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ABSTRACT

Linear RNA amplification using T7 RNA polymerase
is useful in genome-wide analysis of gene expres-
sion using DNA microarrays, but exponential ampli-
fication using polymerase chain reaction (PCR) is
still required for cDNA library preparation from
single-cell quantities of RNA. We have designed a
small RNA molecule called chum-RNA that has
enabled us to prepare a single-cell cDNA library
after four rounds of T7-based linear amplification,
without using PCR amplification. Chum-RNA drove
cDNA synthesis from only 0.49 femtograms of mRNA
(730 mRNA molecules) as a substrate, a quantity
that corresponds to a minor population of mRNA
molecules in a single mammalian cell. Analysis of
the independent cDNA clone of this library
(6.6 x 10° cfu) suggests that 30-fold RNA amplifica-
tion occurred in each round of the amplification pro-
cess. The size distribution and representation of
mRNAs in the resulting one-cell cDNA library
retained its similarity to that of the million-cell
cDNA library. The use of chum-RNA might also facil-
itate reactions involving other DNA/RNA modifying
enzymes whose Michaelis constant (K,,,) values are
around 1 mM, allowing them to be activated in the
presence of only small quantities of substrate.

INTRODUCTION

Comparison of gene-expression patterns between cells
and/or tissues facilitates the identification of molecules
activated by a particular physiological or pharmacological
treatment. The use of gene-expression profiling is particu-
larly important in neuroscience, clinical science, stem cell
biology, and metagenomic analysis. In many cases, how-
ever, the amount of specimen tissue available is limited,
allowing only small amounts of mRNA to be obtained.

As such, amplification of the isolated RNA is obligatory
to obtain the microgram amounts of RNA required
for microarray analysis or cDNA library preparation.
Without amplification, such amounts of RNA would be
obtainable only from millions of cells. Although the poly-
merase chain reaction (PCR) is a powerful method for
amplifying a single target DNA, the exponential amplifica-
tion that can be achieved using multiple targets (from mix-
tures of DNA fragments or mRNA molecules) often
produces a biased sample, since cDNAs of differing lengths
and composition are amplified with differing efficiencies
(1). The bias is especially conspicuous if amplified RNA
is used for preparation of a cDNA library, as the library
will provide an inaccurate impression of the abundance
and diversity of various transcripts.

An alternative to PCR, for amplifying RNA, is the use
of RNA polymerase, which is considered to generate non-
biased RNA pools. The most commonly-used technique
for RNA amplification is a linear amplification method
first developed by Van Gelder, Eberwine and coworkers
(2,3), in which small amount of RNA is primed with a
synthetic oligonucleotide containing the T7 RNA poly-
merase promoter sequence located upstream of a polythy-
midylate region, and then T7 RNA polymerase is used to
generate amplified antisense RNA (aRNA) after second-
strand cDNA synthesis. This technique and the subse-
quent improved protocols, with or without combination
of PCR (4-8), have allowed genome-wide microarray
analysis of gene expression, using a single-cell amount of
RNA as a starting material (9—12).

Notwithstanding the benefits of RNA polymerase, most
cDNA library preparation from single-cell amounts of
mRNA is performed using PCR amplification. Indeed, a
protocol involving a nested round of cDNA synthesis and
in vitro transcription in combination with PCR amplifica-
tion (6,13,14) successfully reduces the required starting
material without significantly reducing the overall sensi-
tivity and fidelity. In contrast, use of RNA polymerase
alone still requires one microgram total RNA after two-
round amplification of complementary RNA (cRNA) (15).
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This is mainly because the optimum concentration for
most of the enzymes used in cDNA library preparation,
such as reverse transcriptase (RTase), DNA polymerase |
and DNA ligase, is more than 1 pM (16-18). That is, the
amount of enzyme exceeds the single-cell amount of
mRNA one million-fold. It should be remembered that
an enzyme’s rate of substrate conversion follows the
Michaelis—Menten equation, where the Michaelis constant
(K., is equivalent to the substrate concentration at which
the rate of conversion is half of the maximum rate of con-
version. Thus, if the K, value of an enzyme is higher than
the practical concentration, the rate of substrate conver-
sion becomes very slow.

