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rPCR: A Powerful Tool for Random 
Amplification of Whole RNA Sequences 

Patrick Froussard 

D6partement des R6trovirus, Institut Pasteur, 75724 Paris Cedex 15, France 

T h e  polymerase chain reaction (PCR), 
at first used to amplify known DNA se- 
quences present at very low levels in ge- 
nomic DNA samples, ~1-3) was rapidly ex- 
tended to amplif icat ion of RNA 
sequences by the use of cDNA. ~4's) The 
PCR method, which  requires mult iple 
heat-denaturation steps and was origi- 
nally established with the Klenow frag- 
ment  of Escherichia coli DNA polymerase 
I, now employs thermostable forms of 
DNA polymerase and two gene-specific 
primers (GSP) that flank the DNA seg- 
ment  to be amplified. Although PCR is 
the most widely utilized amplif icat ion 
protocol, known RNA sequences can be 
amplified alternatively with a RNA tran- 
scription-based amplif icat ion system 
(TAS), ~6'7) changing the final product 
from double-stranded DNA to single- 
stranded RNA. The TAS reaction needs 
two GSP, with the downstream GSP 
linked to a RNA polymerase (T7, T3, or 
SP6) b inding  site, and is carried out by 
using sequential cDNA synthesis and 
RNA transcription, which are displayed 
as seven steps, including three heat-de- 
naturation steps. Since the original de- 
scription of the TAS protocol, the reac- 
tion conditions have been modif ied to 
achieve more productive and quantita- 
tive amplification. Thus, the self-sus- 
tained sequence replication (3SR) ~8,9) re- 
action was modeled after the general 
scheme employed during retroviral rep- 
lication and does not require heat-dena- 
turation; 108 copies of each target mole- 
cule can be produced in less than 1 hr 
with all three enzyme activities from 
avian myeloblastosis virus reverse tran- 
scriptase, Escherichia coli RNase H, and 
T7 RNA polymerase operating in an effi- 
cient and concerted manner .  

Other protocols such as rapid ampli- 
fication of cDNA ends (RACE) ~°-12) use 
only one GSP and permit  amplif icat ion 

of a region between a single known short 
sequence in a cDNA molecule and its un- 
known 3' or 5' end. Also described as 
one-sided PCR ~13) or anchored PCR, ~4) 
RACE 3'-end and 5'-end procedures are 
performed by using a homopolymer ic  
nucleotide containing an adapter primer 
that anneals to the cDNA's 3' or 5' ter- 
min i  and one GSP. RACE using a ran- 
domly primed first-strand cDNA has also 
been reported recently, ~1s,16) with the 3' 
extension technique assuming the am- 
plification of DNA fragments localized 
both in large 3' unsequenced regions 
and downstream to a 5' known se- 
quence. Last, an elegant method that 
employs head-to-tail ligation of specifi- 
cally primed, single-stranded, first- 
strand cDNAs with RNA ligase followed 
by PCR amplification ~17) was developed 
to yield 5' double-stranded cDNA copies 
in sufficient abundance for cloning; al- 
though there is actually no available 
data about the efficiency of this tech- 
nique, it has the potential advantage of 
c ircumventing the usual problems asso- 
ciated with the homopolymeric  tailing. 

PROCEDURES FOR AMPLIFICATION 
OF WHOLE cDNA POPULATIONS 

Cu rrent  Strategies 

After developing numerous PCR meth- 
ods adapted to known DNA fragments or 
to DNA regions adjacent to sequenced 
DNA segments, it was tempting for au- 
thors to extend these methods to ampli- 
fication of very low amounts  of total 
cDNA populations to overcome the 
quantitative l imitat ion of the classical 
c loning process. This approach would 
make it feasible to clone genes that are 
either poorly expressed or transcribed at 
the level of small cell populations, and 
that are of great interest for studies in 

cell differentiation, neurobiology, devel- 
opmental  biology, and related fields. 
The following approaches, which can be 
termed sequence-independent  PCR (SI- 
PCR) methods because they do not re- 
quire even one GSP, are presented and 
discussed below; they generally include 
a cDNA amplif icat ion step prior to con- 
struction of the cDNA library. 

