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Quantitative

Determination of Rare
mRNA Species by PCR and

Solid-phase

Minisequencing

Elina Ikonen, Tuula Manninen,

Leena Peltonen, and Ann-Christine Syvianen

Laboratory of Molecular Genetics, National Public Health Institute,

We present a new method for
quantification of mRNA, in which
the limitations of the current
quantitative PCR methods can be
overcome. A known amount of a
synthetic RNA standard differing
from the mRNA to be quantified by
a single nucleotide is reverse-tran-
scribed and amplified together
with the mRNA template using a
biotinylated primer. The biotiny-
lated PCR product is immobilized
on a streptavidin-coated solid sup-
port and denatured. The ratio be-
tween the two amplified sequences
is determined by separate "mini-
sequencing" reactions, in which a
detection step primer annealing im-
mediately adjacent to the site of
the variable nucleotide is elongated
by a single labeled dNTP comple-
mentary to the nucleotide at the
variable site. The ratio between the
incorporated labels accurately de-
termines the ratio between the two
sequences in the original RNA sam-
ple. We applied this method to
quantify the mRNA of human as-
partylglucosaminidase (AGA) in tis-
sues and cultured cells. AGA s a
lysosomal enzyme participating in
the degradation of glycoproteins. A
mutation in the AGA gene abolish-
es the enzyme activity and leads to
aspartylglucosaminuria (AGU), a re-
cessively inherited metabolic dis-
order. The mRNA quantification re-
vealed that the normal and mutant
genes are expressed at similar
levels in kidney, liver, and cultured
fibroblast, whereas the amount of
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AGA mRNA in normal placenta and
brain is significantly higher than
that found in the corresponding
samples from AGU patients. The
method presented here is generally
applicable for PCR-based quantifica-
tion of rare mRNAs and DNA as
well.

Quantitative analysis of a specific
mRNA species is of major importance
when analyzing the expression of
genes in different biological systems
and for studying the consequences of
mutations resulting in human genetic
diseases. When the mRNA population
under study is expressed at a low level
or in a small proportion of cells, con-
ventional Northern blot hybridization
is often not sensitive enough. Further-
more, Northern blot hybridization al-
lows only semiquantitative compari-
son of mRNA levels that differ from
each other significantly. Consequently,
the transcription levels of many genes
have not been determined accurately.
Aspartylglucosaminidase (AGA, E.C.
3.5.1.26) is a lysosomal acid hydrolase
essential in the degradation of glyco-
proteins in all cells.(l) Analyses of the
expression level of AGA in different tis-
sues and cell cultures have so far been
based on determination of the enzy-
matic activity. As expected for a house-
keeping gene, only slight variations be-
tween tissues have been found.(23
Deficient AGA activity in humans
leads to aspartylglucosaminuria (AGU;
McKusick 208400), a recessively in-

herited lysosomal storage disease.()
The AGU disease is enriched in the
genetically isolated population of Fin-
land.® The majority of these AGU
cases are caused by a single point
mutation in the AGA gene(®”) which
leads to substitution of Cys-163 for Ser
in the AGA polypeptide, practically
abolishing its enzymatic activity.®
Consequently, enzyme assays cannot
be applied to study the expression of
the mutated AGA gene in tissues of
AGU patients. Analysis of AGA mRNA
in tissue samples by Northern blot hy-
bridization requires the isolation of
poly(A)* RNA. Even then, it is difficult
to detect quantitative differences in
AGA mRNA levels between different
tissues from either AGU patients or
control individuals (Ikonen et al., un-
publ.).

The PCR technique® combined
with a first-strand c¢DNA synthesis
step(101D) significantly improves the
sensitivity of analyzing rare mRNA
populations. However, this approach
does not allow direct quantification
due to several factors. First, the PCR
amplification is exponential only at
low concentrations of template.(1213)
Second, differences in the reaction
conditions may cause significant
sample-to-sample variation. Therefore,
an internal standard should be co-
amplified with the sample in the same
reaction.!4) The internal standard
should preferably be RNA that is in-
cluded before the reverse transcription
step to control also the efficiency of
the ¢cDNA synthesis. Third, the effici-
ency of the PCR depends on the se-
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quence of the PCR primers and on the
sequence and size of the template.
Therefore, the internal standard should
be as similar as possible to the tem-
plate to ensure that the ratio between
the two sequences remains constant
during the PCR.(1%17) On the other
hand, the two PCR products must dif-
fer from each other by some property
so that their relative amounts can be
determined after the amplification. In
most of the quantitative PCR methods
developed so far, this is accomplished
by size separation in gel electropho-
resis, although other approaches have
been suggested.(18-19) Usually a label is
incorporated during PCR followed by
electrophoretic  separation,  either
directly if the products differ by
size(14-10) or after digestion with a
restriction enzyme if the products dif-
fer by a restriction enzyme cleavage
site.(15:17) Correct determination of the
ratio between two amplified sequences
of different size requires multiple
sampling to confirm that the amplifi-
cation of both sequences is in the ex-
ponential phase of PCR.1620) In the
separation of the PCR products based
on restriction site variation, errors are
caused by incomplete restriction en-
zyme digestion due to heteroduplexes
between the products, which are form-
ed during the PCR.(7:2D) The relative
amount of the separated products is
determined by densitometric scanning
of autoradiographs of the gels, or by
liquid scintillation counting of bands
excised from the gel. These detection
procedures involve several steps result-
ing in further inaccuracy of the quanti-
fication.