The use of cDNA libraries retains some important
advantages over microarray analysis, allowing the
application of expression cloning techniques, identifica-
tion of poly(A)-bearing non-coding RNA, expression ana-
lysis of infected unknown virus, and more. As such, we
have investigated ways of circumventing the ‘K, problem’.
We have designed a small dummy substrate termed chum-
RNA, in which ‘chum’ refers to the ‘friendly’ action of this
RNA in the reaction. Chum-RNA can be added to the
reaction mixture to increase the effective quantity of sub-
strate, thus increasing the substrate conversion rate of the
enzyme. The chum-RNA can be easily removed following
the completion of the reaction. In the present study, we
show that the simple addition of chum-RNA allows
cDNA synthesis to be initiated in the presence of less
than 1 femtogram (fg) of mRNA, which equates to the
concentration of a low copy number mRNA species in a
single human cell. Using chum-RNA, we could for the
first time synthesize sense RNA (sRNA) by RNA ampli-
fication, without the aid of PCR amplification. Use of
chum-RNA aided linear RNA amplification, allowing us
to successfully construct a high quality cDNA library that
preserved the mRNA size distribution pattern seen in
a cDNA library prepared from one million cells. The sim-
plicity of the technique makes it a versatile strategy for
reducing the quantity of starting materials required in a
variety of methods, not only cDNA library preparation.

MATERIALS AND METHODS

Preparation of a cDNA library from a single-cell quantity
of mRNA using chum-RNA

Chum-RNA was prepared by Gene Design Inc. (Osaka,
Japan) by synthesizing and HPLC purifying the following
oligonucleotide (Figure 1); 5-AAU UCG UCU GGA
CAC GAA AAA AAA AAA AAA AAA AAA AAA
AA-3. The mRNA used for cDNA library construction
was purified from about one million growing 293T cells
using a Micro Poly(A) Purist kit (Applied Biosystems,
Foster City, CA). The cDNA libraries were then con-
structed using a quantity of mRNA equivalent to that
obtained from one cell or one million cells, using the
linker-primer method with a pAP3neo vector, as described
previously (19). Briefly, for construction of a single-
cell ¢cDNA library, the process of cDNA synthesis
and mRNA amplification was repeated four times
(Figure 1B, steps 1-5). For preparation of the one million
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cell cDNA library, the mRNA amplification process
(Figure 1B, steps 3-7) was omitted. The amplification
adaptor indicated in step 3, containing the T7 DNA-
dependent RNA polymerase promoter (indicated by
underlines), was prepared by annealing the following oli-
gonucleotide pairs; sense T7 5-CAC TAG TAC GCG
TAA TAC GAC TCA CTA TAG GGA ATT CCC
CGG G-3'; anti-sense T7 5-pCCC GGG GAA TTC
CCT ATA GTG AGT CGT ATT ACG CGT ACT
AGT GAG CT-3'. The 5 terminal of the anti-sense T7
sequence was phosphorylated to avoid unwanted ligation.
Equal molar amounts of these oligonucleotides were mixed
to a final concentration of 0.35 pug/ul in 10 mM Tris—HCI
(pH 7.5) with | mM EDTA and 10 mM MgCl,, warmed at
65°C for 2min, then cooled at 37°C for 2min and held at
room temperature for Smin. The resulting product can be
stored at —20°C for several years. In step 5, an in vitro
transcription is performed using a MEGAscript High
Yield Transcription Kit (Applied Biosystems). A more
detailed protocol for the preparation of a single-cell
cDNA library using chum-RNA is described in the
Supplementary Data Materials and Methods.

RT-PCR

The efficiency of ¢cDNA synthesis in the presence or
absence of chum-RNA was confirmed by RT-PCR of
Homo sapiens glyceraldehyde 3-phosphate dehydrogenase
(HsGAPDH) mRNA using the following primer set which
detects a band 902 base pairs (bp) in size; forward
(HsGAPDH-F) 5-CGA GAT CCC TCC AAA ATC
AA-3" and reverse (HsGAPDH-R) 5-AGG GGT CTA
CAT GGC AAC TG-3'. The annealing temperature for
PCR was always at 50 or 55°C, while the number of ampli-
fication cycles was 30, 40 or 50.

HsGAPDH cDNA was amplified by PCR from 293T
cDNA using the following primer set; forward
(HsGAPDH-clone-F) 5-ACA GTC AGC CGC ATC
TTC TT-3' and reverse (HsSGAPDH-clone-R) 5-TTT
I'TT TTT TTT TTT TTT TTT TTT TTT TTT TTT
TTT GGT TGA GCA CAG GGT ACT TTA TTG-3'.
The amplified DNA fragment (~1.3kb in length)
was cloned into the pT7-Blue vector (Invitrogen,
San Diego, CA) using the TA-cloning method, and its
DNA sequence was confirmed. The plasmid was linearized
by digestion with BamHI, and then GAPDH mRNA was
expressed in vitro using a MEGAscript High Yield
Transcription Kit (Applied Biosystems) at 37°C for 4h.
The residual DNA fragment in the reaction mixture was
digested by DNase treatment using TURBO DNA-free
(Applied Biosystems) at 37°C for 1h, and the successful
removal of DNA was confirmed by PCR.

