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RNA 
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California Institute of Biological 
Research, La Jolla, California 92037 

One of the great strengths of the family of arbitrarily primed PCR methods is 
their simplicity. ~1'2) The extension of arbitrarily primed PCR fingerprinting to 
RNA (3'4) has resulted in a tool with exciting potential for detecting differential 
gene expression. It is now possible to obtain a partly abundance-normalized 
sample of cDNAs produced in a single tube in a few hours. Fragments of 
differentially expressed genes can be cloned directly from PCR-amplified 
products isolated from the gel. 

The method can provide a complex phenotype reflecting changes in the 
abundance of hundreds of RNAs under various conditions. Comparison of 
RNA fingerprints from different treatment groups allows one to draw infer- 
ences regarding gene regulation. Hypotheses regarding signal transduction 
can be tested and new hypotheses generated using this information. In this 
brief methods-oriented review we will justify our current preferred protocol 
for RNA fingerprinting. An accompanying article will discuss DNA finger- 
printing. (s) 

The first published variation of arbitrarily primed PCR applied to RNA uses 
a clamped 3' primer such as oligo(dT)CA for reverse transcription and an 
arbitrary primer for priming the second-strand cDNA. (3) At these priming 
sites, the 3' 7 or 8 nucleotides of the primer usually match well with the 
template, but the nucleotides toward the 5' end of the primer also influence 
which sequences amplify. The term "differential display" has been coined for 
this variant and could be applied to all variants of RNA fingerprinting using 
arbitrary primers. 

In one of the many alternatives for RNA fingerprinting with arbitrary prim- 
ers, first-strand cDNA synthesis is primed using oligo(dT). The first strand 
cDNA can then be fingerprinted using a single arbitrary primer and two initial 
low-stringency cycles, incorporating the arbitrary primer at both ends for 
subsequent PCR amplification. (6) 

In another variant of RNA fingerprinting using arbitrarily primed PCR, 
synthesis of first-strand cDNA is initiated from an arbitrary primer at those 
sites in the RNA that best match the primer. Second-strand synthesis is 
achieved by arbitrary priming using a thermostable DNA polymerase, at 
sites where the primer finds the best matches. Poorer matches at one end 
of the amplified sequence can be compensated for by very good matches 
at the other end. These two steps result in a collection of molecules that 
are flanked at their 3' and 5' ends by the exact sequence (and comple- 
ment) of the arbitrary primer. These serve as templates for high stringency 
PCR amplification, resulting in fingerprints similar in appearance to those 
generated from genomic DNA. This variation on the arbitrarily primed PCR 
(AP-PCR) strategy (1) has been called RNA arbitrarily primed PCR (RAP- 
PCR). (4) Because both primers are internal to the transcript, open reading 
frames are found in -30% of products using this variation of RNA finger- 
printing. 

The ratio of the intensity of RAP-PCR products between samples corre- 
lates with the ratio of abundances of the corresponding RNA. (4'7) Where- 
as the intensities of different bands within the same fingerprint vary 
independently of each other, the intensity of a band between fingerprints 
appears to be proportional to the concentration of its corresponding tem- 
plate sequence. ~4'7) Extraordinary as this may seem at first glance, it is 
not difficult to rationalize. Each fingerprint is dominated by many pro- 
ducts that do not vary in quantity or intensity between samples, whereas 
each differentially expressed product constitutes only a tiny fraction of 
the total mass of DNA synthesized. In a carefully performed experiment, the 
total mass of DNA synthesized from sample to sample is constant. These 
factors ensure that the amplification efficiency for any particular product 
is identical between samples. Furthermore, the ratios of intensities for a 
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particular product reflect the single remaining variable, the template RNA 
ratios. The semiquantitative nature of arbitrarily primed PCR has also 
been observed in DNA fingerprinting at heterozygous loci in the F1 prog- 
eny of diploids. (8) This property of arbitrarily primed PCR has allowed 
the ploidy of chromosomes in tumor cells to be determined by compar- 
ison with fingerprints from the normal diploid genome of the same indi- 
vidual. (9) 

ABUNDANCE NORMALIZATION 
The effect of RNA abundance on the efficiency of sampling by RNA finger- 
printing is an important issue. Experiments that used 10-base-long primers 
perfectly matched at both ends for a rare message did not lead to the targeted 
cDNA dominating the fingerprint. (3) Instead, other products still effectively 
competed to produce a fingerprint indicating the lack of abundance normal- 
ization, a problem that is typical of most arbitrarily primed PCR methods. 
Therefore, two RNAs with similar arbitrary priming and amplification effi- 
ciencies that differ by 100-fold in abundance will have fingerprint products 
displaying a 100-fold ratio of intensities. How can this problem be overcome? 
One obvious possibility is to increase the stringency of the arbitrary priming 
steps, thereby sampling only those transcripts with perfect or near-perfect 
matches. By increasing the number of bases that match in the arbitrary prim- 
ing steps, one can increase the normalization. In an RNA sample of 108-base 
complexity, a perfect match of -8 .5  bases at each of the two initial priming 
events would theoretically produce an average of only one PCR product. This 
would be a normalized sampling because the match would entirely control 
the probability of occurrence. This strategy, however, would be a very 
slow method to yield information on gene expression and also appears to be 
difficult to execute. Increasing the stringency in the first arbitrary steps has 
little effect on the fingerprint until a stringency is reached where the finger- 
print becomes unreliable. In order that many RNA molecules be sampled 
simultaneously, mismatches must be tolerated. Whereas the melting temper- 
atures for primer-template interactions drop precipitously in response to 
increasing mismatches, the first derivative of the melting curve tends to be- 
come smaller because cooperative melting is compromised. Then, a small 
increase in stringency (temperature) has only a modest effect on selectivity. 
The selectivity imparted by a single additional base pair can be easily over- 
come by the abundance factor. Even when a better match is thermodynam- 
ically favored, over the course of a reaction poor matches can initiate signif- 
icant synthesis. Thus, it is difficult to completely abundance-normalize under 
low-stringency conditions (i.e., conditions that permit mismatches). To cir- 
cumvent this phenomenon and improve normalization, we have used a 
nested strategy. 

