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An Efficient Polymerase Chain Reaction
Approach for the Quantitation of Multiple
RNAs in Human Tissue Samples

Adrian Puntschart, Kristin Jostarndt, Hans Hoppeler, and Rudolf Billeter

Department of Anatomy, University of Berne, 3012 Bern, Switzerland

We describe a PCR quantitation ap-
proach that we have set up to study
gene expression in human skeletal
muscle biopsies. It is characterized by
the independent standardization of
the individual steps and ignores at-
tempts to control for the efficiency of
the PCR. Different RNA extraction/
reverse transcription efficiencies are
normalized by the addition of an un-
related cRNA. Quantitation is achieved
by parallel amplifications of refer-
ence samples containing known
amounts of PCR products. Precision
was achieved by multiple measure-
ments of several samples. Our ap-
proach allows for the detection of
less than twofold differences (27—
88%, depending on the RNA species
studied) among samples. A compari-
son of biopsies from highly trained
endurance runners with biopsies
from untrained subjects showed that
the increased mitochondrial density
in the runners’ samples is accompa-
nied by a proportional increase in the
concentration of the mRNA of cy-
tochrome c oxidease subunit IV.

232 PCR Methods and Applications

Skeletal muscle adapts to changes in
activity by alterations in structural com-
ponents such as myofibrillar protein iso-
forms as well as its metabolic profile.
Many of these adaptations are accompa-
nied by up- or down-regulation in the
expression of the respective genes (for
review, see ref. 1). Most data on activity-
induced changes in gene expression
have been obtained from animal mod-
els. Our interest is the effect of endur-
ance exercise on human skeletal muscle,
in particular the changes in the concen-
tration of specific RNAs elicited by the
adaptation process. The description of
such changes requires a method that: (1)
allows quantitation of RNAs from needle
biopsies; (2) permits the efficient analy-
sis of several RNA species in the same
sample; (3) enables the discrimination of
small differences (twofold or less), and
(4) permits parallel processing of numer-
ous samples for every RNA to account for
the interindividual variations among
human subjects.

The limited amount of starting mate-
rial from these biopsies (10-30 ng total
RNA from 50-100 mg tissue) favored the
use of the PCR.® By way of the expo-
nential amplification of a specific target
DNA it offers unsurpassable sensitivity.
But this exponential process causes small
differences in the efficiency of the am-
plification process to have a large effect
on the amount of product accumulated
after a limited number of cycles.*® This
has rendered the quantification of input
DNA or ¢DNA difficult. Numerous meth-
ods have been described to control for
this inescapable variation of the effi-
ciency, such as competitive PCR,*® re-
gression analysis of PCR Kkinetics,'® or
internal'® /external‘® standards (for re-
view, see refs. 7 and 8).

We describe an alternative PCR ap-
proach that allows for accurate quantifi-
cation of RNAs without rigorously con-
trolling for efficiency. The proposed
procedure is based on the idea that a sin-
gle PCR run can be considered an inde-
penent outcome of a stochastic process
with small inevitable differences in reac-
tion efficiencies,”®’ therefore, it should
be possible to treat the variations gener-
ated in such a stochastic process by a sta-
tistical quantitation approach. That is, it
should be possible to process multiple
samples and to perform multiple PCR re-
actions to obtain statistically significant
values.

The assessment of the precision of
this approach on a series of test experi-
ments demonstrated that we can detect
less than twofold differences in the con-
centrations of particular RNAs. A com-
parison of biopsies from highly trained
endurance runners with biopsies from
untrained subjects showed that the in-
creased mitochondrial density in the
runners’ samples is accompanied by a
similar increase in the concentration of
the mRNA of cytochrome ¢ oxidase sub-
unit IV.