Specific amplification of total mRNA 
sequences is facilitated (Fig. la) because 
these sequences come provided with a 
common  poly(A) ÷ sequence at their 3' 
end that can be used to initiate reverse 
transcription in vitro by pr iming with an 
oligo(dT) polynucleotide associated with 
an anchor domain  (PI-oligo-dT). After 
tailing of the synthesized, single- 
stranded cDNA with dG or dC residues, 
the second strand is usually generated 
with a primer PII-oligo-dC (or dG), and 
the subsequent DNA duplex is amplif ied 
with both primers PI and PII. °8--21) This 
current strategy, using four primers, four 
enzymatic reactions, and two purifica- 
tion steps to el iminate the excess of an- 
chored primers, permits directional 
cloning and is either comparable to or 
more efficient than methods employing 
adapters or linkers for insertion. This is 
because the sticky ends of both insert 
and vector are not self-complementary, 
which prevents the formation of non- 
productive dimers; moreover, it allows 
the establ ishment of cDNA libraries 
from a few cells, and possibly a single 
cell (picogram quantities of mRNA), and 
in combinat ion  with subtractive cloning 
represents a powerful tool to study gene 
expression. However, one of the striking 
features of  the amplif icat ion of total 
poly(A) + RNA sequences is the observa- 
tion of a pronounced reaction op t imum 
after which discrete bands of cDNA dis- 
appear to give rise to a low-molecular- 
weight "smear."  A plausible explanation 
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FIGURE 1 Current strategies for amplification of whole cDNA populations. The minimum amounts of starting total RNA indicated in a and b are 
available when optimistic reaction conditions are used in an attempt to get representative libraries. 

is the formation of hybrids between 
nonhomologous  cDNA via their comple- 
mentary termini,  thus inhib i t ing  the 
copying of large hybrid cDNA species by 
Taq DNA polymerase. This p h e n o m e n o n  
can prevent the isolation of RNA species 
of low abundance and/or interfere with 
the relative abundance of primary clones 
in the library. In addition, dG-tailing has 
important  l imitations for further cDNA 
expression or sequencing. To circum- 
vent these drawbacks, ligation with RNA 
ligase of an oligonucleotide to the 3' end 
of the first single-stranded cDNA was 
preferred to the conventional homopoly- 
meric deoxynucleotide tailing. ~22,23) Now, 
when PI is the same as PII, the amplifi- 
cation is performed with only a single 
universal primer. 

Other techniques have been reported 
where heterogeneous sequences, such as 
mixtures of blunt-ended genomic DNA 
fragments or double-stranded cDNAs, 
are tagged on both ends by universal 
primers before being amplif ied through 
PCR (24--27) (Fig. lb).  For greatest effi- 
ciency, the adapter must  have both a 
nonpal indromic  protruding end and a 

blunt  end to prevent the multimeriza- 
tion of linkers; thus, these are called 
lone-linkers. (28) In addition, the use of a 
single primer results in a 100-fold in- 
crease in amplification; however, it also 
results in the loss of the directional clon- 
ing opportunity. 

PCR has also been useful in ap- 
proaches toward obtaining equalized 
(EL) (29) or normalized (NL) (3°) cDNA li- 
braries because it permits generation of 
large double-stranded cDNA quantities 
prior to proceeding to equalizing steps, 
which are material consuming.  The ad- 
vantage of EL, as compared to NL, is that 
PCR can be performed on sheared cDNAs 
(fragments form 200-400 bp) ligated on 
both ends to lone linkers rather than on 
full-length cDNAs; this prevents the pref- 
erential amplification of sequences car- 
ried by short cDNAs. Furthermore, PCR 
was demonstrated to be able to drive a 
very efficient DNA-DNA competitive hy- 
bridization prior to selection of sub- 
tracted cDNA molecules, 31 al though 
leading, as in NL, to misrepresentation 
of large cDNAs because the PCR step was 
processed on total cDNA populations in 

the related protocol. However, these last 
procedures do not seem to be efficient 
enough when  starting from small num- 
bers of cells because both standardiza- 
tion of sonication in EL, or constructions 
of a classical library before the amplifi- 
cation step as generally reported above, 
necessitate greater than  200 ng of RNA. 
Requiring ligation, which is a l imit ing 
step in these protocols, involves the use 
of > 10 ng of starting RNA. Moreover, the 
disadvantage of most of the SI-PCR 
methods presented above is that they se- 
lect small DNA copies preferentially 
rather than those of 1 kb or more, giving 
rise to populations that are not  represen- 
tative of the starting material. Investiga- 
tors increase the efficiency of cloning 
long cDNA with a size-selection of the 
amplified products. 