Nested RAP-PCR is a method designed to partially normalize the finger- 
print with respect to mRNA abundance. (1~ The strategy is very similar to 
standard nested PCR methods, except that we do not know a priori the in- 
ternal sequences of the amplified products. In this method the fingerprinting 
protocol is applied to the RNA, as described above. Then, a small aliquot of 
the first RAP-PCR fingerprint is further amplified at high stringency using a 
second nested primer having one, two, or three additional arbitrarily chosen 
nucleotides at the 3' end of the first primer sequence. Because sampling 
subsequent to the first low-stringency fingerprinting is at high stringency, 
and the polymerase has a strong preference for a perfectly matched 3' primer 
end, the arguments pertaining to the shape of the melting curve discussed 
above do not apply. 
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A Set of Circularly Permuted Nested Primers 

ZF-1 AACCCCACCG GAGAGAAA 
ZF-2 ACCCCACCGG AGAGAAAC 
ZF-3 CCCCACCGGA GAGAAACC 
ZF-4 CCCACCGGAG AGAAACCC 
ZF-5 CCACCAGAGA GAAACCCA 
ZF-6 CACCAGAGAG AAACCCAC 
ZF-7 ACCAGAGAGA AACCCACC 
ZF-8 CCAGAGAGAA ACCCACCA 
ZF-9 CAGAGAGAAA CCCACCAG 
ZF-10 AGAGAGAAAC CCACCAGA 
ZF-11 GAGAGAAACC CACCAG AG 
ZF-12 AGAGAAACCC ACCAGAGA 
ZF-13 GAGAAACCCA CCAGAGAG 
ZF-14 AGAAACCCAC CAGAGAGA 
ZF-15 G AAACCCACC A GAGAGAA 
ZF-1 AACCCCACCG GAGAGAAA, etc. 

Circular permutation of the primer sets to be used for this strategy allows any 
initial primer to be nested, for example, ZF-14 can be nested using ZF-15, 
ZF-1, and ZF-2. (1~ 

This particular set of circularly permuted primers excludes thymine be- 
cause this is the least discriminatory base when present at the 3' end of the 
primer. (12) 

This strategy partially abundance-normalizes the sampling that occurs dur- 
ing RNA fingerprinting. Consider again the two messages that have equally 
good matches and equally good amplification efficiency but differ by 100- 
fold in abundance. The products derived from them will differ by 100-fold 
after RAP-PCR. Thus RAP-PCR fingerprinting produces a background of prod- 
ucts that are not visible on the gel that includes products derived from low- 
abundance messages. A secondary round of amplification using a primer 
identical to the first except for an additional nucleotide at the 3' end of the 
molecule can be expected to selectively amplify those molecules in the back- 
ground that, by chance, share this additional nucleotide. The additional nu- 
cleotide will occur in 1/16 of the background molecules, accounting for both 
ends. There are many more molecules of low abundance in the RNA popu- 
lation than messages of high abundance, so most products produced by the 
high-stringency nesting step should derive from the low-abundance, high- 
complexity class. 

Each additional nucleotide at the 3' end of the initial primer will contrib- 
ute, in principle, a factor of 1/16 to the selectivity. Two extra bases at each end 
lead to 256-fold selection, and 3 bases at each end lead to 4096-fold selection. 
Four bases at each end generally do not yield reliable products. In practice, 
the selectivity is probably somewhat less than simple statistics might suggest 
because, although Taq polymerase is severely biased against extending a mis- 
match at the last nucleotide, it is more tolerant of mismatches at the second 
or third positions. Additional selectivity might therefore be achieved by suc- 
cessive nesting experiments. Nonetheless, our initial experiments are consis- 
tent with the interpretation that considerable additional selectivity is 
achieved by this nested priming strategy. 

Using total RNA as a starting material means that if nesting is success- 
ful, hnRNA sequences will inevitably be sampled even if a primer biased 
toward the poly(A) tail is used. So far, most of the - 5 0  differentially expressed 
genes we have isolated using unnested RAP-PCR from various systems have 
given strong, sharp signals in Northern analysis, which indicated that the 
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patterns derive predominately from messenger RNA. However, in nested 
primer experiments, where complexity becomes progressively more impor- 
tant than abundance, we anticipate that a greater proportion of the patterns 
will derive from hnRNA, which still contains introns. If this is considered a 
problem for a particular experimental design, then poly(A) selection or prim- 
ing with oligo(dT) or oligo(dT)NN clamped primers (as in Ref. 3) might be 
preferred. 

