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Several techniques are currently available to measure changes in gene expres- 
sion. These include the Northern blot, the RNase protection assay, in situ 
hybridization, and the reverse transcriptase-polymerase chain reaction (RT- 
PCR). For many purposes, the Northern blot or the more sensitive RNase 
protection assay is sufficient to detect quantitative differences between sam- 
ples. However, if the sample quantity is low or the target message is rare such 
that these techniques are no longer practical, the more sensitive quantitative 
RT-PCR can be used. In cases where comparisons have been possible, results 
from the RT-PCR assay are quite comparable to results from Northern blot 
analysis, (1) slot-blot  analysis, (z) and in situ hybridization. (3) In the RT-PCR 
method,  RNA is initially reverse-transcribed to cDNA and the desired target 
cDNA species is amplified using specific primers. Less than 10 copies of target 
RNA are required for this procedure, and it has been successful when  the RNA 
is isolated from a single cell. (4) Because of this high sensitivity, the RT-PCR is 
being increasingly used to quantitate small but physiologically relevant 
changes in gene expression that would otherwise be undetectable. For exam- 
ple, in a recent study involving analysis of IL-4 gene expression after immu-  
nization with antigen, studies with blocking anti-IL-4 antibodies had dem- 
onstrated previously the importance of elevated IL-4 in the response, but  
neither Northern blot analysis nor in situ hybridization could detect corre- 
sponding elevations in IL-4 gene expression. A quantitative RT-PCR was de- 
veloped to analyze IL-4 cytokine gene expression. The quantitative RT-PCR 
showed that there was a 150x increase in IL-4 message in spleens from im- 
munized mice. (s) Later studies using an ELISPOT assay, which measures pro- 
tein secretion by individual cells, confirmed that the marked increase in IL-4 
message was correlated with marked increases in IL-4 secretion. (6) The advan- 
tage of the gene expression assay in this system is that tissue and cells taken 
directly from the animal can be measured. In contrast, protein assays usually 
require in vitro cell culture, in some cases with mitogens, often resulting in 
the production of cytokines not originally produced by the cells in vivo. 

THE PLATEAU EFFECT 
The sensitivity of RT-PCR is a result of a chain reaction, where the products 
from one cycle of amplification serve as substrates for the next, resulting in 
an exponential  increase in product. Theoretically, the amoun t  of product  
doubles during each cycle of the PCR reaction, but, in actuality, beyond a 
certain number  of cycles, the efficiency of amplification decreases with in- 
creasing cycle number,  resulting in the plateau effect as shown in Figure 1. 

A number  of factors may cause the plateau effect, including (1) degradation 
of nucleotides or primers, (2) inactivation of the DNA polymerase enzyme 
(Taq has a half-life of only 40 min  at 95~ (3) reassociation of single- 
stranded PCR fragments before primers can anneal or be extended, (4) sub- 
strate excess where there is more DNA than the amount  of enzyme available 
to replicate it in the allotted polymerization time, (5) competi t ion by non-  
specific amplification products, and (6) accumulat ion of inhibitors of poly- 
merase activity, such as pyrophosphates. The number  of PCR cycles at which 
the plateau effect occurs varies greatly with the particular DNA sequence 
being amplified. Length, GC content, and the presence of any secondary 
structure in the sequence to be amplified are all important,  as is the initial 
total quantity and concentration of the target DNA. As a result, the number  of 
cycles at which the plateau effect occurs must  be individually and empirically 
determined for each target sequence. This is particularly impor tant  if one 
plans to attempt a quantitative PCR; in the past this has led to considerable 
confusion. Amplifying various samples of target cDNA at a high number  of 
cycles, for example, 35, is useful for determining the presence or absence of 
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n (cycles) 

FIGURE 1 Equation 1: N = N  o (I+E), ,  where N=the  number of 
amplified molecules, No=the initial number of amplification 
molecules, and E = the amplification efficiency. The relationship 
between product amplification and the number of cycles during 
PCR. A linear relationship occurs initially, followed by the plateau 
effect, where increases in cycle number result in proportionally 
smaller increases in product. Although E varies between target 
cDNAs even at early cycles, it inevitably decreases at higher cycle 
numbers. 

a given target (7'8) but  should not  be used to compare differences in target 
quanti t ies of < lO0-fold. This is because differences observed in the a m o u n t  of 
detectable product  after the plateau effect has been reached (an exception 
may be competit ive PCR as will be discussed later) are frequently artifacts and 
on further study may show little relat ionship to the quant i ty  of starting target 
material. 