MATERIALS AND METHODS
Samples (Biopsies)

The PCR test series were done on an au-
topsy sample from a 26-year-old male,
taken from m. vastus lat., 20 hr post mor-
tem. Biopsies from m. vastus lat. of four
endurance trained and four untrained
subjects were taken by the Bergstrom
needle technique. All muscle samples
were immediately frozen in liquid nitro-
gen-cooled isopentane, and stored under
liquid nitrogen.
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Primers

The following primer locations were
chosen: CLC (chicken myosin light
chain partial gene sequence, GenEMBL
AC X00460); 5" primer: bases 4022-4050;
3’ primer: bases 4285—4258; expected
PCR fragment; 263 bp. COX4 (human cy-
tochrome ¢ oxidase subunit IV c¢DNA,
GenEMBL AC M34600); S’ primer: bases
322-349; 3’ primer: bases 489-463; ex-
pected PCR fragment: 168 bp. 28S (hu-
man 28S ribosomal RNA gene, GenEMBL
AC M11167); §' primer: bases 4535-
4564; 3’ primer: bases 4667—-4638; ex-
pected PCR fragment: 133 bp. COX1 (hu-
man mitochondrial genome, GenEMBL
ACV00662); 5’ primer: bases 6053-6082;
3’ primer: bases 6246-6218; expected
PCR fragment: 194 bp. 16S (human mi-
tochondrial genome, GenEMBL AC
V00662); S’ primer: bases 2852-2878; 3’
primer: bases 3107-3079; expected PCR
fragment: 256 bp. The specificity of the
primers was tested by diagnostic restric-
tion cuts of the PCR products.

CLC Standard

The synthetic RNA was synthesized by
RNA polymerase T7 transcription ac-
cording to the manufacturer’s instruc-
tions (Bohringer Mannheim, Germany).
A linearized bluscript KS+ vector con-
taining a full-length ¢cDNA of CLC was
used as template. The cRNA was diluted
to ~100 pg/ul in TE [10 mwm Tris-HCI (pH
7.4), 1 mm EDTA (pH 8.0)] containing
100 ng/pl tRNA and stored in aliquots.

RNA Extraction

Total RNA was prepared by the acid phe-
nol method."? First, 25-um cyrostat sec-
tions (2, 4, 6, and 8 sections per sample
for the test series, 5 sections for the train-
ing studies) were homogenized in 500 wl
lysis buffer [solution D in*”’] contain-
ing 10 pl of CLC standard and ~2 ug
Schizosaccharomyces pombe total RNA as
carrier. The final pellet was dissolved in
10 pl H,O and digested with DNase in
1X reverse transcription buffer (GIBCO
BRL) containing 8 units RNasin (Boh-
ringer Mannheim, Germany) for 30 min
at 37°C. Then, 90 pl H,O and 15 pl 2™
sodium acetate (pH 4.0) were added and
the solution was extracted with 1 vol-
ume each of H,O-saturated phenol and
chloroform. The RNA was ethanol pre-
cipitated, washed with 75% ethanol, and

air dried. In some samples, a pellet was
visible at this stage.

Planimetry

Tissue volumes were estimated by
planimetry from 2 to 3 25-um cryostat
sections serial to the samples used for
RNA extraction. This was done by multi-
plying the apparent muscle surface with
the section thickness.

Reverse Transcription (RT)

The RNA pellet was dissolved in 10 ul
H,O and reverse transcribed by Super-
script RNase H-RT (GIBCO BRL) using
random hexamer priming according to
the manufacturer’s specifications. After
1 hr at 37°C, the enzyme was inactivated
by incubation at 95°C for 10 min. There-
after, the solution was diluted to 200 pl
with TE, vielding the RT mix used in the
PCR.

Reference Samples (RS)

Reference samples were prepared from
100-200 pl PCR assays run to saturation.
The DNAs were phenol extracted and
ethanol precipitated. Pellets were dis-
solved in TE and the concentration of
DNA determined spectrophotometri-
cally. Appropriate dilutions were made
in TE containing 10 pg/ml tRNA to
match the appearance of ethidium bro-
mide-stained PCR signals of the muscle
samples.

PCR

For every primer pair, the optimal Mg>*
concentration and annealing tempera-
ture was determined: for COX4, 4 mM
Mg2*, 70 °C; for COX1, 1.5 mm Mg®™,
60°C; for 16S, 28S, and CLC, 3.5 mwm
Mg?*, 65°C. For every PCR run, a master
mix was prepared on ice using the 10 X
buffer supplied by the manufacturer, 0.4
uM each primer, 20 um each dNTP, 0.08
pCi/pl [a-*?P]dTTP, and 1.6 U/100 pi
DynaZyme DNA polymerase (Finnzymes
Oy, Finland). Then, 2 pl of RT mix (fur-
ther diluted 1 : 10 for 28S rRNA measure-
ments) were pipetted to 0.5-ml Eppen-
dorf tubes on ice and 38 .l of the master
mix plus 2 drops of mineral oil (Sigma)
were added (Fig. 1B). In each PCR run, a
triplicate reference sample (RS, see
above) was amplified in parallel. A con-
trol without template was also run each