THE SIZE OF A RAP-PCR EXPERIMENT AND THE ISSUE OF 
COMPLETE SAMPLING 
How thoroughly can we explore differential gene expression using RNA fin- 
gerprinting? This is perhaps the most important question when comparing 
RNA fingerprinting with other methods, such as subtractive hybridization. 
The number  of fingerprinting reactions necessary to achieve various levels of 
coverage of the RNA complexity can be calculated. Neglecting for the mo- 
ment  problems of abundance normalization, we can determine the probabil- 
ity, P(0), of missing a message as P(0)--e- ~. To have a 95% chance of de- 
tecting a particular message, P(0)=0.05 and ~=3,  three times the total 
complexity .(i.e., number of different kinds of messages) must be sampled. 
Assuming two RNA concentrations (providing information on reproducibil- 
ity), 50 bands per lane, and 100 lanes per gel, (50x 100/2) = 2500 messages can 
be displayed. Assuming a complexity of 15,000 messages and a factor of three 
to account for multiple sampling of the same message, the entire complexity 
of the cell could, in principle, be represented in (15,000/2,500)x3-- 18 gels at 
the 95% confidence level. In an experiment, involving more than one RNA, 
say n different RNA sources, n x 18 gels must be run to achieve this level of 
coverage of all RNAs. This calculation ignores the effect of incomplete abun- 
dance normalization: rarer messages will be represented less frequently 
among the visible products. Thus, n x 18 gels is a considerable underestimate 
of the effort needed to sample 95% of the RNAs. The method may indeed be 
incapable of sampling the rarest RNAs and is therefore not appropriate for 
finding a single particular RNA. Nevertheless, if there are several important 
molecular markers associated with a phenomenon,  the chances of encoun- 
tering some of them is excellent. Thus, RAP-PCR is ideally suited to situations 
where the number of genes differentially expressed is fairly high (i.e., > 1 per 
1000 transcripts). 

Much of the technological development associated with sequencing, such 
as fluorescent-tagged primers, automated gel reading, and capillary electro- 
phoresis, is readily adaptable to RAP-PCR. Therefore, a reasonable fraction of 
the genes expressed in many situations can be surveyed given existing tech- 
nology, and this capability will be greatly enhanced by further technological 
developments. 

A systematic way to divide up the pool of mRNAs (and a new acronym) has 
been suggested to survey the whole mRNA population with a series of other 
arbitrary primers in pairwise combinations. O3) However, such calculations 
assume that the fingerprints are entirely normalized for abundance. 

COMPARISON WITH OTHER METHODS 
Genetic and reverse genetic methods for cloning interesting genes derive 
their power from the ability of the investigator to discern and follow a phe- 
notype. Methods that rely on a biological assay of gene function have been 
very useful, particularly in the area of cancer research. However, appropriate 
bioassays for most genes are difficult to devise. When no biological assay can 
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be found or when genetics is inconvenient or impossible, other methods 
must be employed. Methods for detecting and cloning differentially ex- 
pressed genes that do not rely on a biological assay of phenotype include 
subtractive hybridization and differential screening strategies, as well as RAP- 
PCR fingerprinting, which provides a molecular rather than a biological phe- 
notype. 

In a typical differential screening experiment, radioactive probes are made 
from cDNA from two RNA sources and used to screen a cDNA library prepared 
from one of the two. Occasionally, clones from the library hybridize to one 
or the other but not both probes. Unfortunately, low-abundance messages do 
not yield sufficient probe mass to allow favorable hybridization kinetics and 
detection levels. This problem is only partly alleviated by screening a library 
with a subtracted cDNA probe. (14) Nevertheless, some significant discoveries 
have been made using this approach (e.g., Refs. 15 and 16). Improvements 
that allow the use of RNA from limited sources have been described (e.g., 
Refs. 17 and 18). Unlike RAP-PCR, which can be used to screen many RNA 
samples simultaneously, differential screening is designed for use in a se- 
quential series of pairwise comparisons. 

Subtractive hybridization (for review, see Ref. 19) is technically challeng- 
ing, and has been used successfully by only a few laboratories. This method 
suffers from drawbacks similar to differential screening. The difficulties with 
subtractive hybridization methods derive mainly from the fact that rare mes- 
sages have unfavorable hybridization kinetics, and many interesting genes 
are of this class. Abundant genes hybridize faster and more completely than 
low-abundance genes, making them more amenable to subtractive methods. 
A second problem is that subtraction by exhaustive hybridization of driver 
and target is employed to avoid sequences that are not differentially ex- 
pressed. This has the undesirable effect of obscuring significant differences in 
gene expression that do not fall into the "all-or-nothing" category. Another 
shortcoming of the method is that, unlike RAP-PCR, it is most conveniently 
used for pairwise comparisons. Additional comparisons require Northern 
analysis or similar assays. 

Subtractive hybridization and differential screening have proven useful to 
uncover differentially expressed genes between pairs of RNA populations. 
Nevertheless, these methods are rather cumbersome. It would be difficult to 
use these tools to provide a large number of genes with associated biological 
information from a large number of pairwise comparisons. RAP-PCR can be 
a powerful tool in this regard. 