$124 PCR Methods and Applications 

SOURCES OF VARIATION 
The RNA purification procedure is a major source of variation in quant i ta t ive 
RT-PCR. Several different techniques are available, and they are reviewed in 
depth  elsewhere; (9) the technique that  we use is included in the Appendix. 
Both total RNA and poly(A)-selected mRNA are commonly  used because the 
PCR's sensitivity can be adjusted to either. However, these two different RNA 
populat ions should not  be included in the same assay because the increased 
concentra t ion of target in poly(A)-selected mRNA makes comparisons to total 
RNA inappropriate.  A disadvantage of poly(A)-selected mRNA is that  it can 
vary greatly in terms of the ratio of mRNA to total RNA, thereby cont r ibut ing  
another  source of variation. Whether  one uses total RNA or mRNA for the 
starting material, because of the relatively high instability of RNA and the 
ubiqui tous presence of RNases, degradation can be a serious problem. Be- 
cause spectrophotometr ic  analysis cannot  dist inguish between undegraded  
and degraded RNA, it is thus necessary to control for this addit ional  source of 
variation by using a "housekeeping"  gene. A housekeeping gene is a consti- 
tutively expressed gene that  theoretically does not  vary following activation 
or proliferation of a cell. Several different housekeeping genes are used, in- 
cluding [3-actin, hypoxan th ine -guan ine  phosphoribosyl  transferase (HPRT), 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). With each of 
these, some changes in gene expression may be detected following activation 
of particular cell types, and, consequently,  it should be de te rmined  empiri- 
cally which housekeeping gene changes the least in the particular system 
being investigated. Generally, the housekeeping gene selected should not  
vary in its expression more than  two- to threefold between t rea tment  groups 
and controls. 

Besides the RNA purification step, reverse t ranscript ion of RNA to cDNA is 
also a source of variation and error inheren t  in the RT-PCR technique.  Gen- 
erally, two reverse transcriptases are used, avian myeloblastosis virus (AMV) 
and Moloney mur ine  leukemia virus (Mo-MLV). Each has its advantages and 
disadvantages. The most  commonly  used enzyme for the RT-PCR assay is 
Mo-MLV. This enzyme has weak RNase H activity, which favors synthesis of 
long cDNAs; RNase H recognizes the pr imer- templa te  mRNA hybrids as sub- 
strates. Recently, recombinant  forms of Mo-MLV have been developed tha t  
are RNase H - ,  e l iminat ing the compet i t ion between degradation of the tem- 
plate mRNA and the init iation of cDNA synthesis. AMV has the disadvantage 
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in that  it has high RNase H activity, but  because the optimal tempera ture  for 
the enzyme reaction is 42~ and not  37~ as with Mo-MLV, AMV is preferred 
if the target region has considerable secondary structure. A recently devel- 
oped recombinant  RNase H -  reverse transcriptase (BRL, Gaithersburg, MD) 
apparently also can be used at 42~ The higher  reaction tempera ture  is more  
likely to destabilize secondary structure reducing the l ikelihood that  the re- 
verse transcriptase reaction will be inhibited. (9'1~ In the Appendix a typical 
reverse transcriptase reaction is included that  uses an RNase H -  Mo-MLV. 
Random primers prime the reverse transcriptase in this protocol; al ternative 
primers include oligo(dT) or the downst ream antisense PCR primer. We and 
others have found empirically that  random primers give consis tent  results 
and high overall yields of amplified target sequence, (s'1~'12) but  both  oli- 
go(dTs) and antisense PCR primers have also been used successfuly. (~2'~3) 

The selection of primers for the PCR amplification is usually accomplished 
by downloading a cDNA sequence into a program that  uses specific criteria 
for the selection of the appropriate cDNA region to be amplified and for the 
selection of the flanking primers. (s'~4) These criteria are discussed in the pre- 
vious articles in this supplement  and will not  be discussed in detail here. 
Generally, primers are selected that  range from 18 to 25 bp, have a 50% GC 
content ,  and amplify a region ranging from 200 to 400 bp. An addit ional  rule 
fairly unique  to primers used for RT-PCR involves selection of a pr imer  set 
that  spans an intron so large that  the gene itself cannot  be amplified. If this 
is not  possible, then the primer set should at least span an in t ron large 
enough  that  product  from the gene and the cDNA can be easily dis t inguished 
on an agarose gel. With this additional criterium, DNA contaminat ion ,  com- 
m o n  in RNA preparations, will not  contr ibute to the a m o u n t  of target se- 
quence recognized by the cDNA-specific primers. If the genomic  structure is 
not  known,  primers can be selected that  are separated by 300 to 400 bases in 
the coding region of the gene, as exons greater than  this size are rare in 
vertebrates. If the gene encoding the target mRNA species lacks introns,  as is 
the case with interferon-r (IFN-~), a thorough  DNase t rea tment  of the RNA is 
necessary and reactions wi thout  the addit ion of reverse transcriptase as con- 
trols of genomic DNA contamina t ion  are required. ~ 

Once cDNA can be produced from purified RNA in a uni form and repro- 
ducible manner ,  then,  using the appropriate primers, a quanti ta t ive PCR can 
be developed. The purpose of the quanti tat ive RT-PCR is to deduce, from the 
final quant i ty  of PCR product, the initial n u m b e r  of target molecules or, 
perhaps more realistically, relative differences in starting target molecules 
between experimental  samples. Currently, there are a n u m b e r  of different 
approaches used; several of the more popular  ones are discussed here in some 
detail. These approaches can be generally divided into two categories: non-  
competit ive and competitive. Each has advantages and disadvantages, and 
careful considerat ion should be under taken  before c o m m i t m e n t  is made to 
one approach or the other. 

