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A simple procedure is described for preparing microgram amounfs of cDNA,
suitable for cloning into libraries, from samples as small as a single cell. Syn-
thesis of cDNA is primed with oligo(dT) and the resulting strands are tailed with
poly(dA). The cDNA is then amplified using an oligo(dT)-containing sequence
to prime the polymerase chain reaction. By limiting the size of the first cDNA
strands, efficient amplification is achieved independently of size of the original
mRNA transcripts. The method was applied to small numbers of hemopoietic
cells of various lineages, as well as to single micromanipulated cells. The
results established the fidelity and specificity of the amplified product, and
showed that sensitivity was sufficient to detect moderate-to-low abundance
messages in a single cell. Amplification of defined RNA mixtures confirmed
that the procedure could detect low abundance sequences at least as rare as

.025%, and that relative abundance was preserved during amplification.

INTRODUCTION

While the changing petterns of gene expresgon that
uncerlie differentiation are a major focus of interest
in modern hiology, the heterogeneity of dif-
ferentiating systems frequently poses a difficult tech-
nicd chalenge. Stage-specific expresson can be
studied by buk extradion & mRNA or protein, but
large numbers of cdls are required in sufficient pu-
rity. An aternative gproach for unpurified cells is
to use in situ techniques far RNA or protein detec
tion, bu this presupposes that the cdls of interest
can be distinguished by unique visua or pasitional
markers. Frequently, as with ealy embryonic devel-
opment or the stem cdls of cdl renewa systems,
nore of these condtions can be met.

Techniques based onthe paymerase chain readion
(PCR) (Saiki et al., 1988) have recently bemme
available for analysis of genomic DNA and RNA
transcripts in samples as small as a single cdl (Gyl-
lensten etal., 1988 Rappolee ¢ al., 1989). While
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the gproach removes the requirement for large num-
bers of cdls, significant limitations remain. The
procedure depends on the availability of spedfic
primers, and is usually applied to the detedion d
only a single known sequencein a given preparation.
Since the original cdls are destroyed by the pro-
cedure, their identity can na be establi shed with cer-
tainty. Further, it is difficult to identify patterns of co-
expresson d several genes within the same cdl,
analysis is limited to knowvn genes for which primers
are & hand, and the power of subtradive analysis can
not be gplied to the identificaion d previously
unknownn genes.

If, instead of expanding a singe sequence it were
possble to amplify simultaneously the entire spec
trum of messages present in a single cdl, new and
extremely powerful approaches to development and
differentiation would beaome passble. The anplified
preparations would provide al the flexibility that is
currently available only with large samples of
MRNA. The anplified materia from one cdl could
be probed any number of times for the presence of
different sequences. This would be aucia in pro-
viding an identifying pofile of the cell typefrom
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18 BRADY ET AL.

which a given sample was derived. Further, orce the
origin of indvidua samples was determined, they
could be used in subtradive protocols to identify
genes that are differently expressed at different de-
velopmental stages.

Recantly, the PCR technique has been adapted to
amplification d cDNA sequences in which ore of the
priming sites is synthesized by addition d a
homopdymeric tail using termina transferase (Froh-
man et al., 1988 Berchtold, 1989 Loh et al., 1989
Ohara ¢ al., 1989). In ore of the reports (Belyavsky
et al., 1989, general cDNA libraries were aeded
from a fradion d a 1,000 cdl sample. However,
these protocols depend m extradion a predpitation
steps which make it difficult to apply them to
very small samples. Moreover, thereisa tendency

for longer messages to be significantly underrepre--
sented in the amplified product (Belyavsky et d.,
1989. In this communication, we describe a simple
procedure for simultaneous amplificaion d se-
guences representing the majority of polyadenylated
MRNAS present in a sample which overcomes the
limitations of the ealier methods. First, all steps are
performed in the original suspension withou extrac
tion a predpitation steps. As a result, the procedure
can be applied reliably to multiple samples ead as
small as a single cdl. Second, the initial cDNA
transcripts are limited in size to a range in which
subsequent amplification is maximally efficient. The
result is an amplified product which is representa-
tive of the starting sample in terms of presence &
well asrelative ebundanceof spedfic sequences.