time. Mixtures containing 1 pl of two
samples each were amplified in parallel
during every PCR run to control for sys-
temic differences among samples (see
below). The tubes were transferred into
the preheated (95°C) thermocycler
(COY, Frobel Labortechnik Lindau, Ger-
many) and DNA was denatured for 2
min. PCR steps were: denaturation at
95°C for 30 sec, annealing at the appro-
priate temperature (see above) for 1 min,
and extension at 72°C for 30 sec. Twenty-
three cycles were run for COX4; 16 cycles
for COX1, CLC, and 28S; and 15 cycles
for 16S RNA. After the amplification, 30
pl of the reaction mixture was trans-
ferred into a new tube to get rid of the
mineral oil, and S pl was loaded onto a
6% polyacrylamide gel containing 1 M
urea. This was exposed to X-ray films for
~1 hr. We have found that 1 M urea in
polyacrylamide gels helps to reduce
background. NuSieve agarose gels (FMC)
resulted in much higher, nonhomoge-
neous background radioactivity. Gels
were dried between two cellophane
sheets (Migros, Switzerland), which
greatly facilitated the excision of the
bands. The corresponding bands were
cut out and the incorporated radioactiv-
ity was determined by liquid scintilla-
tion counting. The control, without tem-
plate, served as background, which was
subtracted to yield the muscle sample
counts. Muscle sample counts were re-
lated to the mean of the triplicate RS.
Because the RS contain a known amount
of DNA, the relative values of the muscle
samples could be converted into abso-
lute concentrations.

Statistical Analysis

Statistical analysis was performed using
Systat 5.01 for Windows (Systat Inc.).
The RNA contents of the muscle samples
were expressed as the ratio of RNA to
CLC. The coefficients of error of these
ratios were calculated as follows: ce ;.=
SQRT(ce? . +ce?,.,).

RESULTS
Overview of the Approach

A schematic representation of our ap-
prach is given in Figure 1A, Total RNA
was extracted from muscle cryostat sec-
tions, the volume of which was esti-
mated by planimetry of sections serial to
them. The RNA extractions and the sub-
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muscle biopsy

number of
cryostat sections

Lysis buffer containing
10 pl CLC standard

RNA extraction

[

DNase digestion

Reverse transcription

B cDNAs
G 3 g (200 pl)
%

* 4-7 runs of PCR quantitation for each RNA
* normalization to PCR-quantitated CLC-standard
* normalization to tissue volume used for RNA extraction

Master Mix
38l
AR
2 4 6 8 RS/2 46 8RS RS RS RS negative control
c¢DNAs control mixtures triplicate
2 pl each 1 pl each reference sample
2 pl each

FIGURE 1 (A) Schematic representation of quantitative RT-PCR approach. Total RNA is extracted
from 2,4,6, or 8 muscle cryostat sections. After DNase digestion and RT, 4-7 runs of PCR quan-
titation (as indicated in B) are performed. The values are normalized to the amount of tissue used
for RNA extraction and to the recovery of the synthetic CLC RNA standard. (B) Set up of a single
PCR run. For each run, a master mix was prepared and aliquots were added to ¢cDNAs, control
mixtures (containing half the volume of two samples each), reference samples (containing a
known amount of template DNA), and negative control. See text for details.

sequent RTs were normalized by an un-
related cRNA (CLC), which was added at
the beginning and quantified separately
afterwards. Quantitation of individual
cDNAs was achieved by parallel amplifi-
cations of samples together with RSs,
which contain a known amount of tem-
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plate DNA (Fig. 1B). Control mixtures
containing half the volume of two sam-
ples each were run in parallel to control
for systemic differences among samples.
Several repetitions of PCR runs reduced
the problem of stochastic variation in
the efficiency of the PCR.

