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A Sensitive, Quantitative 
Assay for Measurement of 
Allele-specific Transcripts 

Differing by a Single 
Nucleotide 

Judith Singer-Sam, Jeanne M. LeBon, 
Aihua Dai, and Arthur D. Riggs 

Biology Division, Beckman Research Institute of the City of Hope, 
Duarte, CA 91010 

We have found that  the single 
nucleotide primer extension assay, 
a PCR-based assay currently used 
qualitatively to measure allelic dif- 
ferences in DNA, can be used 
quantitatively to measure allele- 
specific transcripts differing by 
only a single nucleotide. We show 
that  total RNA containing the 
Pgk-1 a transcript can be specifically 
detected even in a 1000-fold excess 
of RNA containing the Pgk-1 b tran- 
script. 

Severa l  amplification-based assays 
have been described recently for the 
detection of allelic differences in 
DNA. (l-s) The assays have been used 
qualitatively, showing an all-or-none 
response, depending upon the 
presence or absence of a given allele. 
For some studies of gene regulation, 
however, it is important to quantitate 
the amount of RNA synthesized from a 
given allele. This is true, for example, 
for studies on X chromosome inactiva- 
tion, where changes in relative 
amounts of transcripts from two alleles 
of an X-linked gene may be used to 
probe differences in the activity of the 
X chromosome. In addition, an assay 
sensitive enough to detect quantita- 
tively RNA from an allele being ex- 
pressed at a relatively low level, or 
DNA present in less than single-copy 
amounts, should aid experiments in 
many areas, for example, work on the 
mechanism of parental imprinting and 
gene rearrangement. 

After investigating several methods, 
we have found that single~ 
primer extension (SNuPE) (4) is the as- 
say most readily adaptable for the 
quantitative measurement of allele- 
specific RNA or DNA. SNuPE involves 
two steps. The first step is the 
amplification by PCR of a segment 
containing the allelic difference; the 
second step, which results in allelic 
specificity, is the enzymatic extension 
by one nucleotide of a primer that is 
complementary to one strand of the 
amplified product just 5 ' t o  the posi- 
tion of the allelic difference (4) (see Fig. 
1). In a given reaction, only the 

deoxynucleotide triphosphate specific 
for one of the alleles is used, allowing 
each allele to be probed separately. We 
report here that the SNuPE assay is 
quantitative over a wide range, and 
that allele-specific transcripts differing 
by only a C~A transversion can readi- 
ly be detected, even when the predom- 
inant allele is present in 1000-fold ex- 
cess. 

METHODS 
RT-PCR amplification and Isolation 
of amplified products 
A 309-bp fragment corresponding to 
nucleotides 442-750 of the published 
sequence of mouse Pgk-1 cDNA (6) was 
amplified by use of the primers 

GTAAAGGCCATTCCACCACCAA (up- 
stream primer) and AGCTGAGCCGGC 
CAAAATTGAT (downstream primer). 
Liver RNA was isolated by the use of 
RNAzol B (Cinna Biotecx) from 
C57/BL6J mice homozygous for either 
the Pgk-1 a allele (Jackson Lab, ME) or 
the Pgk-1 b allele (Simonson Lab, CA). 
The purified RNA was diluted in buffer 
[Tris-HC1, pH 8, 1 mM; EDTA, 0.1 raM; 
NaC1, 10 mM; tRNA, 1 ~g/ml; RNasin, 1 
U/~l (Promega)], and RT-PCR was done 
according to the protocol supplied by 
Cetus. Briefly, RNA (1-2 ng) was 
reverse-transcribed in 10 mM Tris-HCl 
(pH 8.3), 50 mM KC1, 5 mM MgC12, 1 
mM dXTPs, and 2 U/~l RNasin in a 
final volume of 20 B1. The downstream 
primer was present at 1 ~M, and 
Moloney murine leukemia virus 
reverse transcriptase (Mo-MLV RT) 
(BRL) was added to 2.5 U/B1. After in- 
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cubation at 42~ for 15 min,  the reac- 
t ion was stopped by heat ing to 99~ 
for 5 min.  The reaction was then  
diluted to 100 ~l with a master mix  so 
that the final concentrat ions of in- 
gredients were: 10 mM Tris-HCl (pH 
8.3), 50 mM KCI, 2 mM MgCl2, 200 H.M 
dXTPs, 0.2 p.M downstream and up- 
stream primers, and 2.5 units/reaction 
of Ampli taq polymerase (Cetus). PCR 
was then  done in a Gene Machine II 
thermal  cycler (USA/Scientific Plastics, 
FL) [95~ 1 m i n  (3 min  for the first 
cycle) followed by 59~ 1 m i n  for 40 
cycles]. 