METHODOLOGY

cDNA Preparation

— Up to 1 pl of cells or RNA were added to 4 pl ( for samples of 1- 100
cells) or 8 pl (for 100-1,000 cell s and pure RNA) or prechilled 1st Strand
Buffer containing 50 mM Tris HCI pH 8.3, 75 mM KCI, 3 mM MgCl,, 2
UM of each dNTP (A, T,C,G), 100 ng/ml (dT)24, 100 u/ml Inhibit Ace,
2,000 uml RNAguard, and 0.3%6 NP-40. RNase inhibitors, dNTPs, and
(dT)24 were kept as separate concentrated stocks and added to the
remaining buffer comporents to produce the final Ist Strand Buffer
l which was then stored for no more than a few hours on ice before use.
Samples were heaed to 65 C for 1 min, cooled at 22 C for 3 min, and
returned to ice. Following the addition of 100 units Moloney and 2 units
avian reverse transcriptase, samples were incubated at 37 C for 15 min,
heat-inactivated for 10 min at 65C, and returned to ice. The low
concentrations of nucleotides and primers, and the brief incubation with
reverse transcriptase served to limit the length of the cDNA to 300700
bases. The low concentration of (dT)24 primer also served to minimize
5 its use as a template in the foll owing taili ng and amplification reactions.

Poly(A) Tailing

Tailing was initiated by adding an equal volume of 2 x Tailing Buffer
containing 200 mM potassium cacodylate pH 7.2, 4mM CoCl,, 0.4 mM
DTT, 10 units termina transferase, and 200 uM dATP (in 100-fold
excess over the dNTPs remaining after cDNA synthesis). All tubes were
spun briefly to bring down condensation and then incubated for 15 min at
37°C. After hea-inactivation of the enzyme (10 min at 65 C), the cDNA
was either amplified immediately or stored at - 70°C for later processing.

Amplification of cDNA

5

From each cDNA preparation, 4 pl were diluted to a final volume of 50
pl in 1 x Taq Buffer containing 10mM Tris HCI pH 8.3, 50mM KCl,
2.5mM MgCl,, 100 pg/ml bovine serum albumin (BSA), 1 mM ead

PARSE EX.1032.002



AMPLIFICATION OF TOTAL cDNA 19

S dNTP, 0.06% Triton X 100, and a total of 0.2 OD 260 urts PCR primer
later experiments, this was reduced to 0.100 units), and 5 urts Taq
poymerase. For the single-cdl preparations the entire 8 ul sample was
adjusted to 100l 1 x Taq Buffer including 10 uiits of Tagq pdymerase.
The sequence of the PCR primer was CATGTCGTCCAGGCCGGTCTG-
GGACAAAATATGAATTC-T(23). Samples were initially amplified for
25 cycles of 1 min a 94C, 2 min a 42C, and 6 min (plus 10 sec
extension/cycle} at 72°C in a thermal cycler (Perkin ElImer Cetus). An
additional 5 unts of Tag polymerase were then added and a further 25
cycles caried ou.

Preparation of RNA Mixtures

Total RNA was extraded from P388D; cdls (Koren et al., 1979
purified ona CsCl, gradient and dluted to 60 ng/ml in bufer containing
100 uml Inhibit Ace 2,000 Uml RNAguard, 0.3 NP-40, and 500
po/ml glycogen. Rabbit globin RNA was then serially diluted in the
above preparation.

Tl

Cloning Amplified cDNA

From ead original PCR sample, 10 pl were ajusted to 50 ul Taq
Buffer containing fresh nucleotides and digo(dT+) at the same
concentration as in the starting PCR readtion. The mixture was boiled
for 2 min, anneded for 4 min at 42 C, mixed with 5 units Taq pdy-
merase, and incubated 30 min at 72 C. After an ether extradion to
remove residual mineral oil, samples were ghanol predpitated, washed
with 70% ethanol, dried, and resuspended in 100 pl buffer (50 mM
Tris HCI pH 8.0, 10 MM MgCl,, 100 mM NaCl). Samples were then
digested with EcoRI and spun twice through a CL6B spin column to
remove liberated "tag" sequences. After a further ethanol predpita-
tion each sample was resuspended in 50 ul 1 mM EDTA/10 mM Tris
HCI pH 8.0 and 2 ul removed for ligation to 100 ng EcoRI digested
and dephosphorylated pUC19 (Yanisch-Perron et al., 1985). cDNA
libraries were produced from aliquots of this ligation and screened
using standard colony hybridisation protocols (Maniatis et al., 1982).