NONCOMPETITIVE RT-PCR 
The noncompet i t ive  RT-PCR relies on the observation, now well established, 
tha t  prior to the onset  of the plateau effect there is a l inear relat ionship 
between the quant i ty  of input  RNA and final product  dur ing PCR amplifica- 
tion. (s'll'13'ls-2~ The procedure that  we use is included in the Appendix. To 
determine the number  of cycles at which this l inear relat ionship occurs, one 
should initially select a sample of RNA expressing high levels of target mRNA. 
One should not  add exogenous target to the RNA sample but, instead, should  
use a sample where endogenous  target gene expression is h igh but  not  two- 
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to threefold more  than  the highest  levels one would  expect in an actual 
experiment .  Five to 10 serial di lut ions of this sample, c o m m o n l y  1:2, are 
made  to span close to a 1000-fold concent ra t ion  range. Comple te  sets of these 
di lut ion series are then  amplif ied at one of several different cycle numbers .  
We have found that  with many  cytokines the cycle n u m b e r  at wh ich  a l inear 
relat ionship is detected between input  RNA and final product  is be tween  18 
and 25 cycles. Typically, the total RNA is diluted in buffer. Al though  a l inear 
relat ionship is detected under  these circumstances,  (s) the possibili ty exists 
that  the RT-PCR technique  is nonetheless  nonquant i t a t ive  because decreases 
in the efficiency of pr iming may occur as mRNA specific for a given cytokine 
is di luted with mRNA specific for o ther  proteins. We have directly tested this 
by di lut ing total RNA from tissue expressing high a m o u n t s  of IL-4 mRNA in 
total RNA from tissue that  expresses negligible amoun t s  of IL-4 mRNA, so tha t  
the quant i ty  and concent ra t ion  of RNA remained  the same, but  the  a m o u n t  
of RNA from tissue that  expressed high IL-4 mRNA levels decreased by 50% 
with each successive dilution. As shown in Figure 2, a l inear re la t ionship  
between input  RNA and final RT-PCR product  was ma in ta ined  t h r o u g h o u t  
the di lut ion range. This indicates that  differences in relative concent ra t ions  
of target message can be quant i ta ted  when  total RNA concent ra t ions  remain  
constant .  

Often, the low cycle n u m b e r  required to obtain the l inear re la t ionship  
shown in Figure 2 does not  produce sufficient product  for detect ion on UV 
transi l luminators  following e th id ium bromide  staining. To increase the sen- 
sitivity of detection, the product  can be Southern  blot ted and probed  with a 
suitable end-labeled oligonucleotide,  as was done  in Figure 1. It is best to use 
an ol igonucleot ide that  does not  correspond to either of the original  pr imers  
used for amplification. This adds an extra level of specificity to the procedure:  
If the primers caused any spurious nonspecific DNA amplif icat ion,  often 
identified as unpredicted bands on an agarose gel, the resul tant  p roduct  will 
not  be b o u n d  by the specific probe. Using this procedure one can obta in  three 
levels of specificity: (1) amplif icat ion of product  with specific primers;  (2) 
correspondence of actual product  size to original es t imated product  size; and  
(3) hybridizat ion of product  with internal  probe not  cor responding  to ei ther  
primer.  Also, the low cycle n u m b e r  reduces artifacts such as nonspecif ic  am- 

I 0 0 -  

E 

~. I0 

i i iii i , i , . ,,,I i i , 

0.1 1 
Input RNA containing high IL-4 mRNA (~g) 

FIGURE 2 Autoradiograph (below) and densi- 
tometric analysis (above) of IL-4 RT-PCR sig- 
nal as a function of the amount of input RNA. 
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plifications that  could pose major obstacles at higher  cycle numbers .  Another  
technique  for detecting product  involves incorporat ion of labeled nucle- 
otides into PCR products that  are then  resolved by gel electrophoresis.  How- 
ever, this approach is often associated with trace amounts  of un incorpora ted  
label that  can produce a trail of label th roughou t  the lane of an electro- 
phoretic gel. One can also use labeled primers at the beg inn ing  of the assay 
or as a final PCR step with a new internal  labeled pr imer  annealed  to one 
strand of the PCR product  and extended using Taq polymerase. However, 
both  approaches often result in considerable background radioactivity and 
rarely give signals as well-defined and quantifiable as is observed with  the 
Southern blot .  (21'22) 