Theoretically representational difference analysis (RDA), (2~ which uses an 
iterative PCR-based subtractive approach to enrich differences in genomic DNAs, 
could be adapted to isolate genes that are differentially expressed between 
RNA samples. At present, such an application has not been published. How- 
ever, a possible combination between RDA and RAP-PCR can be envisioned. 

One advantage of PCR-based RNA fingerprinting compared with subtrac- 
tive hybridization and differential screening is that RAP-PCR yields results in 
a matter of a few days rather than after many steps that take weeks, a feature 
that RAP-PCR shares with two-dimensional gel electrophoresis of pro- 
teins. (21'22) However, the main advantage of this technique compared with 
subtractive hybridization, differential screening, and two-dimensional pro- 
tein electrophoresis is the fact that the method can compare more than two 
RNA'samples simultaneously. Thus, the effect of a number  of conditions can 
be assayed for any differentially amplified products that are observed. In a 
well designed experiment, one can select genes that fall into a relatively 
narrow category for further study. This has become very important because 
the advent of this technique means that finding differentially expressed genes 
is no longer rate limiting. 
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USING RAP-PCR TO ESTIMATE THE PROPORTION OF GENES THAT 
ACCOMPANY A PARTICULAR PHYSIOLOGICAL CHANGE 
The essence of RAP-PCR is its ability to define genes in terms of regulatory 
sets. For example, consider only three RNA preparations, A,B, and C. Infor- 
mation can be obtained regarding the level of gene expression in 27 possible 
categories (33). Most genes will fall into the first of these categories: 

A B C A B C 
1 0 0 0 2 1] 0 0 
3 4J 0 0 4 0 1] 0 
5 o ~ o 6 o o 
7 0 0 ~ 8 1]" 1] 0 
9 1~ 4J 0 10 I]" 0 1]" 
11 1]" 0 4J 12 4J f[ 0 
13 ,[J ~ 0 14 JJ 0 1] 
15 4J 0 4J 16 0 1] 1] 
17 0 1] ,~ 18 0 ~ t] 
19 0 ~ ~ 20 1] 1]" 1]" 
21 ~ 4J ~ 22 ~ 1~ 
23 1~ 4J 1] 24 It 1~ 
25 ~ ,U, ~ 26 ,U. 1~ ~. 
27 ~ ~ 
(0 -- no change; 1] = increased expression; ~J = decreased expression). 

When the quantitative level of gene expression is also considered then the 
number of categories increases further. In addition, the treatments A, B, and C 
can be used in seven possible combinations, increasing even further the 
information about each sampled gene: 

One tremendously useful resource that can be developed very easily using 
RAP-PCR is a collection of genes that fit any of a wide variety of regulatory 
categories. This could be achieved by comparing, in parallel, as many RNAs 
from an isogenic source as is practical, cDNA fragments for genes that fit into 
the various possible regulatory categories can be isolated and cloned. Con- 
centrating on surveying only two RNA samples does not take advantage of the 
power of RAP-PCR. For this reason we would argue that the more treatments 
compared, the more is gained from using the RAP-PCR strategy. 

The behavior of each transcript sampled in various experimentally manip- 
ulated regulatory scenarios can be determined. In a sense, what is obtained is 
a "byte" of information for each anonymous gene sampled, each "bit" of 
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which consists of the transcript abundance in a particular sample. One goal 
could be to detect and isolate fragments of genes that fit every observable byte 
or regulatory category. This information should be of interest because the 
promoters of such genes will also carry in cis functions associated with these 
regulatory categories. This could be of great utility in the study of promoter 
function at the level of sequence specificity. The promoters of such genes or 
targeted insertions into the genes could also be very useful for expressing 
heterologous genes in a particular subset of situations as may be necessary in 
some gene therapies, for instance. 

In principle, there can be 6561 (i.e., 38 ) possible bytes of ternary bits for 
eight RNA samples (encoding increases, decreases, and no change), or more 
possible bytes if further information on the level of gene expression is in- 
cluded in each bit, such as separating increases in gene expression above and 
below a fourfold induction threshold. It is probable that some of the regula- 
tory categories (i.e., bytes) will be very rare and only rarely sampled, but, with 
these exceptions, one could clone examples from each category. 

Even before such genes are cloned we can obtain a very interesting set of 
data from the fingerprints. In the 1960's and 1970's when the overlap in gene 
expression between tissues was estimated (e.g., Ref. 23), this information 
became a classic addition to textbooks despite the rather one-dimensional 
information that could be obtained. The reason these data were so interesting 
was that there was really no practical alternative to divine the scale of the 
similarities and differences in gene expression between tissues. RAP-PCR fin- 
gerprinting of RNA samples can be analyzed in a way that is orders of mag- 
nitude better than was possible at that time; the estimate of overlapping gene 
expression can be extrapolated from the distributions of many thousands of 
arbitrarily selected examples collected very quickly and easily. Thus, the scale 
of the intersection between RNA preparations can be estimated by simulta- 
neous pairwise comparisons and examples of genes in different regulatory 
categories can be cloned if desired. 