We introduce a new method, in
which the problems associated with
quantitative PCR analysis listed above
are avoided. First, a known amount of
standard RNA differing in sequence

from the mRNA to be quantified only
by a single nucleotide is reverse-
transcribed and coamplified with the
RNA. Then the ratio between the two
coamplified sequences is determined
by the solid-phase minisequencing
technique.(:22) The results of this
method are obtained as numeric values
reflecting the ratio of the PCR products
without the need for a gel elec-
trophoretic separation step. We ap-
plied this method to determine the
amount of AGA mRNA in tissues and
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cultured cells from normal individuals
and AGU patients.

MATERIALS AND METHODS
RNA Samples

Control tissue samples were obtained
in the autopsy of a 1-year-old child
who died from congenital heart disease
and from a fetus aborted because of
chromosome 21 trisomy. The AGU tis-
sue samples were from the autopsy of a
32-year-old AGU patient and from an
aborted AGU fetus of a carrier female.
The placental tissue from this preg-
nancy is here referred to as AGU
placenta. The samples were frozen at
-80°C or in liquid nitrogen within 24
hr after death. Fibroblast cultures were
maintained in Dulbecco’s modified
Eagle’s medium supplemented with
10% fetal calf serum. Total RNA was
extracted from tissue samples and cul-
tured cells by the guanidinium isothio-
cyanate/cesium chloride gradient pro-
cedure.?3 The amount of extracted
RNA was determined spectrophotomet-
rically at 260 nm, and the RNA prepa-
rations were stored at -80°C in 70%
ethanol until use.

Primers

Three oligonucleotides, one to serve as
primer for reverse transcription of the
AGA mRNA and as downstream PCR
primer (543: 5'-AGCAATATGTCCTG-
TCTTATGG, nucleotides 657-636 of
the cDNA sequence), an upstream PCR
primer (695: 5’-AGTGCTTCTCAAGC-
TCTTCA, nucleotides 445-464), and a
detection step primer for the mini-
sequencing reaction (D163: 5’-CCTC-
CAATAATTTGGCTGG, nucleotides
507-489) were designed according to
the published AGA cDNA sequence.(®
The primers were synthesized on an
Applied Biosystems 381A DNA synthe-

sizer.24) The 5’ end of the primer 695
was biotinylated as previously de-
scribed.(2%)

Preparation of RNA Standards

Normal AGA cDNA extending from
nucleotide 13 to nucleotide 1108 of
the full-length ¢cDNA and the cor-
responding cDNA containing a C,gq to
G transition as inserts in the plasmid
pGEM 7Z were constructed as previous-
ly described.® Two micrograms of the
plasmids linearized with the restriction
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enzyme Mlul were used as template for
transcription with T7 RNA polymerase.
The reactions, in which 1.2-kb trans-
cripts are produced, were carried out
according to Melton et al.?®) using
reagents from Promega Biotech. The
excess of NTPs was removed by gel fil-
tration on a Bio-Gel P30 spin column.
After extraction with phenol-chloro-
form and precipitation by ethanol, the
amount of synthesized RNA was deter-
mined spectrophotometrically at 260
mn. Typically, 20-40 ug of RNA was
produced per reaction. The RNA was
diluted to 10! molecules/ul in water
containing 1 unit/ml of RNasin (Pro-
mega Biotech) and was stored at 4°C
until use. The RNA preparations were
stable at these conditions for about 4
weeks.