Currently, an increasing number  of investigators are using radioimaging 
and direct quant i ta t ion systems for measurement  of radiolabeled product.  
Autoradiography and densi tometric  quant i ta t ion is more cumbersome,  par- 
ticularly because it has a dynamic range of only two to three orders of mag- 
nitude, whereas systems such as AMBIS or PhosphorImagers  have ranges of 
five orders of magni tude or greater. Recently, nonradioact ively labeled probes 
have been used successfully for Southern blot analysis of PCR products  and 
subsequent  quant i ta t ion of changes in cytokine gene expression with a video 
densitometer.  ~ Also, an ELISA-based quanti tat ive RT-PCR assay has been  
developed that  uses an ELISA reader to measure amplified products.  (23~ For 
safety reasons, these approaches using nonradioact ive materials will probably 
become increasingly popular. 

It is impor tant  to include an internal  standard in the quanti tat ive RT-PCR 
assay. DNA standards have been used for the quantif icat ion of RNA targets, 
but  in these instances variation in reverse transcriptase efficiency, an impor- 
tant  source of variability, is not  taken into account.  Two types of internal  
standards are commonly  used: an exogenous fragment added to the amplifi- 
cation reaction, or an endogenous  sequence or gene transcript  tha t  is nor- 
mally present  in the sample. If an exogenous fragment  is used, it can be an 
mRNA standard added to the target sample and amplified s imul taneously  
with the endogenous  target in a single PCR reaction. The purpose of the 
exogenous internal standard is to allow detect ion of differences in the am- 
plification efficiency (E in Fig. 1) between reaction tubes wi th in  an assay or 
between assays. A known amoun t  of standard is added to each sample and 
quant i ta ted after amplification. If differences in the a m o u n t  of s tandard prod- 
uct are detected between reaction tubes, then  the product  derived from the 
target sequence is normalized to the standard in its respective tube. Al though 
E has been considered a serious problem in the past, (24'2s) it was partly a result 
of inferior thermal  cyclers that  exhibited temperature  cycling variations from 
one well to another.  With the advent  of better machines  this has become less 
of a problem. For several thermal  cycling machines  currently available, the 
a m o u n t  of variation from well to well has been reported by the manufactur-  
ers to be ~ 10%. We have confirmed this in our laboratory by s imul taneously  
amplifying target mRNA in all the wells of a thermal  cycler at the n u m b e r  of 
cycles where the relationship between input  RNA and final signal was lin- 
ear. (26) However, a l though addit ion of an exogenous sequence may not  be 
necessary where samples are compared wi thin  the same assay, it is still useful 
if one at tempts to compare samples in different experiments.  Also, the exog- 
enous standard can be used in noncompet i t ive  assays to quant i ta te  the ab- 
solute level of target or cDNA in the original sample as was done by Wang et 
al. (27) Al though apparently successful, absolute quant i ta t ion  of PCR product  
relies on the assumption that  the value of E is the same for both  the target and 
standard mRNAs; this has to be de termined empirically because even slight 
differences in PCR product  or pr imer sequence may affect the amplif icat ion 
efficiency. In many  cases, however, quant i ta t ion of relative differences be- 
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tween samples in an experiment  is most  important ,  and the extra steps in- 
volved in a t tempting to measure absolute levels are unnecessary.  

An impor tant  alternative to the exogenous internal  s tandard is the use of 
an endogenous  sequence as the internal  standard. Typically, a housekeeping  
gene is used, such as [~-actin, HPRT, or GAPDH. ~s'ls'28) The endogenous  stan- 
dard permits detection of relative differences in the integrity of individual  
RNA samples. Even if the same quant i ty  of RNA is used for each preparat ion,  
the final quanti ty of product  may be greatly affected by differences in RNA 
integrity and the presence of inhibitors of RT. This is a particular problem 
because the degree of RNA degradation can vary significantly be tween sam- 
ples within a given experiment  and, as ment ioned  earlier, RNA degradat ion is 
not  detectable spectrophotometrically.  There are essentially two approaches 
to detect the variation in RNA degradation between samples. One approach 
involves electrophoresing 5-10 b~g of total RNA on an agarose gel and visu- 
alizing via e th id ium bromide staining whether  the r ibosomal bands are in- 
tact. This procedure requires a large quant i ty  of total RNA and, as a result, is 
often not  practical. The second approach involves amplif icat ion of house- 
keeping mRNA from the same RNA preparat ion used for target amplification. 
Coamplification of the target and the housekeeping mRNA sequences are 
done in the same tube or different tubes. Frequently, coamplif icat ion in the 
same tube is not  practical, because the housekeeping gene is expressed at such 
high levels in the RNA mixture that  its amplification inhibits  the amplifica- 
t ion of the target mRNA. (29-31) In these cases it is usually necessary to amplify 
in separate tubes, a l though one can also wait until  later stages of the ampli- 
fication before adding the primers that  amplify the endogenous  s tandard 
primers. (32) Either way, with endogenous  standards, variations in initial target 
RNA resulting from RNA degradation can be controlled for by simply nor- 
malizing the final target product  quanti ty to the a m o u n t  of housekeeping  
gene product. For example, if two target PCR products, A and B, are quanti-  
tated at values of 50 and 100, respectively, and the corresponding housekeep- 
ing gene products are at 25 and 50, the final normalized values of A and B are 
both 2, demonstra t ing no difference between A and B with regard to expres- 
sion of the particular target gene measured. 