Ampl i f i ca t ion  of  W h o l e  cDNA 
Sequences w i th  R a n d o m  PCR 

Because random pr iming is an efficient 
method for copying DNA or RNA strands 
and is guaranteed to synthesize shorter 
than full-length copies of long mRNAs, a 
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random pr iming strategy may be the 
simplest way of producing representa- 
tive cDNA libraries by PCR. (32'3~ Thus, 
random PCRs (rPCR; i.e., PCR done with 
random primers or amplif icat ion of DNA 
fragments randomly synthesized) have 
been used to amplify whole nucleotidic 
sequences from 5' to 3' ends. Primer-ex- 
tension preamplification (PEP) (34) devel- 
oped to produce mult iple copies of DNA 
sequences present in a single haploid 
cell, is carried out for 50 cycles using a 
mixture of 15-base random oligonucle- 
otides in which any one of the four 
possible bases can be present at each po- 
sition; experimental  temperature condi- 
tions for anneal ing and extension are 
37°C and 55°C, respectively. The original 
paper shows significant implications for 
genetic analysis when  PCR of a gene spe- 
cifically follows PEP. Nevertheless, an- 
nealing and extension at low tempera- 
ture and for a large number  of cycles 
result in poor efficiency and may gener- 
ate mutations and/or recombinations.  

rPCR, (3s) which is described below for 
the amplication of whole RNA sequences 
derived from small amounts  of RNA 
transcripts, is not affected by these in- 
conveniences because of the use of a 
primer containing a defined 5' domain  
attached to a string of random nucle- 
otides; a 21-bp anchored domain  allows 
rPCR to be carried out under  stringent 
conditions. This method  permits the 
amplification of any complex popula- 
tion of DNA fragments of different size 
and sequence. 

M e c h a n i s m  o f  t h e  R N A  r P C R  

RNA rPCR requires three successive en- 
zymatic reactions: (1) a RNA reverse tran- 
scription, (2) a DNA primer extension, 
and (3) a polymerase chain reaction. As 
shown in Figure 2, reverse transcription 
of the RNA target is pr imed with a 26- 
nucleotide primer containing a random 
hexamer at its 3' end (referred to as uni- 
versal primer-dN6) to generate RNA- 
DNA hybrid populations. Heat denatur- 
ation releases single-stranded cDNA 
fragments with a universal primer se- 
quence at their 5' end; this step could be 
advantageously replaced by an extensive 
RNase H treatment. This step prevents 
the possibility of init iating the copying 
of contaminat ing DNA fragments be- 
cause only single-stranded cDNAs, and 
not double-stranded DNAs, are able to 
prime in these experimental  conditions. 

RNA rPCR with Taq DNA polymerase 
5' 3' 
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F I G U R E  2 Mechanism of the RNA rPCR. 

Using the Klenow fragment of DNA poly- 
merase I, the resulting free cDNAs are, in 
turn, randomly extended, producing a 
DNA duplex composed of second-strand 
cDNAs flanked by the 20 nucleotides of 
universal primer sequence at their 5' 
ends and its complementary  sequence at 
their 3' ends. Care has been taken with 
the universal primer-dN 6 concentration 
because it governs both the size of the 
synthesized fragments and the efficiency 
of the reactions. (36~ The samples then 
have to be purified on a spun column to 
el iminate the excess of universal primer- 
dN6, thus avoiding competi t ion with 
universal primer for PCR templates. Am- 

plification of the randomly synthesized 
second-strand cDNA populat ion is per- 
formed in the presence of 20 nucleotides 
of universal pr imer and Taq DNA poly- 
merase, essentially as described by Saiki 
et al. (3) 