Quality check of the single-cell cDNA library

To examine the quality of the single-cell cDNA library, we
prepared plasmid DNA from 60 randomly selected clones,
and then digested these using BamHI to examine the size
distribution of the inserted cDNA. DNA sequences were
also determined and inserts were identified using a homol-
ogy search with the BLASTN algorithm (http://www.
ncbi.nlm.nih.gov).
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Microarray analysis

The plasmids carrying the single-cell and million-cell
cDNA libraries were linearized by digestion with Notl,
and their contents expressed in vitro using a
MEGAscript High Yield Transcription Kit (Applied
Biosystems) at 37°C for 4h. The resulting mRNAs were
independently reverse-transcribed using oligo-dT primers
containing the T7 RNA polymerase promoter sequence to
generate cDNAs, which were then subjected to in vitro
transcription using T7 RNA polymerase to label the com-
plementary RNAs (cRNAs) with Cy3-CTP or Cy5-CTP
(Amersham Pharmacia Biotech, Piscataway, NJ). The Cy-
labeled cRNAs from the single-cell cDNA library (1 pg)
were then mixed with an equal amount of reverse color
Cy-labeled cRNAs derived from the million-cell cDNA
library. Hybridizations, rinsing, scanning and gene analy-
sis on the Agilent’s all human cDNA microarray (Hu44K)
were conducted according to the manufacturer’s protocol
(G2940BA; Agilent Technologies Inc., Palo Alto, CA).
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Fluorophore reversal (dye swap) duplicates were used in
two-color DNA microarray experiments.

RESULTS
Principle and design of Chum-RNA

Since the K, values for most of the enzymes used in the
synthesis of cDNA exceed 1 uM, it is almost impossible to
synthesize cDNA from very small quantities of mRNA,
e.g. from a single mammalian cell, without the aid of
PCR amplification. To circumvent this ‘K, problem’, we
conceived the idea of using mRNA-like small RNA mole-
cules as dummy substrate, called ‘chum-RNA’ hereafter
(Figure 1A). It is expected that the enzymes would ‘bite’
not only the large number of added chum-RNA but also
the very small number of hona fide target mRNA molecules
that are already included in the reaction mixture, and
would initiate ¢cDNA synthesis more rapidly than if
the chum-RNA was not added (Figure 1B, step 1).

() 5-AAUUCGUCUGGACACGAAAAAAAAAAAAAAAAAAAAAAAAA-3

(i)  5- AAUCUGUCGCGGCCGCAAAAAAAAAAAAAAAAAAAAAAAAA -3

RTase

Step 3

Step 4

Step 5

Primer

No
amplification

mRNA amplification

Removed by
column
chromatography

Figure 1. Structure of chum-RNA, and its usage for sense strand mRNA amplification and a single-cell cDNA library preparation. (A) Structure of
typical chum-RNA molecules. (i) Sequence of the chum-RNA molecule used in this experiment. The 41-nucleotide RNA fragment consists of 16
randomly selected nucleotides followed by a 25-nucleotide poly-A tail, allowing an oligo-dT primer to associate and assemble with RTase to initiate
cDNA synthesis. (i) An alternate version of chum-RNA, carrying a Notl restriction site (underlined). (B and C) Schematic depiction of the
procedure used for sense strand mRNA amplification (steps 1-5) and single-cell cDNA library preparation (steps 1-9). Chum-RNA is present in
the reaction mixture throughout, and some of the chum-RNA may be turned into chum-cDNA during the procedure. Subsequently, the chum-RNA,
chum-cDNA and the adapter that was cut off by Notl are removed by column chromatography at the end of steps 5 and 9. DNA is depicted by a

grey line, while mRNA is depicted by a black line. See text for details.



92  Nucleic Acids Research, 2008, Vol. 36, No. 15

PAGE4 0F9

C
Amplified mRNA
Step 6
Step 7 Primer
DNA polymerase |
il I gi RNase H
DNA ligase (
Adapter \\ ,‘ - Chum-cDNA \\
Step 8 N
Step 9
Ligation to a vector
Bglll Notl
=
cDNA library
Removed by
column
T7 RNA polymerase ‘ chromatography
Step 10

Figure 1. Continued.