An exogenous internal  standard cannot  be used to detect differences in 
mRNA integrity. Although useful for measuring differences in amplif icat ion 
efficiency (E) during PCR, it is not  a substitute for an endogenous  standard. 
Endogenous standards also correct for differences in RNA purity, result ing 
from DNA or protein contaminat ion.  Such con tamina t ion  may result in mis- 
leading spectrophotometr ic  readings and, consequently,  incorrect concentra-  
t ion determinations.  In summary,  the quanti tat ive RT-PCR technique  thus  
requires the use of an endogenous  standard. Other  endogenous  standards 
besides typical housekeeping genes are also used. For example, if measure- 
ments  are made of target gene expression from a particular cell subpopula-  
tion, a gene constitutively expressed by that  subpopulat ion may be used. For 
example, TCR Cc~ or C[3 has been used as an endogenous  internal  s tandard in 
the quant i ta t ion of changes in TCR V[~ expression. (33-3s) 

COM PETITIVE RT-PCR 
Competit ive RT-PCR was developed to quant i ta te  absolute values of target 
RNA. The procedure relies on the use of an external s tandard that  "mimics"  
or closely imitates the target RNA species with respect to pr imer b ind ing  and 
other  variables affecting PCR amplification. This is an impor tan t  difference 
from the exogenous internal  standard used in the noncompet i t ive  assay, 
where the standard primer set can amplify a completely different target t han  
the experimental  target mRNA. In the competit ive assay, the s tandard is sim- 
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ilar enough to the target that competition with target occurs and, ideally, the 
experimental and standard target sequences amplify with the same efficiency 
(E in Fig. 1) but can be distinguished from each other following agarose gel 
electrophoresis. These standard fragments fall into two categories: homolo- 
gous and heterologous competitor fragements. ~24'3~ Homologous frag- 
ments differ only slightly from the target sequence with the addition of a 
unique restriction site or the presence of an additional sequence such as an 
intron that increases the molecular weight of the standard. Recently, several 
rapid PCR-based techniques have been used to develop homologous stan- 
dards. One potential problem with this sort of standard is the formation of 
heteroduplexes between the standard and target sequences during the ampli- 
fication process--an artifact that could interfere with quantitation. In con- 
trast, heterologous competitor fragments differ from the target, except for the 
flanking primer-template regions, which are identical. Thus, heteroduplex 
formation cannot occur, and slight differences in the target and primer se- 
quence can be easily created. 

The competitive RT-PCR assay is usually performed by titrating a known 
quantity of the standard mRNA target against a constant amount of the ex- 
perimental mRNA target. The concentration at which product from the stan- 
dard target equals the product produced from the experimental target is taken 
to be the starting concentration of the experimental mRNA. Given the dif- 
ferences between PCR mimics and the experimental target, particularly with 
heterologous standards, it is essential to determine empirically whether the 
target and mimic sequences amplify with similar efficiencies. To do this, one 
can plot the log of the product against the cycle number for the experimental 
and the standard target. The similarity of the slopes of the linear portion of 
the resulting two curves is indicative of the similarity of the amplification 
efficiency. Successful PCR mimics for a large number of genes have been 
developed, and many of these are commercially available from companies, 
including Clontech (Palo Alto, CA). 

It has been suggested that the nature of the competitive PCR makes it 
possible to obtain useful data after the reaction has reached the plateau phase. 
This can be a considerable advantage because quantitation can be performed 
by simple agarose gel electrophoresis of ethidium bromide-stained PCR prod- 
uct. However, others caution that even the competitive PCR technique may 
not work well when the product is measured well after the plateau phase, 
particularly when the sequences of the target and standard molecules are 
different, with the exception of the primer sequences, that is, heterologous. (38) 

A major source of variability usually not controlled for in competitive 
RT-PCR assays is RNA purity and RNA integrity. In assays where DNA instead 
of RNA standards are used, (37'39'4~ there is also no control for reverse tran- 
scriptase yield and uniformity. Because the nature of the RNA preparation is 
a major source of variation in any assay of gene expression, the reliability of 
this approach without additionally using endogenous internal standards is 
suspect. However, as mentioned earlier, because most investigators are inter- 
ested in quantitating relative differences between control and treatment 
groups, the necessity for exogenous mimic RNA standards to determine ab- 
solute levels may be limited. 