After phenol /chloroform extraction 
and ethanol  precipitation, the ampli- 
fied products were subjected to agarose 
gel electrophoresis in TAE buffer. (7) 
The 309-bp bands were extracted by 
use of Gelase (Epicentre Technologies, 
Madison, WI), followed by ethanol  
precipitation. DNA was resuspended in 
TE (10 mM Tris-HCl, pH 8, 1 mM 
EDTA), and the approximate con- 
centration was determined by 
e th id ium bromide staining after gel 
electrophoresis of an aliquot. 

The SNuPE assay and quantitation 
The SNuPE assay was done essentially 
as described. (4) The reaction mix  con- 
tained, in a total volume of 10 B1, lx 
buffer (10 mM Tris-HCl, pH 8.3, 50 mM 
KC1, 5 mM MgC12 0.001% gelatin), 1 
I~M pgk471 primer (TCCGAGCCTCACT 
GTCCA), 0.75 units of Taq polymerase 

(Cetus), 2 ~Ci of [32p]dCTP or 
[32p]dATP, and amplif ied DNA frag- 
ment  (-10 ng/reaction). [32p]dCTP or 
[32p]dATP (3000 Ci /mmole ,  10 ixCi/ixl) 
was diluted fivefold in H20 , and 1 ~l 
was added to each tube just prior to in- 
cubation; all other ingredients were 
added to the templates as part of a 
master mix. The primer was heated 
briefly to 90~ prior to addit ion to the 
master mix to avoid artifacts as a result 
of repeated freeze-thawing. The 
samples were incubated at 95~ for 1 
rain, 42~ for 2 rain, and 72~ for 1 
rain for one cycle in an Ericomp 
thermal  cycler. After electrophoresis of 
the samples on a 15% denatur ing poly- 
acrylamide gel, the radioactivity in 
each band was determined by use of 
the AMBIS Radioisotope Scanning Sys- 
tem II (Automated Microbiology Sys- 
tem, Inc.). 

RESULTS 
Shown in Figure 1 is an outl ine of the 
adaptat ion of the SNuPE assay for 
quanti tat ive measurement  of allele- 
specific transcripts, using the Pgk-1 a 
and Pgk-1 b alleles as a model  system. 
As indicated schematically, the two al- 
leles differ by one base at position 490 
of the cDNA sequence, (8) C versus A for 
the Pgk-1 a and Pgk-1 b alleles, respec- 
tively. 

Total RNA is amplif ied by RT-PCR; 
the amplif ied product is then  gel- 
purified, and the SNuPE assay is done 
using the appropriate 32p-labeled 
triphosphate.  To detect the Pgk-1 a al- 
lele, [32p]dCTP is added; for the Pgk-1 b 
allele, [32p]dATP is added. The ratio of 
the signals resulting from the two sepa- 
rate reactions should be proportional 
to the relative amount  of each tran- 
script init ially present. 

As a first step in development  of 
the assay, we demonstrated that allelic 
variants of the Pgk-1 gene were detec- 
table by the SNuPE method.  Amplified 
products from either the Pgk-1 a or 
Pgk-1 b alleles were used for the SNuPE 
assay, with results shown in Figure 2. A 
very clear allele-specific signal is seen 
(cf. lanes 1 vs. 2, and lanes 4 vs. 5). 
Particularly striking is the apparent ab- 
sence of background due to primer ex- 
tension of the "incorrect" allele (Fig. 2, 
lanes 1 and 5). 

We next did a mix ing  exper iment  
to determine whether  the relative 
amounts  of Pgk-1 a and Pgk-1 b RNA do 
in fact affect the signal. Pgk-1 a- or Pgk- 
1b-containing RNA was purified from 
homozygous mice (see Methods) and 

RNA TEMPLATE 

P a k - l a  P a k - l b  

1 RT-PCR 
13 ~ A . ~  

~ O  - - - T  
+ SNuPE primer 

- " "  C "--~ A . - -  
O T 

I primer 
extension 

+ 3 2 P - d O T P /  N +  32P-dATP 

FIGURE I Schematic outline of the RT-PCR 
SNuPE assay. Pgk-1 a and Pgk-1 b are the two 
alleles of the Pgk-1 gene (see text.) 