The chum-RNA molecule consisted of 16 nucleotides that
are designed not to form a hairpin, followed by a poly(A)
tail 25 nucleotides in length that is required for hybridiza-
tion with oligo-dT primer. Analysis of the sequence indi-
cated that the chum-RNA was unlikely to form a hairpin
structure. It is essential to add a poly(A) tail to chum-RNA
because it allows the oligo-dT primer to easily associate
with the chum-RNA molecule, activating the RTase
and beginning cDNA synthesis (Figure 1A-i). In some
experiments, we used a 41-nucleotide chum-RNA carrying
a Notl restriction site (Figure 1A-ii; data not shown).
We believe that the size and sequence of the chum-RNA
could be varied, and modification with biotin might also be
convenient, facilitating removal of the chum-RNA with
avidin-conjugated magnetic beads following completion
of the reaction.

It is expected that chum-RNA is turned into chum-
cDNA because it can be recognized as a small mRNA
by the enzymes (Figure 1B). However, it may not be
amplified because chum-cDNA is removed by column
chromatography at the end of steps 5 and 9 of Figure 1.
Even if a small amount of chum-cDNA would escape this
removal process, it may not be amplified afterwards
because the MEGAscript Kit we used for mRNA ampli-
fication is designed to function best with transcription

templates larger than 500 bp; the size of chum-cDNA is
only 41 bp according to the manufacturer’s protocol.

Chum-RNA allows cDNA synthesis from a single-cell
quantity of mRNA

To explore the utility of the chemically-synthesized chum-
RNA, we first determined the optimal amount required to
activate RTase, by varying the quantity of chum-RNA
added to the reaction mixture. We performed cDNA synthe-
sis (see Supplementary Protocol, step 2.1-2.16) using a
100-cell quantity of 293T mRNA (~1 ng) either in the pre-
sence of the denoted quantity of chum-RNA. We found
that 3uM (1 pg per 25ul of reaction mixture) of chum-
RNA produces the optimal result (Figure 2A). Larger
amounts of chum-RNA appear to inhibit cDNA synthesis.

Using the optimal amount of chum-RNA, we next inves-
tigated whether chum-RNA exerts any dummy effects on
RTase. mRNA was extracted from ~1 million 293T cells
using a Micro Poly(A) Purist kit (Applied Biosystems). The
single cell quantity of mRNA (10 pg) used as the substrate
for cDNA synthesis was obtained by diluting the million-
cell stock. We performed cDNA synthesis in the presence
(+) or absence (-) of chum-RNA, and then the reaction
product was probed for GAPDH cDNA by PCR. Using
agarose gel electrophoresis (AGE), a band at 902 bp was
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Figure 2. Chum-RNA facilitates sense strand mRNA amplification from
a single-cell amount of mRNA. M denotes a molecular size marker
(925bp). (A) Determination of the optimum quantity of chum-RNA
required to drive RTase to initiate GAPDH cDNA synthesis. Using a
100-cell quantity of 293T mRNA (~1 ng), cDNA synthesis was initiated
in the presence of the denoted quantity of chum-RNA (Figure 1B, step 2).
Successful cDNA synthesis was confirmed by PCR (30 cycles at 50°C)
using the reaction product of Figure 1B, step 2 together with a primer-
set that was designed to detect a band for GAPDH cDNA at 902 bp on
AGE (upper panel). The bar graph, which was drawn by using Scion
Image (Scion Corporation, Frederick, MA), compares the intensity of
each band (lower panel). The arrow indicates the optimum quantity
of chum-RNA (3uM). (B) Synthesis of ¢cDNA using a single-cell
amount of mRNA from 293T (left, 10.5pg) and HeLa (right, 10.1 pg)
cells in the presence (+) or absence (=) of chum-RNA (3uM).
Successful cDNA synthesis was confirmed by the presence of GAPDH
cDNA, which was detected by PCR (50 cycles at 50°C) using the reaction
product of Figure 1B, step 2 and observed after AGE as a band at 902 bp.
(C) Determination of the minimum amount of mRNA required for chum-
RNA to drive RTase. The indicated amounts of GAPDH mRNA were
reacted in the presence (+ ) or absence (—) of 3 uM chum-RNA (Figure 1B,
step 2). We first cloned the amplified HSGAPDH cDNA into a plasmid
and then its mRNA was prepared by in vitro transcription using a
MEGAscript High Yield Transcription Kit (Applied Biosystems), which
yielded 1.3kb GAPDH mRNA. The original stock of GAPDH mRNA
(4.9 pg/ml) was sequentially diluted ten-fold. Successful cDNA synthesis
was confirmed by detection of the band for GAPDH cDNA (902 bp) that
was generated by PCR.