Hybridisation and Probes

W The lysozyme probe was a 500 bp mouse lysozyme M cDNA EcoRl
fragment containing the 3' region upto and including the polyadenylation
site (Cross et a., 1988). The rabbit B-globin probe was the entire gene
isolated from the plasmid pBG (Leung and Miyamoto, 1983 . The cfms
probe was a EcoRI-Bglll cDNA fragment including the extreme 3' region
of the mouse mMRNA (Rothwell and Rohrschneider, 1987). Probes having
spedfic adivities of approximately 10° cpm/ug were labelled wsing
randam oligo priming (Feinberg and Vogelstein, 1B4). Hybridisation to
the Gene-Screen filters was caried ou for 18 hours in 50% formamide &
42 C acording to the manufadurer's (DuPont) recommendations with a
probe oncentration d 10° cpmy/ml. The a-globin probe used in Fig. 2was
an digonuleotide sequence (TAGCCACCACCCTGCCGATTTCAC)
(Nishioka and Leder, 1979) locaed 150 bases from the putative
polyadenylation site and was labelled using terminal transferase
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(Eschenfeldt et al., 1987). To oltain a more sensitive and convenient a-
globin probe, plasmid cDNA clones established from amplified er-
ythroid colony cDNA were screened with a radiolabelled a-globin di-
gonucleotide. A positive done was isolated and found to contain a 550
bp EcoRI fragment having arestriction dgestion pattern identicd to that
predicted from the known a-globin sequence (not shown). This was
used in all subsequent experiments. Southern biots were prepared by
running 5 pl aliquots of amplified cDNA on 15% Tris Borate agarose
gels followed by bidiredional transfer to Gene-Screen filters [Smith and
Summers, 1980). Radiographic exposure was carried ot at - 70 C using
DuPont Cronex Lightning Plus intensifying screens.

Cell Culture

Mouse bone marrow cdls were incubated in methyl cdlulose con-
taining IL-3 and erythropaetin as detailed elsewhere (Iscove € 4.,
1980; Iscove, 1984). After 6 days, single lineage eythroid, neutro-
phil, and macaophage mlonies were individually picked using finely
drawn Pasteur pipettes. Each colony, in a volume of lessthan 1 pl
methyl cdlulose, was placed without washing into 1st Strand Buffer
for cDNA amplification. Cells from the P388D; mouse macophage
line (Koren et al., 1975) were diluted to 100 cell s/ml and individually
micromanipulated under dired vision into 1st Strand Buffer.

RESULTS
The Amplification Protocol

Briefly, cdls are lysed in a small volume of first T KANAK AN
cDNA strand biffer, and all subsequent readions are [#———TTTTIT cDNA-1
caried ou in the same suspension without any ex- e
tradion procedures. An overview of the biochemistry
is gown in Fig. 1. A first strand d cDNA is gen-
erated on pdyadenylated mRNA templates using re- ki s
verse transcriptase and an digo(dT)24 pimer. The 4 AR TTTTT ¢DNA-1
condtions for thisfirst step were designed to limit the
length of the dMDNA to abou 300-700 lases. Thiswas
dore to minimize seledion against longer cDNAS
during amplificaion with consequent distortion o
relative sequence abundance, In a second step, a 3'
oligo(dA) tall is added to the dDNA strand using —
terminal transferase. The resulting DNA is now primer |
defined at both ends and amenable to amplificaion AR N e Lm0 D