Reverse Transcription and
Polymerase Chain Reaction

Immediately prior to the reverse trans-
cription reaction, the RNA standards
were diluted to 108-102 molecules/ul
in water containing 20 pg/ml of yeast
transfer RNA and 1 unit/ml of RNasin.
One microgram of total cellular RNA
together with a known amount of RNA
standard, or mixtures of known
amounts of both RNA standards, were
reverse-transcribed in SO-ul reactions
with the primer 543 at 1 uM and the

dNTPs at 0.4 uM concentrations, 1
unit/ul of RNasin and 1 unit/ul of AMV
reverse transcriptase (New England
Biolabs) in 50 mM Tris-HCI (pH 8.1), 2
mM dithiotreitol, 5 mm MgCl,, 40 mum
KCl. The reaction mixtures were in-
cubated at 22°C for 10 min followed
by 60 min at 42°C.

A 212-bp fragment of the AGA
cDNA was amplified by the PCR. Each
reaction contained 15-25 ul of the
reverse transcription mixture, 20
pmoles of the biotinylated primer 695
and an additional 100 pmoles of the
primer 543, the four dNTPs at 0.2 uM
concentrations, and 2.5 units of
Thermus  aquaticus  (Taq)  DNA
polymerase (Promega Biotech) in 100
ul of 50 mM Tris-HCI (pH 8.8), 15 mM
(NH),SO,, 1.5 mm MgCl,, 0.1% Triton
X-100, and 0.01% gelatin (Tag DNA
polymerase buffer). The PCR was in-
itiated with a "hot start," by first heat-
ing the samples for 5 min at 95°C, fol-
lowed by addition of the Tag DNA
polymerase at 80°C. Thirty PCR cycles
of 1 min at 95°C, 1 min at 55°C, and 1
min for 72°C were carried out.

Quantification by Solid-phase
Minisequencing

The solid-phase minisequencing proce-
dure was carried out essentially as de-
scribed for detection of the AGU muta-

TABLE 1 Approximation of the Amount of AGA mRNA in 1 ug of Total Cellular

RNA from Normal and AGU Fibroblasts

Number of molecules added

Radioactivity incorporated (cpm)

AGU RNA?  AGA RNAP SH[AGTP] SH[dCTP] Gepm/Cepm
108 17,700 42 >200
107 20,100 76 >200
108 10,100 200 51
108 7,550 1,200 6.2
104 3,120 3,930 0.79
103 601 5,710 0.10
102 197 5,550 0.036
- 246 8,043 0.033
108 317 31,500 0.011
107 337 32,300 0.010
106 790 28,500 0.036
108 3,530 10,300 0.34
104 7,500 3,360 2.2
103 10,700 8,990 12
102 12,900 380 34
- 11,100 363 30

aAdded to 1 ug of RNA isolated from normal fibroblasts.
PAdded to 1 ug of RNA isolated from fibroblast of an AGU patient.
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tion in genomic DNA.() One-tenth of
the 5’ -biotinylated PCR products were
captured in microtitration wells that
had been coated with streptavidin, and
the bound DNA fragment was dena-
tured by treatment with 50 mMm NaOH.
The primer annealing and extension
reactions were carried out simulta-
neously in a minisequencing reaction
mixture containing the detection step
primer D163 at 0.4 uM and either
3H[dGTP)] (TRK 627, 26-35 Ci/mmole,
Amersham) or 3H[dCTP] (TRK 625 52-
64 Ci/mmole) at 0.2 uM concentration
and 0.2 unit of Taq DNA polymerase in
50 pl of Tag DNA polymerase buffer for
10 min at 50°C. The primer was re-
leased by treatment with 50 mm
NaOH, and the eluted radioactivity
was measured in a liquid scintillation
counter. For each sample, the ratio be-
tween the incorporated 3H[dGTP] and
3H[dCTP] was calculated.

Enzyme Assay

The AGA activity in normal brain, kid-
ney, liver, and placental tissues was
determined using an assay based on
colorimetric measurement of liberated
N-acetylglucosamine.(!). The tissue
samples were those used for the isola-
tion of RNA. The amount of total
protein in the samples was determined
using the microassay version of the
Bio-Rad protein assay.

RESULTS AND DISCUSSION

Principle of the Quantitative
Analysis

The solid-phase minisequencing tech-
nique allows determination of the ratio
between two sequences, which differ
from each other by a single nucleotide
and are present as a mixture in a
sample.”) A DNA fragment spanning
the variable site is amplified with one
biotinylated and one unbiotinylated
PCR primer. The synthesized biotiny-
lated PCR product is immobilized on a
streptavidin-coated solid support and
denatured. Each of the nucleotides at
the variable site in the immobilized
DNA strands is detected separately by a
primer extension reaction, in which a
single labeled nucleoside triphosphate
is incorporated. The ratio between the
incorporated labels is a measure of the
ratio between the two amplified se-
quences.