detected, but only in the presence of chum-RNA
(Figure 2B, left panel). The experiment was repeated
using a single-cell amount of HeLa mRNA, which is
expected to possess a distinct amount of GAPDH
mRNA, and found a similar effect of the chum-RNA
(Figure 2B, right panel). These observations indicate
that the addition of chum-RNA facilitated cDNA syn-
thesis when a single-cell amount of mRNA was used as
a substrate.
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To determine the minimum amount of mRNA required
for initiation of cDNA synthesis by RTase in the presence
of chum-RNA, GAPDH mRNA synthesized in vitro was
used as a substrate. Only 0.49 fg, which corresponds to
approximately 730 mRNA molecules of GAPDH, is suffi-
cient for cDNA synthesis to begin, if chum-RNA is added
in the reaction mixture (Figure 2C). This result suggests
that chum-RNA can facilitate ¢cDNA synthesis using
mRNA from a single human cell (see below). Notably,
no cDNA synthesis occurred even with a 10-fold higher
amount of GAPDH mRNA (4.9 fg) if the chum-RNA was
absent from the reaction mixture. We could also confirm
that the 902bp band is independent of Chum-RNA
because no such band was observed in the rightmost
lane, which shows the PCR reaction with a very low
amount of GAPDH mRNA (Figure 2C, 0.0049 fg).

Linear amplification of mRNA by RNA polymerase
in the presence of chum-RNA

We next examined whether chum-RNA is useful during the
process of double strand DNA synthesis and subsequent
sense mRNA amplification using T7 RNA polymerase.
First, cDNA was synthesized using RTase and a single-
cell amount of 293T mRNA, in the presence or absence
of chum-RNA (Figure 1B, step 1). The synthesized
cDNA was converted into double strand DNA through
degradation of the poly(A)" RNA strand with RNase H,
followed by second strand synthesis with Escherichia coli
DNA polymerase I (Figure 1B, step 2). Successful cDNA
synthesis was confirmed by probing for GAPDH
(Figure 3A) as described above (Figure 2). We next
added an adaptor containing the promoter sequence for
T7 RNA polymerase using DNA ligase (Figure 1B,
step 3), cut with Nofl and removed the oligo-dT primer
side of the cDNA by column chromatography
(Figure 1B, step 4); the latter process is essential for pre-
venting the in vitro transcription of anti-sense mRNA in the
next step. Then we conducted linear amplification of whole
mRNA by in vitro transcription in the presence or absence
of chum-RNA (Figure 1B, step 5) using T7 RNA polymer-
ase and a MEGAscript High Yield Transcription Kit
(Applied Biosystems) at 37°C for 4 h. Using this amplified
mRNA, we repeated the cDNA synthesis (Figure 1B,
step 1) and double strand DNA conversion (Figure 1B,
step 2) to detect GAPDH mRNA. The entire GAPDH
mRNA was successfully amplified in the presence of
chum-RNA, as assessed by comparing the intensity of the
GAPDH band (Figure 3B, plus lane) to the trace amount
obtained in the absence of chum-RNA (Figure 3B, minus
lane). This result reflects the powerful ability of chum-RNA
to promote sense mMRNA amplification using a single-cell
quantity of substrate.

We next examined whether chum-RNA could facilitate
the non-biased amplification of the entire mRNA content
of a sample of 293T cells, using the Agilent 2100
Bioanalyzer (G2940BA; Agilent Technologies, Inc., Palo
Alto, CA). Since the sensitivity of the Agilent apparatus
was not sufficiently high to detect the amplified product
from a single-cell amount of 293T mRNA (data not
shown), we repeated the amplification process using
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a 10-cell amount of 293T mRNA. Next, we labeled
the amplified mRNA in vitro with fluorescent dye
(Cy3-CTP) using T7 RNA polymerase and the Low
RNA Input Fluorescent Linear Amplification Kit
(Agilent Technologies). As shown in Figure 3C, the max-
imum intensity of the Cy3 signal observed at 1 kb was more
than 30-fold stronger in the chum-RNA ‘plus’ sample (red
line) than in the chum-RNA ‘minus’ sample (blue line).
These results indicate that the successful linear amplifica-
tion conducted here did not introduce significant bias
in the vast majority of the mRNA population.