2 Poly(dA) Addit

3 _PCR Amplification

18t Cycle

by PCR using a single oligo(dT)-containing primer. e
Amplificaion poceals first by generating the sec- 2 Oole

ond cDNA strand onthe first strand template using

Tag pdymerase and pimer, and then by cyclic de- LT

. L ) AAAAA[S|cONA-2
naturation and repetition d the same readion fol-- —— TTTTT-X [cONA-3 PCR

lowing standard PCR procedures. The PCR primer . FoR
contains, in additionto digo(dT)24, a unique 36 base e
sequence labelled X in Fig. I. The alditiona

Vi h ificity of hybridi-
sequence serves to enhance the spedicity of hybrid Figure 1. Sequence-independent amplification of total

sation and provides convenient ECoRI restriction sites
for later cloning. In contrast to the oligo(dT)-X
primer, use of apure oligo(dT) primer givesrise to

cDNA. Boxes enclose the reactions occurring at each
step. The PCR primer contains oligo(dT) as well as a
unique 36 base sequence labelled X (see Methodology.)
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products which increase in length as amplification
progresses. The result may be due to the aili ty of the
homogeneous dT primer to hybridise to any position
in the target pay(dA) sequences.

Fidelity of the Amplification Procedure
Applied to Small Numbers of
Hematopoietic Cells

Results of a test of the gplicability of the tedh-
nique to small numbers of hemopdetic cdls are
shown in Fig. 2. Mouse bone marrow cels were
cultured in methylcdlulose mntaining IL-3 and
erythropdetin. Six days later, singe lineage mlonies
containing either erythroblasts, neutrophls, or mac-
rophages were identified by their charaderistic &p-

Eryth Neut Macro

=-globin

boo

lysozyme
'
I | ' c-fms

Figure 2. Amplification of total cDNA from individual
hematapoietic colonies. Aliquots of amplified cDNA (4
pl from a total of 50) prepared from erythroid (Eryth),
neutrophil (Neut), and macrophage (Macro) colonies,
four of each type, were run on a 1.5% agarose TBE gel
and transferred to replica filters, Above each group of
lineage-specific cDNAs is a photomicrograph (1000 x
maghnification) of cells from a colony actually used to
generate one of the lanes. The top panel shows the
ethidium stained gel prior to Southern transfer. Size
markers (123 bp multiples) separate each group. The
autoradiographs show hybridisation with the indicated
radiolabelled probes. The hybridisation to the size marker
in the lysozyme and c-fms panels is a result of residual
plasmid contamination of the probes. Films were ex-
posed for 6 (lysozyme) or 18 hours (c-fms, a-globin).

AMPLIFICATION OF TOTAL cDNA 21

peaance and drawn up individually into pipettes. The
size of the mlonies ranged from 100to 800cdls. A
portion d eadh colony was gpreal on a glass slide,
fixed, and stained for later confirmation d the lineage
assgnment. The rest of the colony was placed dredly
into 40 pl Ist Strand Buffer. After a brief spin to
remove debris and nuwlei, 8 pl were removed,
converted into tailed cDNA, and processed to yield 1-
5 wg of amplified cDNA. Southern transfers were
prepared from the amplified material and hybridised
with the indicated probes. Each probe included a 3'
sequence aljacant to the polyadenylation site.

Fig. 2 shows results obtained with four colonies of
ead type. The anourt and size distribution d total
amplified cDNA from ead colony was similar (top
panel). The hybridisation results were lineage-spedfic
and were mnsistent with faithful amplification d the
mMRNA present in ead o the distinct colony types:
lysozyme sequences were deteded orly in cDNA
from maaopheges and reutrophls, a-globin orly
from erythroblasts, and c-fms only from maaopheges.
There was littl e variation between colonies of a given
type, indicaing that extent of amplificaion was
consistent. Further. succesful amplificaion was
achieved with ou procedure despite wide variation in
initial size of mMRNA transcripts ranging from 0.6 (a-
globin) through 1.5(lysozyme) to 4.5 kb(c-fms). The
experiment  therefore establishes that spedfic
messages can be amplified withou the use of
sequence-spedfic primers, demonstrates the sped-
ficity and fidelity of the technique, and showsi it to be
relatively insensitive to initial transcript size