FIGURE 2 Autoradiogram showing detection 
of the Pgk-1 a and Pgk-1 b alleles. Template 
DNA consisted of 10 ng of PCR-amplified 
products of the Pgk-1 a or Pgk-1 b alleles, 
containing either C or A, respectively, at 
position 489 of the cDNA sequence. (6) Ex- 
tension of a primer with either [32p]dATP or 
[32p]dCTP, followed by gel electrophoresis, 
was done as indicated in Methods. The gel 
was then exposed to XAR-5 film for 2 hr at 
4~ (Lane I) Pgk-1 a template, [32p]dATP; 
(lane 2) Pgk-1 b template, [32p]dATP; (lane 
3) no template added, [32p]dATP; (lane 4) 
Pgk-1 a template, [32p]dCTP; (lane 5) Pgk-1 b 
template, [32p]dCTP; (lane 6) no template 
added, [32p]dCTP. 

then  mixed as shown in the legend to 
Figure 3. After RT-PCR and the SNuPE 
assay, the results shown in Figures 3 
and 4 were obtained: Figure 3A shows 
that when  increasing amounts  of 
Pgk-la-containing RNA are added, the 
Pgk-la-specific signal increases. Figure 
3B, by contrast, shows that  the Pgk-1 b- 
specific signal remains nearly constant,  
reflecting the relatively h igh  amoun t  
present in each reaction. There is some 
reduction in signal in lanes 7 and 8 of 
Figure 3B, as in these samples 23% and 
50%, respectively, of the 10 ng of 
amplif ied product assayed is due to the 
Pgk-1 a allele (see legend to Fig. 3). Fig- 
ure 4 shows the ratio of the Pgk-1 a- 
specific to the Pgk-lb-specific signal 
plotted versus the relative amoun t  of 
RNA in the initial RT-PCR reaction. 
The proportional relat ionship is seen 
clearly (correlation, 0.997), even when  
the ratio of Pgk-1 a to Pgk-1 b RNA is 
0.001. 

These results demonstrate two 
aspects of the assay: (1) They confirm 
that RT-PCR of two nearly identical  
RNAs with one set of primers amplify- 
ing both templates results in quantita- 
tive amplification; (2) they show that  
the SNuPE assay is quanti tat ive and al- 
lows allele-specific discr iminat ion over 
a wide range of relative concentrat ions 
of each transcript. 

To determine the reproducibil i ty of 
the assay, varying amounts  of the 
amplif ied product of the Pgk-1 a allele 
were mixed with 10 ng of the Pgk-1 b 

PCR Methods and Applications 161 

 Cold Spring Harbor Laboratory Press on June 21, 2026 . Published by genome.cshlp.orgDownloaded from 

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


FIGURE 3 Reconstruction experiment. One 
nanogram of total liver RNA from a mouse 
homozygous for the Pgk-1 b allele was 
mixed with the indicated amounts of RNA 
from a Pgk-1 a homozygote. RT-PCR was 
done, and then 10 ng of the gel-purified 
PCR product was used for the SNuPE assay 
with either [32p]dCTP (A) or [32p]dATP (B). 
Amount of Pgk-la-containing RNA added: 
(lane 1) none; (lane 2) 0.001 ng; (lane 3) 
0.003 ng; (lane 4) 0.01 ng; (lane 5) 0.03 ng; 
(lane 6) 0.1 ng; (lane 7) 0.3 ng; (lane 8) 1 
ng. 

product. W h e n  the results of three ex- 
per iments  were analyzed, a correlation 
was found similar to that  described for 
Figure 4 (intraclass correlation coeffi- 
cient, 0.992). The error seems to in- 
crease somewhat  wi th  a decreasing 
amoun t  of the allele being measured, 
the percent standard deviation ranging 
from 10% when  3 ng of the Pgk-1 a 
amplif ied fragment is added to 30% 
when  only  0.01 ng is added. Thus, 
two- to threefold differences are 
measurable, even when  the Pgk-1 a al- 
lele is present as 0.1% of the total. 

To determine the general applica- 
bil i ty of the assay, we did a reconstruc- 
t ion exper iment  with templates allow- 
ing the detection of A/C, G/C, and C/G 
ratios. Although the background was 
sometimes higher  than  that reproduc- 
ibly seen for C/A measurement ,  in all 
cases a quantif iable signal was ob- 
tained when  the allele being measured 
was at least 1% of the total. Our find- 
ings, together with the previous data 
on G/C and C/T mismatches,  (4) suggest 
that  the assay should be applicable to 

the quanti tat ive detection of any mis- 
match.  