Determination of the Exponential
Phase of the PCR

Quantitative PCR without internal stan-
dards, such as ours, requires that the re-
action is stopped while it is still in the
exponential phase (plateau effect)."'"
The kinetic behavior of the process was
assessed by incorporating 32P-labeled
nucleotides (Fig. 2). Aliquots of the reac-
tion mixture were withdrawn after suc-
cessive cycles and separated on a 6%
polyacrylamide gel. The gels were
stained with ethidium bromide. Thereaf-
ter, the incorporated radioactivity was
measured by scintillation counting. The
comparison of the ethidium bromide
stain with the PCR kinetics shows that
the first 3—4 cycles that yield visible
bands on an ethidium bromide stain still
represent the exponential phase of the
reaction (Fig. 2). Thus, it is easy to deter-
mine the range where quantitative PCR
has to be performed: We determine the
particular cycle in which the sample
with the highest concentration of tem-
plate is just visible on the ethidium bro-
mide gel. It assures that all reactions are
in the exponential phase. This analysis
had to be repeated for every new primer
pair.

Standardization

The limited amount of starting material
does not allow to determine the amount
of RNA used for reverse transcription,
which is often used to standardize RT—
PCR.©>¢1271% Housekeeping gene prod-
ucts such as aldolase’>'® or 28S
rRNA'” have been used to account for
differences in input RNA. However, no
true housekeeping gene has been estab-
lished so far in skeletal muscle. We have
standardized our samples to the volume
of tissue used for RNA extraction (by
planimetry of serial sections). Alterna-
tively, the protein content of the tissue
homogenates can be measured. We have
done this in 8 pl of the initial 500-wl
homogenates of the samples from the
trained and untrained subjects using the
amidoblack method.""® The protein
concentrations determined (mean: 132
ng; range 57-371 ug) closely correlated
with the volumes of the muscle samples
(mean: 0.78 mm?; range: 0.38-2.36
mm?>; data not shown).

To account for variations in the re-
covery of extracted RNA (~40%, data not
shown) and the variable efficiency of the
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FIGURE 2 Comparison of PCR kinetics with ethidium bromide staining of COX4 and CLC tem-
plates. Aliquots were withdrawn from the reaction after consecutive cycles and separated on
polyacrylamide gels. (A) Ethidium bromide-stained gels. Cycle numbers are indicated.
M=molecular size marker. (B) Autoradiograms of the gels in A. (C) Plot of incorporated radio-

activity at the respective cycles.

subsequent RT step, a constant amount
of a synthetic cRNA (CLC) was added to
the lysis buffer before homogenization
of the muscle samples. This CLC was
quantified separately by PCR as de-

scribed below. The concentrations of the
different RNAs were normalized to the
amount of CLC obtained. Such an unre-
lated cRNA is universally applicable.
However, it precludes the absolute quan-

TABLE 1 RNA Concentrations Measured in Different Numbers of Cryostat Sections

288 16S COX1 COX4
Sections ng/section ng/section pg/section pg/section
2 6.40 + 2.63 0.82 = 0.22 2.63 = 0.80 0.78 £ 0.19
4 8.15 £ 2.60 0.86 = 0.22 1.85 + 0.54 0.81 =0.21
6 7.38 £ 2.41 1.09 = 0.29 1.99 = 0.52 0.80 = 0.20
8 14.25 = 4.99 1.25 £ 0.32 3.82+1.12 1.02 £ 0.26
Mean 9.04 + 3.54 1.00 = 0.20 2.57 £ 0.90 0.85+0.12

All values are means * S.E., except for mean (+s.D.).

titation of different RNAs, as their RT ef-
ficiency might differ from the standard.
Furthermore, it is hardly possible to get a
good estimate of the exact number of
full-length molecules in a cRNA sample,
which would be important to determine
the fraction of recovered and reverse
transcribed molecules.

The concentrations of the different
c¢DNAs by PCR were obtained by a paral-
lel amplification of a so-called RS con-
taining a known amount of DNA. Thus,
¢DNAs (as well as genomic DNA) can be
quantitated this way in absolute terms.
The RSs are simply products prepared
from previous PCRs. Therefore, the avail-
ability of cDNAs is not restricting and no
cloning steps are needed. Any RNA,
whose sequence or part of it is known,
can be quantitated.