In summary, RT-PCR is a powerful technique for the quantitation of 
changes in gene expression. Several different approaches are widely used, 
including noncompetitive and competitive assays. With both assays, it is 
paramount to include endogenous standards, and if one plans to compare 
samples between assays or if the amplification efficiency varies significantly 
from well to well of the thermal cycler being used, it is advisable to also 
include external RNA standards. One should also standardize each of the 
procedures involved in the RT-PCR technique as much as possible, optimiz- 
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ing each step including (1) RNA isolation, (2) the reverse transcriptase reac- 
tion, (3) PCR amplification, (4) Southern blotting and hybridization, and (5) 
quantitation of product. Included in the Appendix is a protocol describing the 
technnique we have used for quantitating differences in cytokine gene ex- 
pression. As different laboratories become experienced with the quantitative 
RT-PCR technique we expect it to be used increasingly in gene expression 
studies directed toward understanding immunity, development, differentia- 
tion, transformation, and tumorigenesis. 

APPENDIX 

RT/PCR PROTOCOL 

RNA Isolation 
Modification of the RNAzol B method is from Cinna Scientific, Inc. (Friends- 
wood, TX). 

Tissue Preparation 
The approximate weight of any tissue samples to be studied should be deter- 
mined. RNAzol should then be distributed to polypropylene tubes at 2 ml of 
RNAzol per 100 mg of tissue. The RNAzol should be kept cold and protected 
from light; also, great care should be taken when handling the RNAzol as it is 
highly caustic. The tissue sample should be placed in RNAzol and thoroughly 
homogenized. The sample can then be snap-frozen in liquid nitrogen and 
stored at -70~ for future extraction. 

RNA Extraction Frozen homogenates should be thawed for - 5  min in a 37~ 
water bath. Add 0.2 ml of a 24:1 mixture of chloroform/isoamyl alcohol for 
every 2 ml of homogenate, and shake the samples vigorously for 15 sec. Let 
the samples sit on ice for 5 rain. Centrifuge the samples for 15 min in a 
refrigerated centrifuge (4~ at 12,000g. Carefully remove the aqueous (top) 
phase that contains the RNA and transfer it to another tube; store on ice. Care 
must be taken to avoid the white interphase layer, as this contains protein 
that will hamper your ability to quantify the RNA. 

RNA Precipitation To each sample, add a volume of cold isopropanol that is 
equal to the volume of your aqueous phase. Mix the tubes gently, and store 
the samples for 15 min on ice. Centrifuge the samples for 15 min at 4~ and 
12,000g. The RNA should form a whitish/yellowish pellet at the bottom of the 
tube. 

RNA Washing Carefully decant the isopropanol. Wash the RNA pellet by 
adding a volume of cold 75% ethanol and resuspend the RNA pellet by shak- 
ing or pipetting. Centrifuge the sample for 8 min at 4~ and 12,000g. Care- 
fully decant the ethanol and dry the pellets by air or under vacuum. Vacuum 
drying is more expedient, but care should be taken not to overdry the pellet. 

RNA Quantification The RNA pellets should be solubilized in 20-501~1 of 
distilled, deionized water. It is usually helpful to freeze and thaw the samples 
to increase solubility. The product can be quantified spectrophotometrically 
by measuring the OD26o/OD28o of an aliquot. The 260/280 ratio should be 1.8 
or above. If the ratio is low, the sample should be reextracted. 

Reverse Transcription 
The reverse transcriptase reaction described below is based on a starting con- 
centration of 3.6 I~g of total RNA. 
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Prepare a master mix based on the number  of samples you have with 
components in the following concentrations: 

Pharmacia (San Diego, CA) deoxynucleotide triphosphates 
(2.5 mM each dNTPs) 

GIBCO BRL (Gaithersburg, MD) 
0.1 M dithiothreitol 

Promega (Madison, WI) 
RNasin (4000 U/g.l) 

Boehringer Mannheim (Indianapolis, IN) 
random primers (n -- 6) (20-40 U/ml) 

RNA diluted with distilled/deionized H20 ) 

Total volume 

2.5 ~1 

5.0 ~l 

0.5 ~l 

2.0 ~l 
8.8 ~l 

18.8 ~l 

Heat the above mixture to 70~ for 5 min and then quench on ice. Cen- 
trifuge the samples briefly. To each sample, add 6.2 ~l of the mix, below. 

GIBCO BRL RT storage buffer 5.0 ~l 
GIBCO BRL RT (200 U/~l) 1.2 ~l 

Final volume 25.0 ~l 

Incubate the mixture at 37~ for 60 min, denature at 90~ for 5 min, and 
quench on ice for 5 min. Store samples at -70~ 

PCR 
The reaction described below is based on using 2.5 ~l of reverse transcriptase 
reaction product (cDNA). 