One obvious reservation about such data is the issue of abundance nor- 
malization. If nesting is not used, the observed products are biased toward 
highly expressed genes, which is a virtue if they are to be used, for example, 
as biomarkers or if the corresponding promoter is to be used to express 
heterologous sequences in a particular expression distribution. The issue of 
abundance normalization can be indirectly addressed, as needed, by compar- 
ing the distributions of genes in progressively greater nestings of the initial 
fingerprint. If there is a systematic difference in the tissue distribution for 
genes at each level of nesting, this can be attributed to differences in the 
properties of more common versus rarer messages. Such an observation 
would not be difficult to quantitate (e.g., by RNase protection of some exam- 
ples), and the trend would be illuminating, just as were the measurements by 
hybridization kinetics. 

In principle, using a 96-well plate and 96-well gel format one can perform 
PCR on two concentrations of eight RNA samples using four primers or 
primer pairs. Nesting each of these four primers to a depth of 3 bases yields 
at least 12 fingerprints in three further gels even before the possibilities for 
alternative nestings with different 3' ends are factored in. Given 50 bands per 
lane, this single set of experiments yields 600 genes sampled. Such informa- 
tion can be gathered for many thousands of anonymous genes, a fraction of 
which may be selected for cloning, using the byte criteria outlined above. 
Furthermore, the number of products that vary can be compared with the 
number that do not vary between different RNA samples. One can. then ex- 
trapolate the overall level of the response that distinguishes the two RNA 
samples (within the limitations of abundance normalization, discussed ear- 
lier). As an example we present a synopsis of our first use of this idea below. 
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AN ESTIMATE OF THE PROPORTION OF GENES THAT RESPONDS TO 
TGF-13 AND CYCLOHEXIMIDE 
We have f ingerprinted lung epithelial cells in the G1 stage of the cell cycle 
under  the following conditions: (1) TGF-[3 t reatment ,  that  halts progression 
of these cells into S phase; (2) cycloheximide,  tha t  halts prote in  synthesis; (3) 
cycloheximide plus TGF-[3, that  reveals pr imary  response genes to TGF-{3; and 
(4) wi thout  t reatment .  

In a series of experiments  with different pr imer  pairs, we have surveyed at 
least 616 genes of which 28 genes respond to TGF-[3 or to cycloheximide 
t reatment .  An example of such a f ingerprint  is shown in Figure 1. We have 
dis t inguished between those genes tha t  are secondary response genes to 
TGF-[3 and those that  are pr imary  response genes (the latter are also regulated 

FIGURE 1 RAP-PCR fingerprint. Lung epithelial cells were released from confluence and treated 
with transforming growth factor-J3 (TGF-[3) or cycloheximide (CX) or both for the times indicated 
and then harvested. RNA was prepared as described in the text. The primers used were Kinase A1 
(5'-GAGGGTGCCTT) carrying a Ser/Thr kinase motif (manufactured by Genosys, Woodlands, 
TX) and $2 (5'-CCTCTGACTG) (Operon Technologies, Alameda, CA) Each RNA was fingerprinted 
at three RNA concentrations: 80 ng, 40 ng, and 20 ng per 20 ~l reverse transcription reaction. 
Separation was on a 5% polyacrylamide-50% urea sequencing gel with electrophoresis in I x TBE 
at 50 W for 3 hr. The gel was dried, and autoradiography was performed with X-Omat film 
(Kodak) for 12 hr. Some differentially amplified cDNAs are indicated by arrows. The image shows 
only a portion of the data. Single-stranded DNA markers are indicated in bases. 
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by TGF-[3 even when cycloheximide is present). In addition, we observed an 
unexpected class of genes that are induced by cycloheximide but are then 
repressed by TGF-[3. 

We have also estimated the scale of each of these responses. For example, 
we determined that in the first hours of G1, 0.8% (or less) of all transcripts 
sampled are up-regulated by TGF-[3 as a primary response. The abundances of 
3% (or less) of all transcripts sampled are increased by CX, of which about 
one-third are down-regulated by TGF-[3 treatment. Extrapolation from these 
percentages to the rest of the RNA population is illuminating despite a sys- 
tematic bias owing to abundance-based sampling. There is no reason to reject 
the possibility that all RNA abundance categories, including rarer RNAs that 
are less likely to be sampled in this protocol, may be affected to a similar 
degree as the sampled RNAs. Assuming that there are 15,000 expressed genes 
in the cell, then fragments from >3% of all the genes (>616/15,000) that are 
up-regulated by TGF-[3 and CX have been identified using only six primers or 
primer pairs. Cloning such genes constitutes a step in the direction of de- 
scribing the complete response to these agents and is an essential prelude to 
determining the physiological role of each of these genes. 

In a sense such calculations of the scale of differential gene expression are 
an extension of the hybridization kinetics work of the 1960's and 1970's (e.g., 
Ref. 23). However, as discussed above, the complex molecular phenotype 
generated by RAP-PCR reflects changes in abundances of hundreds of indi- 
vidual RNAs. Many different RNA samples can be compared simultaneously, 
and genes from assorted regulatory categories can be cloned directly. Hypoth- 
eses regarding the interactions of signal transduction pathways can be tested, 
and new hypotheses can be generated, for example, by comparing the effect 
of different combinations of hormones or drugs on differential gene expres- 
sion. 

TWO R A P - P C R  PROTOCOLS 
RNA is prepared using the guanadinium-CsC1 procedure. (24) We currently 
perform RAP-PCR on total RNA or poly(A)-selected RNA. Two protocols for 
fingerprinting are presented. 