Preparation of a highly representative single-cell
c¢DNA library

We next examined whether chum-RNA would allow effi-
cient construction of a cDNA library from a single-cell
amount of mRNA. Hereafter, we will call this a single-
cell cDNA library, even though we obtained the single-cell
mRNA quantity by dilution of the original stock obtained

A Chum-RNA - + M
GAPDH
Chum-RNA - + M
B
GAPDH
C 40
Cy3-Labeling
£ 30
- 0.2
2 — Size marker
8 20
3 —— + Chum-RNA
1}
s 0.025 ”o —— — Chum-RNA
c 10 1.0 <
0
14 28.8 43.5 58.3 73 84.8

Time (s)

Figure 3. Chum-RNA allows non-biased linear amplification of mRNA
using T7 RNA polymerase. M denotes the molecular size marker (925 bp).
(A) Successful synthesis of cDNA using a single-cell amount of 293T
mRNA in the presence (+) or absence (—) of chum-RNA (step 2 of
Figure 1B), confirmed by detection of the band for GAPDH cDNA gen-
erated by RT-PCR (40 cycles at 55°C) on AGE. (B) Successful amplifica-
tion of a single-cell amount of 293T mRNA in the presence (+ ) or absence
(=) of 3uM chum-RNA (step 7 of Figure 1C), confirmed by detection of
GAPDH cDNA generated by RT-PCR (40 cycles at 55°C). (C) Chum-
RNA allows non-biased amplification of the entire mRNA population
from 293T cells. The amplified cDNA product (step 5 of Figure 1B)
from a 10-cell amount of 293T mRNA in the presence (+) or absence
(-) of 3uM chum-RNA was labeled in vitro with fluorescent dye (Cy3-
CTP) using T7 RNA polymerase and the Low RNA Input Fluorescent
Linear Amplification Kit (Agilent Technologies). The resulting reaction
product was analyzed using an Agilent 2100 Bioanalyzer (G2940BA;
Agilent Technologies Inc., Palo Alto, CA). Numbers at each peak of the
marker curve denote the molecular size in kilobases (kb). The ordinate and
the abscissa represent the fluorescent intensity and the retention time of
the bioanalyzer, respectively.
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from a million-cell quantity of mRNA. According to the
linker-primer method (19), cDNA was synthesized from a
single-cell amount of 293T mRNA, converted into double
strand DNA, and an adaptor added. The DNA was
digested with Notl, the unnecessary portion removed by
column chromatography and mRNA was amplified using
T7 RNA polymerase in the presence of chum-RNA, as
described above (Figure 1B). Since this single round of
mRNA amplification did not produce an amount of
mRNA sufficient to make a good cDNA library harboring
a high number of independent clones (complexity), the
amplification procedure was repeated several times. Four
rounds of mRNA amplification in the presence of chum-
RNA produced a high-quality cDNA library containing
independent ¢cDNA clones of 6.6 x 10° colony forming
unit (cfu), from only a single-cell amount of 293T
mRNA. In contrast, omission of chum-RNA resulted in
a very poor-quality cDNA library with only background
quantities of independent cDNA clones (5.3 x 10* cfu)
and no evidence that any plasmid clones carried human
cDNA inserts (data not shown).

To examine the quality of the single-cell cDNA library,
60 independent colonies were randomly picked and the
length of their cDNA inserts was determined through
digestion with appropriate restriction enzymes. It was
found that 24 of 60 (40%) colonies possessed cDNA
inserts longer than 0.1kb, yielding an average cDNA
insert size of 0.75kb (Figure 4). Sequence analysis indi-
cated that 15 colonies contained distinct human cDNAs

293T: single-cell () million-cell (O)
Complexity (cfu): 6.6 x10° 2.2 x108
Insert rate: 40% (24/60) 90% (9/10)
Average (kb): 0.75 11
2.5 o)
O
|
2.0
)
= ]
c 15
5 |
5
K o u
T 1.0 © _—
- —
5, a" °©m_ nmnm mE Em
0.5 L i i i
| |
0.0 . Il 1 Il 1
0 5 10 15 20 25