Amplification of cDNA From Single
Hemopoietic Cells

The ultimate test of the sensitivity of the method
would be amplification d total cDNA from singe
cdls. Results of an experiment performed onsingle
micramanipulated P383D; maaophages are shown
in Fig. 3.Individual cdls were added dredly to 1st
Strand Buffer. Each sample was processd in-
dividually to yield amplified material comparable in
guantity (I -5 pg) to that obtained from 200cdls. A
fradion d the anplified product was
eledrophaesed, and Southern transfers were probed
for lysozyme and c-fms squences. Hybridisation d
both probes was observed with ead sample (Fig. 3
whereas no signal was e when a-globin was used
as a probe (not shown). Similarly consistent results
have dso been oltained from single cdls isolated
from primary borne marrow cultures (nat shown).

The result shows that both transcripts can be pres-
ent smultaneoudly in an individual maaophege, a
statement that could na be made from analysis of
cdl popdations. Detedion of c-fms sequence
whose @undance is estimated at 0.02% in these
cdls, shows that the technique is ensitive enoughto
deted moderate-to-low abundance messages even
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Figure 3. Amplification of total cDNA from single
cells. Aliquots (8 ul from a total of 100 pl of amplified
cDNAs prepared from single and 200 cell samples of
the macrophage line P388D, were run on a 1.5%
agarose TBE gel and transferred to replica filters. The
number of cells in the starting preparation is indicated
above each lane. The top panel shows the ethidium
stained gel prior to Southern transfer. The bottom
panels show hybridisation to the indicated probes. The
position and size (base pairs) of molecular weight
markers are indicated at the left side, Films were
exposed for 18 (lysozyme) or 48 hours (c-fms).

insingle cdls, again without any requirement for
sequence-spedfic primers.

Preservation of Relative Abundance During
Amplification of RNA Mixtures

We next wished to establish whether relative
abundance relationships would be preserved duing
amplification, and whether rare sequences could be
deteded in an RNA mixture. Sincethereislittlein-

formation onthe predse abundance of MRNAS pres-
ent in bore-marrow colonies, or in singe cdls, we
prepared mixtures of purified RNAs in defined ratios.
Purified RNA from P388L3; cdls was distributed in
aliquas of 240 pg, an amount representing abou ten
cdls and containing abou 5 pg d poyadenylated
RNA. Purified rabbit globin mRNA (a mixture of o
and [3 chains) was added to eat sample in amourts
ranging from 500 davn to 5 x 10* pg. Taking into
acourt the rdatively smal size of the globin
message (abou 40% of the average), this range
corresponded to a globin messge @undance of
99.5% °c to 0.02%6. Each mixture was then indi-
vidually amplified, and Southern transfers were pre-
pared from a portion d the product. Fig. 4 shows the
results of hybridisation with rabbit (B-globin and
lysozyme probes. Lysozyme sequences were deteded
only where P388D; RNA was present, and 3-globin
sequences only in samples which initially contained
added dobin RNA, Further, a gradation in hybridi-
sation intensity was observed which corresponded to
the varying propations of the two sequences In the
ial mixtures. The difference in hybridisation intensity
of B-globin between lanes 2 and 3 was redily
apparent on shorter exposures (not shown).

The results establish that the procedure is capable
of deteding rare sequences in amixture & least down
to an abundance level of 0.02%%, and that relative
abundance is preserved duing the amplification
process

Generation of Representative cDNA
Libraries From Amplified Samples

It was important to establish that the amplified ma-
terial could be dficiently cloned. First, we wished to
show that cDNA libraries could be generated from
single primary hemopadetic colonies. Plasmid librar-
ies were produced from samples of amplified cDNA
from ead colony type (Fig. 2. For this purpose, ea
sample was abjeded to a fina round o po
lymerisation to ensure that most of the DNA was
doube-stranded.  After digestion with EcoRI to
cleave within the PCR priming sequence, the sam-
ples were ligated into digested and dephasphorylated
pUC19. Competent baderia were transformed to
yield 4 x 16 to 10° colonies/ pg of insert. Of 52 ran-
domly chosen colonies, 98% harboued plasmids
with EcoRI inserts averaging abou 400 bpin size
(range 150- 1,000 bp. The results of hybridisation
of ead library to lineage-spedfic probes are shown
in Table 1A, providing an estimate of the dundance
of these sequenceswithin thelibraries.

