

CAAGAAGCCCATA-3'
Cal Orange 560

single PCR product band. After RT-PCR, 10 ul of the PCR
mixture were analyzed by electrophoresis in a 2% agarose gel
containing SYBR Green prior to being visualized under UV
light with the Typhoon Troi image system (GE Healthcare).

Results and discussion
RNaST as a good lysis buffer

Detergents such as SDS in cell lysis buffers strongly inhibit
the PCR, so that the initial lysate needs to be diluted to
ensure that the PCR (or RT-PCR) works properly. The
increased volume of PCR negatively affects the sensitivity
for gene expression in single cells. To address this issue, we
started by evaluating several commercial lysis buffers,
including Celcytic M cell lysis buffer from Sigma, Glo
lysis buffer from Promega, and the RNaST buffer we
developed. The effect of inhibition was investigated by
adding various amounts of the lysis buffer under test to the
PCR in a total volume of 25 ul. The results showed that
Celcytic cell lysis buffer inhibited the PCR at 10% (v/v) of
total volume, and Glo cell lysis buffer inhibited the PCR at
4% (v/v) of the total volume (data not shown). RNaST lysis
buffer showed no inhibition when 12% (v/v) of RNaST was
placed in a PCR tube of 25 ul total volume. Significant
inhibition was observed only when RNaST constituted
more than 25% (v/v) of the total volume (Fig. 1). Since the
results suggested that RNaST could be a good lysis buffer
in our efforts to develop one-tube RT-PCR, we selected it
for further study.

One-tube single-cell RT-PCR analysis

Two types of quantitative PCR approaches are available.
One is probe-based (TagMan PCR) and the other is
intercalator-based (SYBR Green PCR). In general, the
TagMan method is considered more accurate and reliable
than the SYBR green method, but is also much more
expensive. Since our goal is to develop methods that can
potentially be used for high-throughput analysis, we chose
the SYBR green method as an inexpensive platform to start
with. RT-PCR analyses for p53, p16 and GAPDH in A549
cells were performed. These are genes with different
lengths and different expression levels. First, we used
series dilution to generate cell solutions containing 1,000
cells to 1 cell in each PCR tubes. The frozen cells in the
PCR tube were lysed in the RNaST lysis buffer when the
tube was quickly frozen on dry ice and subsequently
thawed at room temperature. The entire cell lysate (5 pl
total) was used as the PCR template in a final volume of
25 ul mixture. RT-PCR was carried out in an ABI
GeneAmp PCR System 9700 (Applied Biosystems, Foster
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Fig. 1 Inhibitory effect on RT-PCR of RNaST lysis buffer. A Gel
electrophoresis analysis of RT-PCR containing varying amounts of
RNaST buffer in a 25 pl PCR mixture on GAPDH gene transcripts by
purified RNA; B Densitometry assay for panel A. 100 bp ladder was used

City, CA, USA) using the One-Step RT-PCR kit from
Promega (Madison, WI, USA). The series dilution results
showed that clear bands of the correct size were observed at
the single-cell level for p53, and at the three- to five-cell
level for GAPDH and pl6 genes (data not shown).

We further conducted experiments to test whether the same
protocol can be used in qRT-PCR for direct single-cell
detection. In this experiment, single cells were picked by a
robotic micromanipulator [29] and aspirated onto 0.1 ml
PCR tube lids containing 2 pl RNaST lysis buffer, followed
by spinning down in the minifuge. After quick freezing on
dry ice and subsequent thawing at room temperature, the
entire 2 pl of cell lysate was used as template for
amplification in a 25 pl mixture. We evaluated the detection
of p53 gene expression in Barrett’s esophagus CP-C cells
and GAPDH transcript in A549 cells at the single-cell level.
The results showed that expression of the p53 gene was
detected in three out of four tubes containing a single cell
with a standard deviation of Ct value of around 2.75 (Fig. 2).
For the one that was undetected due to its low Ct value, the
corresponding band of the correct size was seen on agarose
gel (data not shown). GAPDH gene expression in single-cell
samples was detected in five cells with a standard deviation
of Ct value of around 0.91, although two negative controls in
GAPDH transcript analysis showed some residual signal
(Fig. 3). Single-cell level gene expression detection was also
achieved for p53 gene transcript in HeLa cells (Fig. 4). The
results demonstrated that by performing quick freezing and
subsequent thawing in RNaST buffer we can achieve one-
tube qRT-PCR analysis of single mammalian cells without
RNA isolation or two-stage nested PCR.

LATE-PCR is an approach that combines the efficiency of
exponential amplification in the early phases of the reaction
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with the advantages of linear amplification thereafter [30, 31].
LATE-PCR increases PCR sensitivity, and provides a
suitable method to detect genes with a single allele [32,
33]. LATE-PCR technology was recently modified to create
LATE-RT-PCR for increased detection sensitivity to genes in
single embryo cells [13]. We also tested our protocol for p53
gene expression in single A549 cells by LATE-RT-PCR.
Single cells were picked by robotic micromanipulator and
loaded into 2 pul RNaST lysis buffer as described above.
After quick freezing on dry ice and subsequent thawing at
room temperature, the entire 2 pl cell lysate was used as the
template for reverse transcription. All RT reagents were from
Qiagen (Valencia, CA, USA) and were used at the suggested
concentrations with oligo-dT as primer, but the total volumes
were reduced by 75% since the assay was performed in just
5 upl. The result showed that p53 gene expression was
detected in seven of eight single cells with a standard
deviation of Ct value of around 2.55 (Fig. 5), proving that
our one-tube protocol can be integrated with LATE-RT-PCR
for single-cell gene expression analysis.