RAP-PCR Fingerprinting Using a Single 18-Base Primer 

Equipment and Reagents 
Thermal Cycler (Perkin-Elmer 9600 model) 
PCR tubes (Microamp, Perkin-Elmer) 
Arbitrary primer, e.g., M13 sequencing or reverse-sequencing primer 
2• DNase I treatment Mixture: 20 mM Tris-HC1 (pH 8.0), 20 mM MgCl2, 200 

U/ml of RNase-free DNase I (Boehringer Mannheim Biochemicals) 
2• first-strand reaction mixture: 100 mM Tris-HC1 (pH 8.3), 100 mM KCI, 8 

mM MgCl 2, 20 mM DTT, 0.4 mM each dNTP, 20 F~M primer, and 1 U/~l MuL- 
VRT (Stratagene Inc., La Jolla, CA) 

2• second-strand reaction mixture: 10 mM Tris-HCl (pH 8.3), 25 mM KC1, 
2 mM MgCl2, 0.1 I~Ci/l~l of [~-32p]dCTP and 0.2 U/~l of Taq DNA polymerase 
(AmpliTaq: Perkin-Elmer Cetus). Addition of a second primer at this step (at 
- 2 0  ~M) is optional. 

FIGORE 2 A RAP-PCR protocol for the use of pairwise sequential 10-mer primers. This protocol, 
written in MicroSoft Excel, allows the input of many variables. The example shown is set up for 
six RNA samples at four RNA concentrations, to be sampled by one initial primer and four 
subsequent primers. Cycling is performed according to the text. 
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FIGURE 2 (See facing page for legend.) 
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Method 

1. Prepare total RNA by guanidinium thiocyanate-cesium chloride centrif- 
ugation (24) or guanidinium thiocyanate-acid phenol-chloroform extrac- 
tion. (as) Dissolve the final pellet in 100 ~1 of water. 

2. Add 100 ~1 of 2x DNase I Treatment Mixture and incubate at 37~ for 
30 min. Phenol-chloroform extract and ethanol precipitate. Measure RNA 
concentration spectrophotometrically. 

3. Prepare treated RNA at two concentrations of about 200 ng/~l and 40 
ng/~l by dilution in water. Template concentrations that yield reproducible 
fingerprints depend on RNA quality and to some extent on the choice and 
quality of the primers and must therefore be determined empirically. 

4. Reactions are assembled on ice. Add 10 ~.1 of 2x First-Strand Reaction 
Mixture to 10 ~1 of RNA at each concentration. The reaction is ramped to 37~ 
over 5 min in a 96-well format thermocycler (Perkin-Elmer, CT) and held at 
that temperature for an additional 10 min followed by 94~ for 2 min to 
inactivate the polymerase and finally cooling to 4~ 

5. Add 20 ~1 of 2x Second-Strand Reaction Mixture to each 20 ~1 of first- 
strand synthesis reaction. Cycle through one low-stringency step (94~ 1 
min; 40~ 5 min; 72~ 5 min) followed by 35 high-stringency steps (94~ 1 
min; 60~ 1 min; 72~ 1 min). 

6. Four microliters of each reaction is diluted in 18 ~1 of 95% formamide, 
heated to 94~ for 2 min, then 1.5 ~1 is loaded on a 5% polyacrylamide-50% 
urea sequencing gel and electrophoresed in I x TBE at 50 W for 3 hr or until 
the Xylene cyanol reaches three-quarters of the way to the bottom of the gel. 
The gel is dried, and autoradiography is performed with X-Omat film (Kodak) 
for 12 hr. Fragments visualized generally range from - 5 0  bases to 1000 bases. 

Some primers work better than others. It is usually a good idea to screen 
several primers and use those that give the most qualitatively robust patterns 
for further work. Note that Thermus thermophilus (Tth) polymerase has reverse 
transcriptase activity and can substitute for both the RT and the DNA poly- 
merase when a buffer containing some Mn z+ is used. 

RNA Fingerprinting Using a Pair of 10-Base Primers 
Applied Sequentially 
Our protocol for RNA fingerprinting with 10-base primers is similar to that 
described for longer primers; however, Taq Stoffel fragment is used instead of 
Taq polymerase. (26) This necessitates a dilution scheme that adjusts buffer 
components such that they are compatible with Taq Stoffel fragment. 

2x First-Strand Reaction Mixture 100 mM Tris-HC1 (pH 8.3), 100 mM KCI, 8 
mM MgCl 2, 20 mM DTT, 0.4 mM each dNTP, 16 p.M primer, and 1 U/pA of 
MuLVRT, (Stratagene Inc., La Jolla, CA). Except for the primer concentration, 
this is the same as the first-strand reaction mixture for longer primers. 

2x AP-PCR Reaction Mixture 20 mM Tris-HCl (pH 8.3), 20 mM KCI, 8 mM 
MgCI2, 0.1 ~Ci/~l [a-32p]dCTP, 0.2 U/~.I Taq DNA polymerase (AmpliTaq; 
Perkin-Elmer Cetus), and 8 [J.M secondary primer. 