Clone number

Figure 4. Size distribution of the insert cDNAs from the amplified
versus unamplified ¢cDNA libraries. Plasmid DNAs from 60 clones
randomly selected from the 293T single-cell cDNA library amplified
using chum-RNA (shown by filled squares), or from 10 clones ran-
domly selected from the 293T million-cell cDNA library (unamplified,
shown by open circles) were prepared, digested by BamHI and the size
of the insert cDNA analyzed by using AGE. DNA sequences were
determined and subjected to a homology search with the BLASTN
algorithm (http://www.ncbi.nlm.nih.gov; Table. S1). Only those clones
harboring human ¢cDNAs longer than 100 bp are presented. The inde-
pendent cDNA clones (complexity), insert late (%) and average size of
cDNA inserts (kb) of these cDNA libraries are listed above the panel.
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Figure 5. Comparison of the quality of amplified (single-293T cell) versus
unamplified (1 million 293T cells) cDNA libraries. (A and B) Size distribu-
tion of mRNA synthesized from single-cell (red lines) versus million-cell
(blue lines) cDNA libraries that shows the non-biased transcript amplifi-
cation. Each plasmid form of the cDNA library (step 10 of Figure 1C) was
labeled with Cy3-CTP (A) or Cy5-CTP (B) by using T7 RNA polymerase
and the Low RNA Input Fluorescent Linear Amplification Kit (Agilent
Technologies). The resulting reaction product was analyzed by using an
Agilent 2100 Bioanalyzer (G2940BA). The numbers at each peak of the
marker curve denote the molecular size in kb. The ordinate and the
abscissa indicate the fluorescent intensity and the retention time of the
bioanalyzer, respectively. (C) A scatterplot matrix comparing the expres-
sion profiles obtained from single-cell ( Y-axis) versus million-cell (X-axis)
cDNA libraries. Cy3-labeled (single-cell) or CyS5-labeled (million-cell)
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(two clones were equal, Table S1), suggesting that the
amplification process was non-biased, and able to generate
a library of a similar quality to that of the 293T million-
cell cDNA library (Table S2). The remaining nine colonies
harbored DNA fragments from E. coli, bovine genome or
plasmid vector. The contamination of E. coli DNA frag-
ment may have occurred during the manufacturer’s pur-
ifying process of the recombinant enzymes from the E. coli
extract. Bovine DNA contamination is probably derived
from the bovine serum albumin (BSA) included in some of
the reaction mixtures of the enzyme.

Microarray analysis of a single-cell cDNA library

To further assess the non-biased amplification of this
cDNA library, we first examined the size distribution of
the mRNAs transcribed from the plasmids carrying this
single-cell cDNA library, using T7 RNA polymerase and
an Agilent 2100 Bioanalyzer. As a control, we examined in
parallel the million-cell 293T c¢cDNA library prepared
without amplification (original mRNA stock). These
mRNAs were labeled with fluorescent dye (Cy3-CTP or
Cy5-CTP) using the Low RNA Input Fluorescent Linear
Amplification Kit (Agilent Technologies). The size distri-
bution pattern of these Cy-labeled complementary RNA
(cRNA) or mRNA from the single-cell and million-cell
cDNA libraries showed similar distribution patterns
throughout a wide size range, irrespective of which fluo-
rescent dye was used, Cy3 or Cy5 (Figure 5A), providing a
further indication that the linear amplification process did
not introduce significant bias in the vast majority of
mRNA population.

To more accurately determine the extent of variation
caused by the amplification process, we next scanned the
Agilent’s all-human cDNA microarray (Hu44K) using the
above-described Cy3 or Cy5-labeled cRNAs (Figure SA
and 5B). If any significant bias was introduced during the
amplification procedure, a change in the expression profile
would have been observed when the scanning data from
the Cy3 or Cy5-labeled cRNAs was compared. Figure 5C
shows a scatter plot matrix comparing the expression pro-
files obtained from amplified (single 293T cell) versus
unamplified (1 million 293T cells) RNA. Over 90% of
the human genes (37 465 spots yielded signals in our
experiment) in the amplified product are within 2-fold
(between the red lines in Figure 5C) of the copy number
of the unamplified sample. Scatter plot analysis shows that
the differential expression ratios derived from amplified
and unamplified RNA were highly comparable
(R* =0.9663). These results further confirm the non-
biased nature of amplification achieved during the pre-
paration of this single-cell cDNA library.

samples were hybridized to Agilent’s all-human cDNA microarray
(Hu44K), and then the color-swap experiment was also performed.
Fluorescence intensities (signal intensity minus background) were normal-
ized to median array densities to obtain normalized measures for each
gene across all of the samples. The X-axis (million-cell) and Y-axis
(single-cell) show virtual gene expression levels. The correlation coefficient
was R =0.98301. The red lines denote twofold changes. These results
indicate that >90% of the loci in the amplified product (single-cell) are
within 2-fold of the copy number of the unamplified product (million-cell).
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DISCUSSION