The RNA concentrations in this paper
represent cDNA concentrations normal-
ized by CLC are relative concentrations
in a strict sense. They are given in abso-
lute terms for reasons of simplicity, how-
ever.

PCR Quantitation

In our test series of 2, 4, 6, and 8 muscle
sections, four different RNAs were quan-
titated: 16S rRNA, 28S rRNA, COX4
mRNA, and COX1 mRNA (Table 1). Five
separate PCR runs were performed for
each cDNA species. A master mix was
prepared for all the samples of each run.
During every PCR run, an RS with a
known amount of DNA was amplified
separately in triplicate. The radioactivity
incorporated in each sample was related
to this RS and, thus, converted into ab-
solute amounts of template DNA present
at the beginning of the reaction (Fig. 3).
A sample without template served as a
negative control and as a measure of
background radioactivity.

The reproducibility of our quantita-
tion is illustrated in Table 2. The varia-
tion among triplicate RS measurements
in individual experiments was relatively
small (mean cwv. =s.0.: 0.078+0.04,
n=26), whereas the amount of PCR
product in relation to the reference sam-
ple varied much more from PCR run to
PCR run (mean c.v. *=s.p.: 0.34%=0.17,
n=26). Small, uncontrollable differ-
ences between the master mixes are the
most likely source of the latter varia-
tions. The approximate proportional val-
ues for the four RNAs shown in Figure 3
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28S IRNA

16S rRNA

2 4 6 8
sections

4 6
sections

2 4 6 8 2 4 6 8
sections sections
COX1 mRNA COX4 mRNA

FIGURE 3 Amount of different RNAs in cryostat sections trom the same muscle as determined

with quantitative RT PCR. Standard errors are shown in shaded bars.

reflect the increasing amount of input
tissue. Good proportions between
amount of tissue used and RNA content
have been found for COX4 and 16 S
RNA; the method was less precise for 285

and COX1 RNA. The range of the varia-
tions (c.v. 0.15-0.53) for the different
primer pairs indicate that some are less
affected by the variability of master
mixes than others.

TABLE 2 Variances of RT-PCR Quantitation

Template c.v. among PCR runs? c.v. within PCR runs® c.v. between samples®
COX1 0.341 = 0.08 (5) 0.044 + 0.039 (5) 0.348
COX4 0.150 = 0.04 (5) 0.122 = 0.076 (5) 0.135
28S 0.530 = 0.10 (5) 0.028 + 0.013 (5) 0.387
16S 0.189 * 0.10 (4) 0.088 = 0.038 (4) 0.200
CLC 0.505 £ 0.15(7) 0.106 + 0.038(7) -
Mean 0.340 = 0.17 (26) 0.078 + 0.04 (26) 0.268 = 0.12

All values are means * s.D.

2The mean of the c.v. of the four samples (2, 4, 6, and 8 sections) among the 4-7 PCR runs
performed for each RNA species. This is a measure for the variation between different PCR runs.
The numbers of PCR runs are in parentheses.

>The mean of the c.v. of the triplicate MS measurements. This is a measure for the variation
within a given PCR run. The numbers of PCR runs are in parentheses.

“The c.v. of the RNA concentrations of the four samples (2, 4, 6, and 8 sections), calculated per
unit section as also illustrated in Table 1. This is a measure for the variation of our overall
approach.
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Control for Systemic Differences
among Samples

To detect systemic differences among
the different samples caused by the pres-
ence of inhibitors or stimulators,*® ev-
ery sample in each PCR run was mixed
with another (half volume of each) and
amplified in parallel (Fig. 1B). RS was
mixed with the 2-section sample, the
4-section sample with the 6-section sam-
ple, and the 8-section sample again with
the RS. The amount of PCR product
should therefore be the mean of the cor-
responding samples. Figure 4 shows,
within the error of the method, that the
correct values were found for the mixes,
indicating no differences among the
samples.

Precision

Our series of samples with increasing
amounts of input tissue (2,4,6, and 8 sec-
tions) gives an indication to the preci-
sion of the approach. It can be deduced
from the RNA values per unit section,
which are illustrated in Table 1. For a
given RNA, this parameter should be
constant among the different amounts
of input tissue. The variations among
the samples are shown in Table 2. They
range between 13.5% and 38.7%, with a
mean of 26.8%.