In order to establish that the &undince of a
sequence within an amplified cDNA library could re-
fled its abundancein the starting RNA, the anplified
samples from the experiment shown in Fig. 4 were
also cloned into plasmid libraries. Libraries prepared
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Figure 4.  Amplification of RNA mixtures containing var-
ying proportions of globin mRNA. Rabbit globin mRNA
was mixed with total RNA isolated from P388D, cells to
give the indicated molar percentages. After synthesis and
amplification of total cDNA, 5 pl aliquots were run on a
1.5% agarose TBE gel and transferred to nylon mem-
branes. The top panel shows the ethidium stained gel
prior to Southern transfer, The autoradiographs (6 hour
exposure) show hybridisation to the indicated probes.

from ead sample were screened with probes for rab-
bit B-globin and lysozyme. Although weak, cross
hybridisation d the 3-globin probe to a-globin was
sufficient to deted a-globin as well as (-globin
clones. The frequencies of globin-pasitive wlonies,
presented in Table | B, correlated diredly with the
abundance of a- and B-globin in the starting RNA
samples. The frequency of lysozyme-pasitive @lo-
nies was 5% in the P388D, sample done and was
similarly correlated with relative @ncentration o
P388D; RNA in the starting mixtures (not shown).
Theresults $how that plasmid libraries can be gen-
erated reaily from the amplified material, and that
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TABLE 1. A. Frequency of Lineage-Spedfic Sequences
in Amplified cDNA Libraries From Single
Hemopoietic Colonies

Percentage
of library  Total library
Colony type  Probe positive  clones screened
Erythroid a-Globin 9.7 380
Neutrophil Lysozyme 0.97 828
Macrophage  Lysozyme 5.0 585
c-fms 0.05 1,977

B. Frequency of Globin Sequencesin Amplified cDNA
Libraries From RN,a Mixtures Containing Varying
Amounts of Globin mMRNA

Percent abundance

of globin MRNA Globin-positive clones

in starting sample Percentage  Total clones sreened
99.6 83 121
710 82 135
24 53 716
.025 0 1,334

abundance relationships can be orredly refleced
within the resulting libraries.

DISCUSSION

The development of our protocol was guided by
three main oljedives. First, the method hed to am-
plify smultaneoudy al mRNA transcripts in a sam-
ple independently of their sequence Sewnd, for
relative éundance relationships to be preserved in
the amplified product, the dficiency of amplification
had to be relatively insensitive to initial transcript
size Findly, in oder to achieve the sensitivity
required for work with single cdls, the protocol had
to minimize both sample loss as well asrisk of con-
tamination with exogenous sequences.

In common with the method of Belyavsky et a.
(1989, our approach achieves amplification inde-
pendently of spedfic primers by taking advantage of
the pay(A) sequence present in most mMRNAs and
adding a second homopdymeric site using terminal
transferase. However, the Belyavsky procedure
yielded an amplified product in which longer mes-
sages were severely underrepresented. In contrast,
our method is relatively insensitive to initia tran-
script size long (c-fms, 4.5Kb), medium (lysozyme,
1.5 Kb), and short transcripts (a-globin, 650 bases)
were dl efficiently amplified (Fig. 2. We adieved
this by designing the nditions for the reverse
transcriptase readion to limit the size of the first
cDNA strand to 300-700 lases. PCR is therefore
initiated on cDNA that is relatively uniform in size
and within the range for which amplificaion is most
efficient. Agarose gel analysis corfirmed that the
amplified product consisted mainly of moleaules
within this szerange. Although some sequences,
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such as lysozyme and c-fms, appeaed to be present as
relatively small fragments (Fig. 3), examination d a
large number of amplified cDNA clones has own
their sizedistribution to be dose to the bulk profile.