As one of our long-term goals is to develop single-cell
analytical methods that can be applied in a high-throughput
manner, we sought to determine the minimal total volume
required for reproducible gPCR measurements. Reducing the
total volume used in the QRT-PCR decreases the cost and
could potentially increase RNA template concentration in the
reaction mixture, increasing the sensitivity of single-cell
analysis. In the study described above, we reduced the total
volume of PCR to 20 to 25 pl from the typical 100 pl. To test
whether the protocol can be used with smaller volumes, we
first used different amounts of the positive control kanamycin
resistance gene mRNA with carrier as template and specific
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negative controls; B Corresponding Ct values for samples in panel A.
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target sequence primers from the Access RT-PCR System
(Promega, Madison, WI, USA) to perform gqRT-PCR in
various total volumes. The results indicated that there were
no significant differences in detection sensitivity for total
volumes of 20 ul, 10 ul, 5 pl, or 2 ul (see the “Electronic
supplementary material,” Fig. S1). We then investigated the
minimal volume needed for one-tube qRT-PCR analysis with
single HeLa cells, targeting p53 gene transcript. The results
showed that reproducible measurements were obtained even
when the total PCR volume was reduced to 5 pl (“Electronic
supplementary material,” Fig. S2). No satisfactory measure-
ments were obtained when the total volume was reduced to
2 ul (data not shown).
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Fig. 4 qRT-PCR analysis of p53 from different numbers of HeLa
cells. Each curve represents a single detection of a p53 transcript,
where the number of cells used is indicated. Two negative controls are
shown in red

Single-cell qRT-PCR analysis reveals gene expression
heterogeneity

To demonstrate that the protocol can be used to reveal gene
expression heterogeneity among cells, we isolated single cells
from an isogenetic HeLa cell population and used them for
qRT-PCR gene expression analysis. We performed qRT-PCR
analysis of p53 gene transcript with ten, five or one cell in
each PCR tube (Fig. 6). All cells were individually picked
using the robotic micromanipulator. The results showed that
the measurements from the single-cell tubes had the widest
variation in expression among the tubes, with a standard
deviation of Ct value of 5.75, while the measurements for ten
cells per tube or five cells per tube gave much less variation
among tubes, with standard deviation of Ct values of 1.79 and
1.65, respectively—only 31% and 29% of the variation found
among PCR tubes with a single cell (Fig. 6d). Measurements
of standard deviations and Ct span values (maximal Ct to
minimal Ct) showed similar trends (Fig. 6d). The results
were consistent with early suggestions that it is necessary to
develop a quantitative protocol to measure gene expression in
single eukaryotic cells rather than in the bulk, where gene
expression heterogeneity will be masked by averaging effects.

Conclusion

The technologies developed for single-cell manipulation
have led to new assays for the molecular biology, cell
biology and physiology of single cells [29, 35-37]. The
analysis of gene expression profiles in individual cells is
required to further our understanding of human disease at
the cellular level and to gain fundamental knowledge of
mechanisms in cellular transduction, differentiation, devel-
opment and malignant transformation [34]. In this paper,
we report an improved one-tube qRT-PCR protocol for
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Fig. 6 Gene expression heterogeneity in a genetically identical cell analyzed. A qRT-PCR analysis of p53 transcript with a single cell in
population. qRT-PCR analysis of p53 transcript in HeLa cells with two each reaction tube. Nine reactions were analyzed. D Statistical
negative controls in red. A qRT-PCR analysis of p53 transcript with analysis of Ct values from panels A, B, and C. The final total volume
ten cells in each PCR. Ten PCRs were analyzed. B qRT-PCR analysis was 25 pl for all PCR analyses

of p53 transcript with five cells in each reaction. Eight PCRs were
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analyzing single-cell gene expression in individual, small
mammalian cells. Quick freezing and thawing in an RNaST
lysis buffer proved to be an effective method for cell lysis,
and the lysate exhibited minimal inhibitory effects on the
RT-PCR. Advantages of this method include:

*  One-tube operation. RT-PCR and qRT-PCR are highly
sensitive techniques, and any level of contamination
will result in false results, especially when the template
concentration is low, as it is for single cells. Our
protocol allows qRT-PCR to be performed in one tube
from single-cell loading, cell lysis, reverse transcription
to PCR amplification, reducing the risk of contamina-
tion, template loss, and major errors from the pipetting
and PCR processes [25].

*  High sensitivity and lack of need for a two-stage PCR.
Because inhibition by RNaST lysis buffer on RT-PCR is
pretty minimal, our protocol ensures that the RT-PCR is
highly efficient by reducing the final RT-PCR volume to
25 pl to enhance the template concentration relative to the
PCR mixture, while most other current protocols use final
PCR volumes of 50 pl or even 100 pl [13, 32]. They also
require another stage of nested PCR [20, 23], which
results in a significantly increased chance of false results
resulting from both human error and the PCR process.

*  High reliability and easy of use.

» Inexpensive SYBR Green chemistry, which is suitable
for high-throughput platforms.

Because of the snapshot nature of the qRT-PCR method,
the cell-to-cell difference we observed here could also be
due to mRNA molecule instability. Although further
characterization of the stability of mRNA is important,
measurements of p53 gene transcript using this protocol
provided preliminary evidence that gene expression hetero-
geneity among individual cells could be significant, and
that the application of the single-cell gene expression assay
will be helpful for studying cell heterogeneity.
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