We tested the applicability of solid-

phase minisequencing to quantify the
mRNA of a housekeeping enzyme
(AGA) in tissues and cultured cells of
normal individuals and AGU patients.
For this analysis we prepared two
synthetic RNA standards by transcrip-
tion with T7 RNA polymerase from
two cloned DNA constructs, which dif-
fer from each other by one nucleotide
corresponding to the C,g4—G transver-
sion in the AGA cDNA. This is the
most common mutation causing the
AGU disease.(67)

To determine the amount of nor-
mal AGA mRNA, a known amount of
synthetic RNA with the AGU RNA se-
quence is added to the samples.
Analogously, mRNA in tissues of AGU
patients is quantified using an RNA
standard corresponding to the normal
sequence of the AGA gene. The RNA
mixtures are subjected to reverse trans-
cription and PCR amplification, and
the ratio between the two sequences in
the PCR product is determined by the
ratio between [3H]dGTP and [3H]dCTP
incorporated in the solid-phase mini-
sequencing reaction. Comparison of
the obtained G ,,/C,y, ratio with a
standard curve constructed with mix-
tures of known amounts of the RNA
standards gives the initial ratio be-
tween the sample and standard RNA.

Figure 1 outlines the steps of the proce-
dure. Because the variable nucleotide
of the two RNA standards is the same
as the mutation in the AGA gene caus-
ing the AGU disease, one standard
curve can be used for analyzing both
types of samples.

Determination of the Range of
Detection

First, an experiment to obtain a
preliminary estimate of the amount of
AGA transcript in RNA isolated from
cultured fibroblasts was carried out.
Tenfold dilutions ranging from 108 to
102 of the AGU and AGA RNA stan-
dard were added to 1 ug of total cel-
lular RNA isolated from fibroblasts of a
normal individual and an AGU
patient, respectively. The chm/Ccpm
ratios obtained by the solid-phase min-
isequencing assay (Table 1) indicate
that in both fibroblast cell lines the
amount of AGA mRNA is in the range
of 104-105 molecules/ug RNA.

In principle, the absolute amount
of RNA template present in the sample
could be calculated directly from the
Gepm/Cepm 1atio obtained in the solid-
phase minisequencing test. This ratio is
affected by the specific activities of the
3H[dNTP]s used, which is a factor easi-
ly accounted for. In addition, a small

Gepm/Cepm
100}
10}
0.1k
1 1 i
0.1 1.0 10.0

AGU RNA/AGA RNA

FIGURE 2 Solid-phase minisequencing standard curve. Mean G_

m/Cepm Values and varia-

tion range of three separate assays, in which labels of the same specific activity were used, are

given.
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amount (<3%) of background caused
by misincorporation of 3H[ANTP] by
the DNA polymerase affects the ratio.
This background is partially due to
other dNTPs present as impurities in
the labeled dNTPs and is thus sequence
dependent. The specificity of the DNA
polymerase may also be reduced by the
chemical moiety by which the label is
introduced into the dNTP. Therefore,
we prefer to use a standard curve con-
structed with mixtures of known
amounts of the RNA standards ana-
lyzed in parallel with each series of
samples.

For preparation of a standard curve,
105 molecules of the AGA RNA stan-
dard were mixed with AGU RNA
standard in ratios ranging from 0.04 to
20. Plotting of the G,,,/C,,, ratio ob-
tained in the minisequencing test as a
function of the initial ratio between
the standards yielded a linear standard
curve over the whole range (Fig. 2).
Identical G,,/C,py ratios were ob-
tained when the two standards were
mixed in the same ratios, but using
103-fold larger or 103-fold smaller ab-
solute amounts of them (data not
shown). According to the standard
curve in Figure 2, the smallest detec-
table proportion of one of the se-
quences is 4-5%.

Determination of AGA mRNA Levels

Based on the preliminary estimate of
the amount of mRNA in the cultured
fibroblasts, we analyzed 1 ug of total
cellular RNA extracted from tissues of
normal individuals by adding 10°
molecules of the AGU RNA standard.
Tissues from AGU patients were ana-
lyzed using 10 molecules of the AGA
RNA standard. The number of
molecules (N) of AGA mRNA per 1 ug
of total RNA was calculated with the
aid of the ratio (Rygyaga) Obtained
from the standard curve as follows:

Njga = 10° molecules AGU RNA /
(Ragu/aca)