In the present study, we showed that a small mRNA mole-
cule called chum-RNA is useful not only to facilitate
cDNA synthesis but also for cDNA library preparation
from a single-cell amount of mRNA, using T7 RNA poly-
merase to amplify RNA (Figure 1A). Chum-RNA can
drive RTase to begin cDNA synthesis from quantities of
substrate as low as those obtained from a single cell
(10.5pg of total RNA, Figure 2B). When GAPDH
mRNA molecules synthesized in vitro were used as the
substrate, chum-RNA was able to drive cDNA synthesis
from only 0.49 fg of mRNA (730 mRNA molecules) as a
substrate (Figure 2C), a quantity corresponding to that of
a minor population of mRNA molecules in a single mam-
malian cell. The chum-RNA protocol presented here
achieves a ~30-fold mRNA amplification (Figure 3C).
Unlike PCR-based techniques, this protocol preserves
the original size and species distribution of the mRNA
pool. Indeed, in vitro labeling of the amplified cDNA
with fluorescent dye revealed an mRNA distribution
pattern similar to that observed in non-amplified cDNA
synthesized from 1 million cells (Figure 3C), indicating
that the amplification of the mRNA population was
unbiased.

Notably, we were also successful in preparing a cDNA
library from a single-cell amount of mRNA, after four
rounds of amplification. This ¢cDNA library preserved
the mRNA size and species distribution (Figure 4;
Table S2) observed in the million-cell cDNA library, con-
firming the non-biased nature of the amplification
achieved using our chum-RNA protocol. The independent
cDNA clone of this library (6.6 x 10> cfu) also confirms
the ~30-fold RNA amplification per one round of the
amplification process (Figure 3C) because the number
(6.6 x 10°) almost matches to the number (28.5%) if
95% recovery rate was considered (28.5 = 30 x 0.95).
Fluorescent labeling of the mRNA transcribed from the
single-cell library indicated that linear amplification using
chum-RNA did not introduce any significant amplifica-
tion bias (Figures SA and B), and this result was con-
firmed using microarray analysis. To our knowledge,
this is the first report of a technique for sense mRNA
amplification and subsequent cDNA library preparation
that does not rely on PCR. This technique could also be
used for preparation of anti-sense RNA.

We initiated this study with the expectation that the
addition of small RNA (chum-RNA) to the reaction mix-
ture would accelerate the enzyme’s rate of substrate con-
version according to the Michaelis—-Menten equation.
Indeed, the first enzyme we tested, RTase, recognized not
only the bona fide 293T mRNA (less than 1 pM) but also
the chum-RNA (3 uM) as its substrate (step 1 of Figure 1B)
and the reaction product of cDNA synthesis was
observed after only 75min of incubation (Figure 2 and
Supplementary Protocol step 2.6). Without chum-RNA,
the substrate conversion rate would have been too slow
to detect the reaction product of cDNA synthesis over
such an incubation. The other enzymes used in the subse-
quent reactions (DNA polymerase, RNase H and DNA
ligase) also recognized both the bona fide 293T mRNA
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and chum-RNA as substrates (steps 24 of Figure 1B)
and efficiently catalyzed the reactions to produce detect-
able amounts of cDNA derived from both mRNAs
(Figure 2). Moreover, T7 RNA polymerase also helped
to amplify both 293T mRNA and chum-RNA which was
then removed by column chromatography (step 5 of
Figure 1B). However, we cannot be entirely sure at present
about how chum-RNA actually works; as an alternative
mechanism it could activate replication enzymes and
thereby promote the capture of rare mRNAs. Future
research will be conducted to characterize the molecular
mechanism behind the chum-RNA phenomenon.

Until now, methods for amplification of single-cell
amounts of RNA have consisted primarily of exponential
amplification using PCR, in combination with linear ampli-
fication using multiple T7 RNA polymerase reactions.
One example is Ribo-SPIA, which generates micrograms
of labeled cDNA from 5 ng of total RNA in 1 day for analy-
sis on arrays or by PCR quantification (4). A modified
amplification protocol generates microgram quantities of
message-derived material from 100 ng of total RNA (13).
Another protocol reduces by 1 million-fold the amount of
input RNA needed for microarray analysis to as little as
10 ng, which corresponds to the amount obtainable from
a few thousands cells (14). Such techniques are useful for
genome-wide expression analysis, but the exponential
amplification produced by PCR still introduces bias into
the size and species distribution of the amplified product.
Our technique is compatible with previously developed
techniques, that is, chum-RNA can be added to any reac-
tion mixture without compromising its results. For exam-
ple, nearly 1pg of total RNA is required for the
preparation of a cDNA library, when RNA polymerase
alone is utilized (14). This requirement is likely due to the
difficulty with which DNA ligase initiates ligation of the
adaptor, and the addition of chum-RNA might help to
decrease the quantity of starting material required for this
technique. As such, chum-RNA might constitute a versatile
tool for boosting the activity of other DNA- or RNA-mod-
ifying enzymes with K, values around 1mM, allowing
these reactions to progress using only small quantities of
substrate.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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