Prepare a Master Mix 
Based on the number  of samples you have, add components  in the following 
concentrations: 

Pharmacia deoxynucleotide triphosphates 
(2.5 mM each mix of 10 mM dNTPs) 

Promega Taq DNA polymerase buffer A 
Promega MgCl 2 (25 mM) 
Promega Taq DNA polymerase (5 U/~l) 
Sense oligo primer (0.2 ~g/~l) 
Antisense oligo primer (0.2 ~g/~l) 
cDNA (from reverse transcriptase reaction) 
Distilled, deionized H20 

4.0 ~1 
5.0 ~1 
3.0 ~1 
0.2 ill 
2.0 ill 
2.0 ~1 
2.5 ~1 
31.3 ~1 

Final volume 50.0 ~l 

After mixing and spinning the PCR mixture down, overlay 50 ~l of mineral 
oil. 

PCR cycle conditions 

Denature samples for 5 min at 94~ 
Cycles: denaturing at 94~ for 45 sec 

annealing at 53~ for 1 min 
extension at 72~ for 2 min 

Final extension at 72~ for 7 min. 
Soak at 4~ 
Samples can be stored at 4~ for several months.  
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Southern Blotting 

Prepare Agarose Gel 
For the  purpose of transferring PCR product  to ny lon  membranes ,  a 300-ml 
gel works best. This gel should be a 1% agarose-TBE gel with e t h i d i u m  bro- 
mide prepared as follows: 3 grams of agarose heated/dissolved in 270 ml  of 
distilled water. Add 30 ml of lOx TBE and 30 ~1 (10 ~g/~l) of e th id ium 
bromide.  Cool to 50~ and pour. 

Prepare PCR Samples 
For our  detect ion system, phosphor imaging ,  we find tha t  9 ~1 works best. 
Other  detect ion methods  that  are not  as sensitive may require a larger a l iquot  
of the PCR reaction for transfer. Carefully remove 9 pd of the PCR product ,  
and add to another  tube taking care not  to transfer any of the minera l  oil. Add 
1 ~l of loading buffer to the samples, and heat  to 65~ for 5 min.  Q u e n c h  the  
samples on ice, and spin t hem down; load the gel. After loading, add l x  TBE 
buffer and run the gel at 120 V for 20-30 min.  

Blotting 

1. Denaturing.  (1 x solution: 1.5 M NaC1, 0.5 M NaOH at pH 13). Slosh the 
gel for 25 min  in this solution, decant  and replace with fresh solut ion and 
repeat. 

2. Rinse twice with distilled water. 
3. Neutralize. (1.5 M NaC1, 1 M Tris-HC1 at pH 7.5). Slosh the gel for 15 m i n  

in this solution, decant  and replace with fresh solut ion and repeat. 
4. Rinse twice with distilled water. 
5. Saturate. (20• solut ion SSPE at pH 7.4). Slosh the gel for 30 m i n  in this 

solution. 

While the gel is in 20x  SSPE, prepare the following: Soak a Nytran nylon  
m e m b r a n e  (0.2 ~m), from Schleicher & Schuell (S&S), in distilled water. In 
10• SSPE, soak two pieces of S&S GB002 th in  blot t ing paper. In 5 • SSPE, soak 
one piece of S&S GB004 thick blot t ing paper. Set these i tems up to allow for 
at least a 30-rain soak. Remove the gel, and invert  it so that  the b o t t o m  is 
facing up. Place the Nytran so that  all of your samples are covered, and 
exclude all air bubbles. Cut away, and discard any excess agarose. Place the  
GB002 blot t ing papers (presoaked in 10x SSPE) on top followed by the GB004 
paper (presoaked in 5 • SSPE). Add 2-3 inches of dry GB004 blot t ing  paper, 
and top with a hard metal  or plastic tray followed by two l-liter bott les of 
water. The transfer is completed  overnight  but  may sit for up to 48 hr. 

Prehybridization 
After the transfer to Nytran is completed,  the DNA mus t  be a t tached to the  
membrane .  This is accompl ished by UV light. The blot  is placed in a UV 
cross-linker with the side that  was in contact  with the gel facing up and 
expose it to 1200 J of UV eneiNT. Make sure that  you mark  the  blot  wi th  an 
indelible marker  as to the approximate  band  posi t ion and or ientat ion.  For 
each blot, you will need 10 ~1 of prehybridizat ion fluid with sa lmon sperm 
DNA (S.S. DNA) as described below. Prehybridizat ion solut ion is stored at 
- 2 0 ~  wi thout  S.S. DNA. The recipe for 100 p~l is as follows: 

20• SSPE 
100x Denhardt ' s  
10% SDS 
Distilled water 

30 ml (final conc. = 6 • 
10 ml (final conc. = 10•  
10 ml (final conc. = I x)  
50 ml 
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Add S.S. DNA at a concent ra t ion  of 50 ~g/ml. Denature  the S.S. DNA before 
adding it to the prehybridizat ion solut ion by heat ing  the required a m o u n t  of 
S.S. DNA ( - 5 0  ~l of stock) to 95~ for 5 rain and then  q u e n c h i n g  on  ice. 
Prewarm the prehybridizat ion solut ion to 42~ Place the blot  in a sealable 
food storage bag or other  suitable container.  Add the S.S. DNA to the  prehy- 
bridizat ion solution, and then  add the mixture  to the blot  and seal the  bag or 
container.  If a bag is used, special care mus t  be taken to exclude air bubbles.  
Place the bag or container  in a 42~ water bath  or oven and shake for 5 hr. 