In keeping with the sizerestriction to 300700 kases
of 3' sequence, optimal detection d spedfic sequences
reguires probes which include sequence at or close to
the extreme 3 ends of the native trans-cripts. In
several instances we mpared the dficiency of
hybridisation d both 5 and 3 probes from the same
gene. Hybridisation d 5 probes was consistently
wed or undetedable. Some dNA clones lad coding
sequence in their terminal few hunded bases, and
may include repetitive motifs. Even in such cases, it
has generally been pcssble to prepare suitably
spedfic 3 probes after sequence andysis and
appropriate subcloning.

In order to achieve the required sensitivity for work
with single isolated cdls, it was necessary to eliminate
any oppatunity for sample loss Our procedureis car-
ried out by lysing ore or more cdlsin asmall volume
of first cDNA strand bufer, and performing al sub-
sequent readions in the same suspension withou any
extradion procedures, This simplicity has the adi-
tional advantage of minimising oppaetunities for con
tamination by exogenous nucleic adgds.

When cDNA is amplified using sequence-spedfic
primers, the extreme sensitivity of the method can
lead to the detedion d transcripts that are toorare
in the original samples to be biologicdly meaning
ful (Chelly et al., 1988 Sarkar and Sommer, 1989.
This potential for mideading paitives does not
arise  with ou approach: al pdy(A)+ RNA se
guences in a sample ae amplified and very rare
transcripts in the starting material remain very rare in
the anplified product. Furthermore, our approach is
amenable to exad quantitation o transcript
frequencies by comparison to amplified standards on

TABLE 2. Materials Used

Material Source
RNAguard Pharmacia
CL6B spin columns Pharmada

Inhibit Ace 5-3'Inc.
dNTPs 100mM solutions® Boehringer/Mannheim
Avian RTase Boehringer/Mannheim
Terminal transferase® Boehringer/Mann heim
Glycogen Boehringer/Mannheim
BSA molecular grade Boehringer/Mannheim
Taq polymerase® Perkin-Elmer Cetus
Moloney RTase Gibco-BRL
Tailing buffer Gibco-BRL

(K. cacodylate/ CoCl, / )DTT)

Rabbit globin RNA Gibco-BRL
Gene-Screen Plus DuPont

X-ray film Kodak X-OMAT AR-5

“Reagent from other suppliers was lesseffedive

Southern transfers or by the doning approac
ill ustrated in Table 2.

Ancther patentia artifad during PCR is the
generation and amplificaion o nonspedfic se-
guences which are unrelated to the original cdlular
material. We have observed such prodicts after PCR
of control samples (Fig. 4, lane 5; Fig. 3, lane 2)
which have receved Tag polymerase, bufer, nucle-
otides, and primer, bu no cellular templates. Tests
of digestion d the material at restriction sites in-
cluded within the primer seem to rule out simple
oligomerisation d the PCR primer, and the problem
has not been tracedle to contamination o
individual buffer ingredients, enzyme batches, or
supdiers of Tag pdymerase. However, the
badkground is aways diminished when atemplate is
added and can be distingushed from spedfic PCR
prodwcts on the basis of size (Fig. 3, lane 2).
Moreover, it has not hybridised to spedfic probes
and therefore appeas not to have the patential to
producefalse positi ves.

The simple procedure described here will gener-
ate microgram amourts of cDNA representative of
the etire spedrum of polyadenylated mRNAs
in asample & small asasingle cdl. Relative ébun
dance relationships in the original sample remain
intad in the amplified product. Sensitivity is uf-
ficient for detedion d sequences as rare & 0.02%
of total MRNA even in singe isolated cdls. The
fidelity of the method alows the cdlular origin of
eah amplified sample to be deduced acarately
from the sequences present. The amplified material
is indefinitely renewable simply by further ampli-
fication d aliquas drawn from it. The cDNA se-
quences are readily cloned for generation d lib-
raries. The material can he tested at any convenient
time for presence of sequences hybridising to any
chosen probe, since preparation o the amplified
product does not depend an any foreknowledge of
sequence Further, it cen provide an inexhaustible
supdy of reggent for subtradion pocedures. The
approach will be idedly suited to the investigation
of previoudly intradable problems in development
and stem cdl biology.
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