D I S C U S S I O N  

The SNuPE assay provides con- 
venience, quantifiabili ty,  and very 
sensitive allele-specific discrimination.  
Other assays have various drawbacks 
for allele-specific quanti tat ive measure- 
ment.  The ligation amplif icat ion reac- 
tion, {9) in which  a labeled primer is 
ligated to form a higher-molecular- 
weight product only if the correct com- 
plementary  base is present on the 
template, is difficult to quanti tate (our 
unpubl i shed  results and R.B. Wallace, 
pers. comm.). Compet i t ion hybridiza- 
tion, {1~ hybridizat ion of PCR products 
to an oligonucleotide probe in the 
presence of an excess of unlabeled 
oligonucleotide specific for the other 
allele, can be used quantitatively.  How- 
ever, at least for Pgk-la/-1 b, even under  
opt imal  conditions, allele-specific dis- 
cr iminat ion is only possible when  one 
is measur ing intermediate levels of one 
allele relative to another  (>1%) (our 
unpubl i shed  data). Temperature gradi- 
ent or other denatur ing gels are se- 
quence dependent  and did not work 
for our sequence (unpubl.); further- 
more, even when  they are used suc- 
cessfully, the results do not appear to 
be quantitative. (1) Because the SNuPE 
assay depends on a critically specific 
event in DNA synthesis--nucleotide 
selection by a template-bound DNA 

po lymerase - the  assay is especially use- 
ful for sensitive quanti tat ive measure- 
ment.  

The quanti tat ive use of the SNuPe 
assay relies on the quantif iabil i ty of 
PCR. Several groups have now shown 
that the inclusion in PCR reactions of a 
control template differing by a single 
base pair or by a small deletion from 
the template being measured allows 
quanti tat ive measurement  of the 

template.(11-13) The key element  is that 
both templates are amplif ied by the 
same primer set, so that  tube-to-tube 
variation affects amplif icat ion of both 
experimental  and control templates 
equally. Fortunately, when  allelic dif- 
ferences are being measured, one allele 
automatical ly serves as an internal  
control for amplif icat ion of the other. 
In the case of allele-specific detection 
of RNA, quanti tat ive RT-PCR should be 
particularly accurate, since the "con- 
trol" RNA natural ly present com- 
pensates for tube-to-tube variation in 
the efficiency of reverse transcription 
as well as PCR. 

Quanti tat ive SNuPE should also 
provide an accurate system for detect- 
ing the absolute amoun t  of transcript 
present. Restriction enzymes have pre- 
viously been used after RT-PCR (12) to 
compare the amount  of amplif ied frag- 
ment  produced from the RNA of inter- 
est to the amount  co-amplified from a 
known amoun t  of standard RNA (or 
DNA) differing by 1 base at an ir~ternal 

10~ 
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[]  

. 0 0 1  . . . . . . . .  , . . . . . . . .  , . . . . . . .  q . . . . . . . .  , 
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FIGURE 4 Quantitation of the RT-PCR SNuPE experiment shown in Fig. 3. 
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restriction site. (12) If quanti tat ive 
SNuPE is used, there is greater 
flexibility in the choice of the added 
standard template  and in the range of 
detectability, which would no longer 
be limited by uncer ta in ty  over com- 
pleteness of cutt ing by a restriction en- 
zyme. 

In the exper iment  described in Fig- 
ure 3, 1 ng of Pgk-lb-containing mouse 
liver RNA was used. The m a x i m u m  
estimate of abundance  of Pgk-1 tran- 
scripts in mouse liver is 0.2% of total 
mRNA or about 20,000 copies per cell. 
Therefore, if one assumes that  10% of 
liver RNA is poly(A) § mRNA, 1 ng of 
total RNA should correspond to 
-200,000 molecules of Pgk-1 b mRNA. 
Because we can detect 0.001 ng of Pgk- 
1a-containing RNA in this mix, we 
estimate that  -200 molecules of allele- 
specific RNA are detectable. Thus, for a 
moderately expressed gene such as 
Pgk-1, a single cell provides a sufficient 
number  of RNA molecules for detec- 
tion of an allelic variant  present as 1% 
of the p redominant  allelic transcript. 

The assay described here can be 
sensitive enough to measure quanti ta-  
tively changes in 0.1% of a transcript 
populat ion.  This sensitivity is adequate 
for the study of either allele-specific 
gene regulation or transcriptional 

changes occurring in a minori ty  of 
cells (e.g., RNA splicing events). The as- 
say can be used equally well for the 
quanti tat ive assay of changes in DNA. 
For m a n y  such studies, for example 
gene rearrangements  in a populat ion 
of T or B cells, sensitivity of the assay is 
adequate as described. It is possible 
that  the detection limit can be lowered 
by use of a DNA polymerase with a 
lower rate of misincorporat ion than  
Taq polymerase. In that  case, the assay 
would also be suitable for studies of 
muta t ions  and other  rare events. 
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