Hybridization 
This procedure is described for use with end-labeled ol igonucleot ide  probes. 
Proper procedures for handl ing  radioactive materials should  be followed. 

1. Probe preparation.  

Prepare fresh l x  probe buffer: 

1 M Tris (pH 7.6) 5 ~l 
2 M MgC12 0.5 ~l 
0.5 M di thiothrei tol  1 ~l 
Distilled water 3.5 ~l 

Total 10.0 ~l 

Prepare probe reaction mix: 

Probe buffer 2.5 ~l 
Probe (0.2 ~g/~l) 2.0 ~1 
Pharmacia T4 kinase 1.0 ~l 
Distilled water 9.5 ~l 
[32p]ATP (10 ~Ci/~l) 10.0 ~l 

Total 25.0 ~l 

Incubate  at 37~ for 40 min. After the incubat ion  is complete,  separate the  
non incorpora ted  label with a G-25 Sephadex spin co lumn  (5' ~ 3'). Deter- 
mine  the specific activity of your probe by liquid scintillation. 

2. Hybridization solution is stored frozen at -20~ A recipe for 100 ml  is 
listed below: 

20x  SSPE 
10% SDS 
Distilled water 

30 ml (final conc. = 6 x) 
10 ml (final conc. = I x)  
60 ml 

Preheat the solut ion to 49~ Open the bag or conta iner  with the  blot  and  
pour  off the prehybridizat ion solution. Add 15 x 106 cpm of the probe to 10 
ml of hybridizat ion solution, mix, and then  add to the blot. Reseal the bag or 
conta iner  and incubate at 49~ while shaking, overnight .  

Washing 

Low-stringency Wash 
Remove the hybridizat ion solut ion and discard properly. Preheat  the  low- 
str ingency wash described below to 49~ 

20x  SSPE 180 ml (final conc. = 6 x )  
10% SDS 6 ml (final conc. = 0.1%) 
Distilled water 414 ml 

Total 600 ml 

PCR Methods and Applications $155 

 Cold Spring Harbor Laboratory Press on June 23, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Manual Supplement IIIIIIIEE    

W a s h  t h e  b l o t  i n  e n o u g h  w a s h  s o l u t i o n  to  c o v e r  t h e  b l o t  t h o r o u g h l y .  S h a k e  

t h e  b l o t  w h i l e  w a s h i n g  for  15 m i n  a t  49~ R e m o v e  t h e  m e m b r a n e ,  a n d  b l o t  

i t  d r y  w i t h  a b s o r b e n t  p a p e r .  At t h i s  p o i n t ,  y o u  m a y  w i s h  t o  c h e c k  t h e  b l o t  w i t h  

a p o r t a b l e  r a d i a t i o n  d e t e c t i o n  d e v i c e ;  t h i s  w i l l  a l l o w  y o u  to  d e t e r m i n e  t h e  

e f f e c t i v e n e s s  o f  t h e  h i g h - s t r i n g e n c y  w a s h .  

H i g h - s t r i n g e n c y  W a s h  

P r e h e a t  t h e  h i g h - s t r i n g e n c y  w a s h  d e s c r i b e d  b e l o w  to  49~ 

6 x  w a s h  s o l u t i o n  2 0 0  m l  ( f i n a l  c o n c .  = 2 x )  

D i s t i l l e d  w a t e r  4 0 0  m l  

T o t a l  6 0 0  m l  

W a s h  t h e  b l o t  as d e s c r i b e d  a b o v e ,  e x c e p t  t h e  t i m e  r e q u i r e d  is o n l y  - 3 0  sec.  

If  a d d i t i o n a l  w a s h i n g  is r e q u i r e d ,  r e p e a t  t h e  h i g h - s t r i n g e n c y  s tep ,  o r  a l x  

w a s h  c a n  b e  u s e d .  W h e n  t h e  b l o t  h a s  b e e n  w a s h e d  c o r r e c t l y ,  t h e  b a c k g r o u n d  

o n  b l a n k  a reas  o f  t h e  m e m b r a n e  s h o u l d  b e  2 0 0  c p m  o r  less .  T h e  b l o t  c a n  t h e n  

b e  q u a n t i f i e d  b y  t h e  m e t h o d  of  y o u r  c h o i c e .  
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