An example of the method  is pre- 
sented in Figure 3 with amplif icat ion of 
a pure 3.6-kb-long MS2 phage RNA. 
Analysis on agarose gel of the final am- 
plification products shows large 
amounts  of material visible by e th id ium 
bromide staining, with the DNA popula- 
tions being essentially distributed from 
0.4 to 3 kb and with a m a x i m u m  n u m b e r  
of copies around 0.8 kb; rPCR on total 
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FIGURE 3 Agarose gel electrophoresis analysis 
of rPCR products encoding MS2 phage se- 
quences. For Southern analysis, a total of 10 
Vd of the PCR products was electrophoresed in 
1.0% agarose gel, transferred to nitrocellulose, 
and hybridized with 32p-labeled MS2 cDNA 
probes primed with a random hexamer. Lanes 
b--e correspond respectively to 10 -5, 10 -6, 
10 7, and 10 -8 ~g of MS2 starting RNA. (Lane 
a) A rPCR product obtained with no starting 
RNA. The relative positions of size markers are 
shown in kb. 

eukaryotic RNA routinely gives DNA 
fragments around 0.6 kb. In addition, 
the procedure described above is remark- 
ably efficient because 10 -6 Ixg of RNA 
can be amplified; this level seems to cor- 
respond to the optimal kinetic condi- 
tions because less starting material can 
generate amplification of one or a few 
cDNA species that  are not  representative 
of the initial RNA sequences (see Fig. 3, 
lane e). However, rPCR might  be im- 
proved with a slightly longer sequence 
of random nucleotides (10-11 nucle- 
otides).(33,37) 

Comments on the rPCR Method 

rPCR is a protocol of choice because it 
makes possible the random amplifica- 
tion of whole cDNA sequences derived 
from microscale amounts  of RNA tran- 
scripts (Fig. 4). Preferential selection of a 
short starting RNA molecule is avoided 
because rPCR primes anywhere  on the 
RNA templates, allowing generation of 
DNA fragments from 0.3 to several kilo 
bases. Thus, 5' to 3' RNA sequences will 
be represented in the whole mixed DNA 
population, in short as well as in long 
amplified DNA fragments. This quick 
method allows construction of whole 
representative cDNA libraries from as lit- 

or 
a few number of 

parasites 
bacteria 

virus 

an~rient j 

RNA 
rPCR 

probes for 
screening of 
subtractive 

libraries 

FIGURE 4 Possible strategies with RNA rPCR. 

/ 
random 
cDNA 
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\ 

tie as one eukaryotic cell, 100 parasites 
or bacteria, or 10 s particles of a 9-kb ret- 
rovirus, thus lowering the threshold re- 
quirements.  According to previous data, 

the error rate should not  be more than 
0.2-0.3%, a level of fidelity that  is quite 
acceptable for the construction of ex- 
pression libraries, especially when, as 

rPCR PROTOCOL 

1. To an 0.5-ml Eppendorf tube, add: 6 ~1 RNA in distilled water (>1 pg RNA) 
2. Heat to 65°C for 5 min and cool rapidly on ice. 
3. For reverse transcription, add: 

0.5 i~l RNasin (20 units) 
1.25 p.l lOx reverse transcription buffer (500 mM Tris-HC1, pH 8.3 at 43°C, 800 mM 
NaC1, 80 mM MgCI2, 50 mM DTT) 

1.25 ~1 dNTP mix (10 mM each) 
1.5 ~tl universal primer-dN6 (0.1 ~g/~l); 5'-GCCGGAGCTCTGCAGAAT- 

TCNNNNNN-3' 
2 ~1 AMV reverse transcriptase (16 units) 

4. Incubate for 1 hr  at 43°C, boil the reaction for 2 min, and cool rapidly on ice. 
5. For second-strand cDNA synthesis, add: 

24.25 p~l distilled water 
10 p.l 5x Klenow buffer (kit Multiprime/Amersham) 
1.25 ixl dCTP (20 mM) 
2 i~1 Klenow fragment (8 units) 

6. After 30 min of incubation at 37°C, the sample is purified on a Chromo Spin-400 
column (Clontech) to eliminate the excess of universal primer-tiN 6. 