In this protocol, enough first-strand cDNA is prepared to allow for several 
second-strand reactions using different primers to be performed. The proto- 
col has been designed using the spread-sheet MicroSoft Excel, allowing au- 
tomatic changes in the number of RNA preparations to be fingerprinted, RNA 
concentrations, and the number of first and second primers to be used, while 
maintaining the proper buffer components (Fig. 2) Here, we describe the case 
where one first-strand primer is used on six different RNA preparations at 
three concentrations, followed by four different secondary primers. 
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1. RNA is prepared as described above. 
2. First-strand synthesis with a single primer is achieved as follows: Five 

microliters of total RNA at 200, 100, and 50 ng/l~l is combined with 5 i~l 
First-Strand Reaction Mixture on ice, ramped to 37~ over 5 rain, held at 37~ 
for 60 min, heated to 94~ for 2 min to inactivate the reverse transcriptase, 
and cooled to 4~ until the next step. 

3. The reaction mixture is then diluted with water to four times its initial 
volume. In this case, the 10 i~l of reaction is diluted to 40 i~l by the addition 
of 30 i~l of water. This dilutes buffer components to 12.5 mM Tris (pH 8.3), 
12.5 mM KC1, 1 mM MgC12, 50 I~M dNTP, and 4 I~M initial primer. This con- 
centration of primer is sufficient to sustain PCR amplification in subsequent 
steps. 

4. Ten microliters of the diluted first-strand reaction is combined with 10 
l~l of 2 x AP-PCR Reaction Mixture, which contains the secondary primer. At 
this point, the reaction components are as follows: 16.25 mM Tris (pH 8.3), 
16.25 m KC1, 4.5 mM MgC12, 0.23 mM dNTPs, 2 ~I,M first primer, 4 I~M second 
primer, and 0.2 U/i~l Taq polymerase Stoffel fragment. The reactions are cy- 
cled through 45 cycles of the following temperature profile: 94~ for 30 sec, 
40~ for 1 rain, and 72~ for 2 min. 

5. The reactions are analyzed on sequencing gels as described above. 

There are at least two good reasons to use this latter protocol. First, the 
number of visible products in the fingerprints is increased relative to using an 
18-mer or one 10-mer primer. Furthermore, those products that contain the 
first and second primer are likely to be oriented with the first primer at the 3' 
end and the second primer at the 5' end, thereby providing information 
about the sense strand of the original RNA. More than 50% of products in 
reactions using pairwise combinations of primers contain both primers and 
are distinct from those generated with either primer individually. (27) 

PREPARATION OF CLONES 
Differentially amplified RAP-PCR products are cut from the gel and eluted 
into 50 i~l of TE for 2 hr at 65~ A 5-1~1 aliquot is then used to reamplify the 
RAP-PCR products employing the same oligonucleotide primers used to gen- 
erate the fingerprint. (8) Taq polymerase often adds an extra base to the 3' end 
of PCR products. Which base is added depends on the last base of the double- 
stranded sequence. For example, if the last base is an A, then an extra A is 
added. If the last base is a T, then it is removed and replaced with an A to 
produce an A:A mismatch. This phenomenon makes PCR products hard to 
blunt-end clone. We use the simple expedient of reamplifying polymorphic 
products using Pfu polymerase, which does not add extra bases to the 3' end 
of PCR products. Vent polymerase is similar to Pfu in this property. (28) 

The RAP-PCR products are cloned (e.g., into the pCR-Script vector, a mod- 
ified form of the Bluescript vector, Stratagene Inc., San Diego, CA) using 
standard protocols. EcoRV or Srfl is used during the ligation to linearize vec- 
tors that have closed on themselves, thereby improving the efficiency. For 
each RAP-PCR product, six or more independently isolated single-stranded 
phagemids are sequenced using the Sequenase reagent kit v2 (U.S. Biochem- 
ical, Cleveland, OH) and [oL-32S]dATP (NEN Research Products, Boston, ]VIA). 

IDENTIFICATION OF THE CORRECT CLONE 
A common difficulty with cloning arbitrarily primed PCR or RAP-PCR prod- 
ucts is contamination of the isolated PCR product with unwanted comigrat- 
ing species. In principle, a secondary gel purification step, for example, SSCP, 
could be included after the first PCR amplification to further enrich for the 
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correct product. However, after reamplification and cloning into the pBlue- 
Script plasmid, it is generally sufficient to sequence six clones in order to 
identify one that  is represented twice or more. Alternatively, complementa-  
t ion tests (c-tests) can be performed on several independent  clones. The most  
abundant  product of the secondary PCR amplification is more likely than  
low-level background contaminat ion to c-test positively. We have shown that  
confirmation of the correct product can be achieved by Southern transferring 
the RAP-PCR gel, or another  gel produced by the same primer, and using the 
putative clone as a probe (9'29) (Fig. 3). These Southern blots are much  simpler 
than typical Southern blots. They have exposure times of only a few minutes  
because of the low complexity of the material on the gel. We have tested >20 
products in this way. Only two clones that  were prevalent  in the sequencing 
proved to be incorrect when  tested against Southern blots of the RAP-PCR 
gels. 

SOUTHERN BLOTS 
DNA from RAP-PCR fingerprints are transferred to a membrane  overnight  
(Duralon-UV, Stratagene, La Jolla, CA) by capillary action using 20• SSC 
buffer and UV cross-linked. Blots are prehybridized with 5 x SSC, 0.5% block- 
ing reagent (Boehringer Mannhe im Biochemical), and 0.8% SDS at 65~ for 4 
hr. Hybridization to blots is performed using convent ional  methods  (zs) and 
conditions recommended by the vendors. Radiolabeled probes can be syn- 
thesized by PCR from cloned RAP-PCR products using the T7-T3 oligonucle- 
otide primer set (Stratagene Inc., San Diego, CA), and [~-32p]dCTP. 