AGA RNA

So far, the only available information
on the expression of the AGA gene is
based on the measurement of the en-
zymatic activity of AGA in human
autopsy tissues or biopsy samples.(23)
Only slight differences in the AGA ac-
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tivities between different tissues were
reported in these studies; e.g., in kid-
ney tissue the AGA activity was
twofold compared to that of liver and
three- to fourfold that of brain.(23
When we determined the AGA activity
from the tissues used here for quanti-
fication of the AGA mRNA, the activi-
ties were comparable to the previous
reports. The lowest AGA activity was
measured in brain tissue, where the ac-
tivity was only one-seventh of that in
liver and kidney (data not shown).
Contrary to these data, we found in
our quantitative mRNA analysis that
the AGA mRNA level was highest in
brain tissue, being two to three times
that of liver and 10 times that of kid-
ney (Fig. 3). Evidently, the transcrip-
tion level is not directly reflected in
the amount of enzyme activity. As
could be expected for the metabolically
highly active placental tissue, the AGA
mRNA levels exceeded those of the
other tissue samples 10- to 100-fold.
When comparing the expression of
the AGA gene between AGU patient
and control samples, the amount of
transcript in AGU brain and placental
tissue of an AGU fetus was only about
one-hundredth of that in the cor-
responding normal tissues. Opposite to
this, the amounts of AGA mRNA in
kidney and liver were at comparable
levels in AGU and control samples. Ad-
ditionally equal amounts of AGA
mRNA were detected in kidney tissue
from an AGU fetus and an adult AGU
patient, favoring the idea of age-
independent expression typical of a
housekeeping gene. Equal transcrip-
tional efficiency of the normal and
AGU allele was also found in cultured
AGU and control fibroblasts (Table 2).
The variation in mRNA levels between
the fibroblasts from individuals of dif-
ferent AGU genotype was not greater
than between the normal fibroblasts
obtained from four control individuals.
In this study, we used the solid-
phase minisequencing technique for
determining the transcription levels of
a housekeeping-type gene in different
human tissues and cultured cells. The
method is generally applicable for
quantification of any RNA species, pro-
vided that sequence information for
preparing the RNA standard and design
of the PCR and detection step primers
is available. We used a cloned template

prepared by site-directed mutagenesis
for preparation of internal RNA stan-
dards for the analysis. This procedure
could be simplified using PCR to
prepare the mutagenized template and
for introduction of an RNA polymerase
promoter sequence,(27-29)

Our method has several advantages
compared to other detection methods
used in quantitative PCR analysis. The
minisequencing reaction is carried out
on a solid support, which allows
determination of the relative amounts
of PCR product from the RNA template
and an internal RNA standard without
a gel electrophoretic separation step.
Because the detection is not based on
difference in size between the two
amplified sequences, an internal stan-

§ Normal tissue
a AGU patient tissue

108

105

10"L

Number of molecules of AGA mRNA/ pg of total RNA

103

Brain
Kidney
Liver
Pancreas B
Placenta

FIGURE 3 Amount of AGA mRNA in tissue
samples from normal individuals (shaded
columns) and AGU patients (striped
columns). The middle column for kidney
and the left-hand column for liver represent
fetal samples. The sample from normal
placenta was analyzed using 106 molecules
of the AGU RNA standard. The mean value
of two assays and the variation range is
given.
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TABLE 2. Amount of AGA mRNA in Cultured Cells from Individuals of Different

Genotype
Number of molecules (xlO‘*) of mRNA
Genotype of patient in 1 pg of total cellular RNA?
1. AGU homozygote 34 4.5
2. AGU homozygote 5.0 5.3
3. AGU homozygote 1.2 1.0
4. Compound heterozygoteb 1.7 1.3
5. Compound heterozygote? 24 1.9
6. Compound heterozygoteb 1.9 1.3
7. Normal homozygote 3.1 22
8. Normal homozygote 1.9 1.3
9. Normal homozygote 6.1 9.0
10. Normal homozygote (fetal) 1.4 1.3

3The result of two separate determinations are given.
bCompound heterozygotes with the major AGU mutation in one allele, in which only this

allele is expressed (Ikonen et al., unpubl.).

dard differing from the template only
at a single nucleotide can be used to
ensure that both sequences are
amplified with equal efficiency. Identi-
fication of the variable nucleotide by
the minisequencing primer extension
reaction is independent of restriction
sites in the sequence to be quantified,
and consequently size separation of
restriction fragments is avoided. The
result of the analysis is directly ob-
tained as an accurate numeric value
reflecting the initial ratio between the
two RNA sequences. Thus, errors intro-
duced into the analysis by scanning
methods or excision of separated frag-
ments from gels are avoided.

In conclusion, the solid-phase
mini-sequencing technique is a
relevant alternative for quantitative
analysis of small amounts of RNA. Ob-
viously, the method is also applicable
for quantification of DNA by the PCR.
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