COX4 mRNA in Endurance Trained
and Untrained Subjects

We have applied this new approach to
the analysis of gene expression in hu-
man skeletal muscle in response to exer-
cise training. The content of COX4
mRNA in m. vastus lat. from four highly
trained endurance runners was com-
pared with four untrained subjects. It
was found to be 1.83-fold higher in the
endurance-trained subjects (4.82 versus
2.63 pg/mm? tissue). This corresponds
with the differences in mitochondrial
content between these two groups. Ste-
reological analysis of these biopsies re-
vealed a twofold higher mitochondrial
volume density (fraction of cytoplasm
occupied by mitochondria) for the
trained subjects (8.2x0.92% versus
4.1+0.72%, data not shown). Because
the amount of cytochrome c oxidase
protein is proportional with the mito-
chondrial volume density,*® the RNA
concentrations found closely match the
expected protein values.


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

Downloaded from genome.cshlip.org on August 21, 2026 . Published by Cold Spring Harbor Laboratory Press

I A BN BN N FliResearch

28S rRNA

relative to RS

RS\2 4\6é
mixed samples

8\RS

16S rRNA

relative o RS

RS\2 a4\6
mixed samples

8\RS

COX1 mRNA

relative to RS
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FIGURE 4 Control mixtures for PCR amplifications. In each PCR run, half volumes of two sam-
ples each were mixed and amplified in parallel with these. Black bars represent the obtained
amount of incorporated radioactivity in the mixture samples relative to RSs. Shaded bars repre-
sent the expected values calculated from the two samples amplified separately. RS/2: mixture of
respective RS and 2-section sample. 4/6: mixture of 4-section sample and 6-section sample. 8/RS:
mixture of respective RS and 8-section sample. Values are means of five measurements.

DISCUSSION
In the study of the effects of exercise
training on gene expression in human
skeletal muscle, we are faced with the
problem of detecting small differences
in RNA concentrations in minute tissue
samples from heterogeneous popula-
tions. We have combined and modified
currently available PCR methodology to
an approach that allows to determine
the concentration of several RNAs in a
large number of samples. It is character-
ized by the independent standardization
of the individual steps and ignores at-
tempts to control for the efficiency of
the PCR. Precision is achieved by multi-
ple measurements of several samples.
We have determined the precision of
our approach for a narrow linear range,
where the RNA concentrations in our
samples differ by no more than one or-

der of magnitude. It is represented in the
variation of the concentration of the dif-
ferent RNAs per section (Table 1). As can
be deduced from the coefficients of vari-
ation among samples in Table 2, for all
the transcripts tested, a less than twofold
difference in input RNA can be detected.
Assuming two times the coefficient of
variation to be the detectable limit, dif-
ferences betwen 27-88% (mean 54%)
should be discernible. This is compara-
ble to or better than previously pub-
lished methods.!*# 152" It is noteworthy
that there is good correlation between
the variation of the RNA prep/RT (c.v.
among samples in Table 2) and the vari-
ation of the PCR for each RNA (c.v.
among PCR runs in Table 2). Thus, the
nature of the nucleic acid sequence
seems to determine the susceptibility to
small changes in the environment dur-

ing both processes. Likely, the precision
of our method therefore depends on the
RNA species studied.

We have optimized our approach to
minimize work and still achieve high
precision. It is based on four indepen-
dent RNA preps/RTs, either on four mea-
surements of one sample (Table 1), or on
one measurement of four samples
(trained versus untrained). In our rou-
tine procedure, each PCR reaction is re-
peated from four to five times. In many
cases, fewer runs may be adequate: We
have found that three PCR runs for the
CLC standard and a single PCR run for
each of the RNAs is sufficient to achieve
equivalent coefficients of variation in
the test series of two to eight sections,
and slightly different proportions be-
tween trained and untrained subjects.
Instead of 1.83 times higher values for
the trained group (when five PCR runs
were performed for COX4 and CLC
each), we found values between 1.6-2.2
for each of the five individual COX4 PCR
runs (data not shown).

In conclusion, the statistical ap-
proach to PCR quantitation presented in
this paper is versatile. It allows the quan-
titative determination of just about any
RNA or DNA, whose sequence is known
and is especially suited in cases where
the analysis of multiple RNA species in
numerous samples is required.
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