7. 1 pd of the randomly synthesized double-stranded cDNA is then amplified essen- 
tially as described by Saiki et al. (3) after addition of the following reagents: 

5 I~1 10× PCR buffer (100 mM Tris-HC1, pH 8.3, 500 mM KC1, 15 mM 
MgCl2, 0.1% gelatin 

2.5 ~l dNTP (10 mM each) 
5 t~l universal-primer (10 I~M); 5'-GCCGGAGCTCTGCAGAATTC-3' 
36.5 I~l distilled water 

8. Add 1.5 unit  of Taq polymerase (Cetus); the sample is then subjected to 40 cycles 
of amplification, 94°C for 1 min, 55°C for I min, 72°C for 3 min. 

All reagents must  be prepared carefully to avoid contaminat ion  with traces of RNA or 
DNA. 
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observed with rPCR, the provided cDNA 
clones are not  very long. The libraries are 
ready then to be screened with specific 
DNA probes or antibodies. It is also pos- 
sible to test mixtures of recombinant  
proteins for their activities in an in vitro 
or in vivo system. Moreover, cDNAs am- 
plified by rPCR are powerful tools for the 
screening of subtracted libraries. 

Using rPCR, we have cloned and sub- 
sequently characterized cDNA fragments 
that correspond to Mycoplasma tran- 
scripts in the supernatant  of h u m a n  lep- 
tomeningeal  culture cells. ¢38~ These or- 
ganisms were undetectable in our cell 
supernatants with the usual enzymatic 
or immunological  tests. Sequence analy- 
sis of clones showed that  the amplified 
cDNAs were different except for those 
exhibiting partially overlapping se- 
quences; the major cDNA populat ions 
encoded 16S and 23S ribosomal RNA. 
rPCR is used in our laboratory in at- 
tempts to identify putative retrovirus se- 
quences poorly represented in h u m a n  
culture cell supernatants. 

Other protocols may be preferred for 
amplification of poly(A) ÷ RNA since 
rPCR involved priming of whole RNA, 
including nonpolyadenyla ted  RNAs and 
ribosomal RNA, which represents about 
98% of all cellular RNA; this will result in 
a 50-fold di lut ion of the mRNA se- 
quences. Furthermore, anneal ing of 
oligo-dT17 is more efficient than  that  of 
hexarandom primers. However, amplifi- 
cation of total RNA 3' ends could be pur- 
sued within the framework of our 
scheme without  any significant changes; 
in this alternative, first-strand cDNA 
would have to be initiated with a univer- 
sal primer-oligo-dT before e l iminat ing 
the primer excess on a poly(A) Sepharose 
spin column (data not  shown). The rPCR 
reaction then  has to be processed as pre- 
viously described. 

rTth DNA polymerase obtained from 
Perkin-Elmer should simplify RNA rPCR 
because it associates both  reverse tran- 
scriptase and DNA polymerase activities. 
RNA rPCR, using rTth DNA polymerase 
and our universal-dN 6 primers at 37°C 
for anneal ing and 37°C to 70°C for ex- 
tension temperature at steps 1 and 2, did 
not  work in our hands, probably because 
of the shortness of the random primer 
region. This should be tested with a longer 
random region; thus, 10-15 random nu- 
cleotides should ensure both  specificity 
and efficiency of the two first reverse 
transcription/DNA polymerase reactions. 

Extension of rPCR to DNA 

Extension of the rPCR method to ge- 
nomic  DNA was tested in our laboratory 
by replacing the reverse transcriptase 
with a Klenow fragment step; analysis of 
the amplified fragments shows electro- 
phoretic patterns similar to those ob- 
tained with RNA rPCR. In addition, am- 
plified samples hybridized with specific 
DNA probes, demonstrat ing that  rPCR 
can be used for amplification of total ge- 
nomic  DNA (data not  shown). 

The efficiency of such an approach 
was successfully demonstrated recently 
by PCR amplification of megabase DNA 
with tagged random primers. (39~ As little 
as 10 -6 ~g of DNA molecules and ge- 
nomes ranging from 400 bp to 40 Mb 
were readily amplified to amounts  that  
could be seen on ethidium bromide 
staining gels. The final products were 
proven to be highly specific, as seen by 
hybridization to gridded, whole-genome 
cosmid libraries. 
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