When  clones are then  used on Northern blots, a minori ty  give no signal 
because the message is too rare but give positive Southern blots, confirming 
probe quality. However, the subset that  give positive Northern  blots generally 
also displayed the expected differential gene expression. 

FURTHER IMPROVEMENTS 
The RAP-PCR method is amenable to various possible improvements  and, 
given the previously demonstrated utility of RAP-PCR, it is worth  developing 

FIGURE 3 A product corresponding to a cycloheximide (CX)-inducible gene was excised from a 
RAP-PCR gel, reamplified, and cloned. The original RNA fingerprint was transferred to a nylon 
filter, and the filter was probed with the clone to verify that the correct band had been cloned. 
The top panel shows a close-up of the appropriate region from the RAP-PCR gel. The bottom panel 
shows the same region transferred to a membrane and probed with a clone from the differen- 
tially amplified band. The clone hybridized to the correct region and had the expected differ- 
ential distribution between lanes, indicating that the clone represented the correct differentially 
amplified band. 
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some of these possibilities. For example, in principle, Tth DNA polymerase 
could be used as both the reverse transcriptase and the DNA polymerase, (3~ 
reducing the number of steps. Conditions exist that are compatible with both 
properties of the enzyme. (31) Alternatively, a viral reverse transcriptase and 
Taq DNA polymerase can be mixed from the beginning. These enzymes also 
have different optima, but it should be possible to find a compatible buffer 
system. 

SAMPLING GENES THAT CARRY CONSERVED SEUQENCE MOTIFS 
One possibility for further adaptation of RAP-PCR is to encode conserved 
motif sequences in the primers. Then, one could search for differentially 
expressed genes using motifs directed toward particular gene families of rel- 
evance to a particular biological phenomenon. Thus, one could attempt to 
bias in favor of zinc fingers, as we did with the primer ZF-1, (11) and protein 
kinase motif primers as shown in Figure 1. Such efforts are an extension of 
the work with motifs that have been tried for fingerprinting total genomic 
DNA, such as promoter and amino acid motifs (32), or hypervariable purine- 
pyrimidine repeats. (8) Although the latter strategy does generate some prod- 
ucts derived from RY repeat regions, the use of protein motifs is more diffi- 
cult. RY repeats, such as GT repeats, (33) are much more common that protein 
sequence motifs. Rarer motifs must compete with a larger number of arbitrary 
priming events. It should be reiterated that increasing the stringency during 
the initial arbitrarily primed PCR generally reduces the reliability of the fin- 
gerprint. Furthermore, the consequence of wobble bases in the translation of 
a conserved amino acid motif is that a primer that has no redundant positions 
will match perfectly with only a small fraction of the nucleic acid sequences 
encoding the motif. Nevertheless, this strategy is well worth exploring, and it 
is very likely that a series of papers using primers that carry motifs will appear 
soon, each with their own acronym. 

COMPARISON OF RNA FINGERPRINTING PROTOCOLS 
What are the advantages and disadvantages of the RAP-PCR protocol (*) com- 
pared with that of Liang and Pardee? (3) In contrast to an arbitrary selection 
step in both directions, (1'4) the protocol in Reference 3 uses an oligo(dT)-CA 
(or similar oligo(dT)-XM) primer for reverse transcription followed by an 
arbitrary primer in the other direction. The method samples 3' ends that are 
mostly noncoding. In contrast, arbitrary priming from both ends can sample 
open reading frames (ORFs) in -30% of mRNA products (4'7,11) because the 
authentic reading frame will often occur in arbitrarily selected stretches of a 
few hundred bases in a typical mRNA sequence. Thus, our strategy has the 
advantage that conserved ORFs between species or protein family members 
can occasionally be observed in data base searches (e.g., Ref. 11). 

One variant of the protocol we use can be designed to arbitrarily prime 
only once after denaturation before switching to high-stringency annealing 
(e.g., 60~ for an 18-base primer). Any contaminating dsDNA is usually 
primed only once and is therefore not amplified during PCR. (4) The protocols 
employing 10-mers or an anchored oligo(dT)NN primer use 35~ annealing 
steps throughout and can sample contaminating dsDNA in the classic man- 
ner of RAPD. (2) Finally, the oligo(dT)-XM primers are as highly promiscuous 
as other primers, if not more so, and must result in many products that are 
sampled from hnRNA or inside mRNAs and other products in which the 
oligo(dT)-CA primer occurs at both ends. To ensure sampling of only mRNA 
and not hnRNA or residual genomic DNA, the RNA must first be poly(A) 
selected. 

Each of these approaches has strengths and weaknesses. Although the pro- 
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t o c o l  u s i n g  a n  a n c h o r e d  o l i g o ( d T ) N N  p r i m e r  is e x c e l l e n t ,  a r b i t r a r y  p r i m i n g  
f r o m  b o t h  d i r e c t i o n s ,  f o l l o w e d  b y  n e s t i n g ,  c a n  h a v e  s i g n i f i c a n t  a d v a n t a g e s ,  
n o t  l eas t  o f  w h i c h  is t h e  s a m p l i n g  o f  ORFs.  
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