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Quantitative Analysis of Gene Expression in
Different Tissues by Template-calibrated
RT—PCR and Laser-induced Fluorescence

Wolfram J.P. Karges, Roger Gaedigk, and H.-Michael Dosch

Department of Pediatrics and Immunology, The Hospital for Sick Children, Toronto M8X 1G5, Canada

RT-PCR is widely used to study gene
transcription in many biological sys-
tems. Despite the development of a
variety of, at times complex, proce-
dures, quantitation of RT-PCR re-
mains difficult, particularly when
comparing RNA from different tis-
sues or very small samples. In the
procedure described here, we cali-
brate input ¢cDNA through incorpora-
tion of trace label. PCR product is
generated from equal amounts of
¢DNA with fluoresceinated primers,
size fractionated, and quantitated by
laser-induced fluorescence in an au-
tomated DNA sequencer. Eliminating
variation in input ¢cDNA resuited in
reliable noncompetitive PCR quanti-
tation from templates equivalent to
=50 pg of total RNA. Using the exam-
ple of B-glucuronidase, a low-copy-
number housekeeping gene, we have
drawn a map of differential gene ex-
pression for this protein in various
rat tissues.

154 PCR Methods and Applications

Reverse transcriptase~-PCR (RT-PCR)
has enabled important experiments
dealing with gene expression and its reg-
ulation. More sensitive and less labori-
ous than Northern blot hybridization
and RNase protection assays, it has rap-
idly become a common procedure.®
However, quantitation of gene expres-
sion by RT-PCR is hampered by stochas-
tic variation of PCR amplification effi-
ciency. In addition, owing to variable
efficiency and quality of RNA isolation
and reverse transcription, the amount of
input ¢cDNA is a major source of varia-
tion in quantitative RT-PCR. Several pro-
cedures address these problems through
endogenous or exogenous, internal or
external standards or primer/template
competition (for review, see Ref. 2).
Quantitation of PCR products by isotope
incorporation during PCR or Southern
blot hybridization using radioactive
probes is inconvenient, and most scan-
ning systems provide only a narrow
range of linear detection.

These difficulties are emphasized in
applications that rely on very small bio-
logical samples where RNA cannot be ef-
ficiently extracted and quantitated by
standard means or when samples from
different tissue sources are compared
where RNA isolation efficiency, quality,
and optical quantitation vary.

We encountered these problems after
cloning a novel, diabetes-associated
gene, p69(ICA1),** and wished to es-
tablish its expression in different tissues
and species.”® To obtain sufficient (mea-
surable) quantities and qualities of RNA
from different, often small, tissue sam-
ples, was challenging, for example,
mouse neuroendocrine tissue. We there-
fore looked for a different approach to

calibrate PCR template input and to
quantitate amplification in a linear de-
tection system that allowed comparisons
over a range of several orders of magni-
tude. Our strategy is relatively simple: By
calibrating input cDNA through trace la-
beling of the reverse transcriptase reac-
tion and by using fluorescent primers
and an automated sequencer for PCR
product quantitation, we were able to
characterize and confirm this quantita-
tive PCR system, which provides good re-
producibility, linearity, and practicality.

MATERIALS AND METHODS
RNA Isolation

Fresh tissue (~1-50 mg) from healthy 8-
to 14-week-old Wistar rats was snap-fro-
zen in liquid nitrogen, ground to powder
at —100°C, and quickly transferred to ly-
sis buffer. Pancreatic islets, isolated by
standard collagenase preparation, or NIT
cells (kind gift of Dr. B. Singh, University
of Western Ontario, London, Ontario)
from a mouse islet cell line were directly
resuspended in lysis buffer.®® Total RNA
was then extracted using a standard
acid guanidinium thiocyanate—phenol
method.”? Quantities allowing, RNA was
measured spectrophotometrically and
integrity was estimated on an EtBr-
stained agarose gel.

c<DNA Synthesis and Calibration

cDNA was synthesized from ~3 ug of to-
tal RNA using 1 pg of oligo(dT),, ;g
(Pharmacia) and 200 units of Moloney
murine leukemia virus (Mo-MLV) re-
verse transcriptase (GIBCO BRL, Missis-
sauga, Ontario) as recommended by the
manufacturer. The amount of c¢DNA
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template generated was measured by in-
corporation of labeled dCTP. In each ex-
periment, two parallel 40-pl reactions
were performed per sample, either in the
presence or absence of 10 pCi of
[«-*?P]dCTP (Fig. 1). Unincorporated nu-
cleotides were removed on a Sephacryl
spin column (MicroSpin S-200HR, Phar-
macia). The specific activity of each
cDNA sample was determined by scintil-
lation counting, and incorporation data
were used to ascertain that equal
amounts of cDNA template were used in
the subsequent PCR amplification. To al-
low direct comparisons between differ-
ent experiments (e.g., when using iso-
tope of different specific activity or
different batches of reverse tran-
scriptase), a standard RNA was isolated in
a large batch from a convenient source
(in our case, NIT islet cell line) and kept
frozen in aliquots at —80°C. One aliquot
was included in each cDNA synthesis se-
ries as a standard. The cDNA generated
from this identical RNA was used as a
standard (100%), with which all other
cDNAs were compared (see Fig. 3, below,
for illustration). Only nonradioactive
cDNA was used for PCR amplification.

PCR

To the PCR master mixture [10 mwm Tris-
HCI (pH 9.0), 50 mm KCl, 1.5 mm MgClL,,
dNTP mix (200 pMm each), S0 ng of
each primer, 2.5 units of Tag DNA poly-
merase (Pharmacia)] we added calibrated
cDNA (0.4-2.5 pl, depending on results
above) to a final volume of 50 ul. B-Glu-
curonidase primers (B-Glu-S, 5'-GTGAT-
GTGGTCTGTGGCCAA-3’, and B-Glu-AS,
5-TCTGCTCCATACTCGCTCTG-3"),®
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FIGURE 1 Flow diagram of template-cali-
brated RT-PCR.
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FIGURE 2 Detection and quantitation of fluorescence-labeled PCR products on a DNA sequencer.
One of 40 lanes run in parallel is shown, with fluorescence peaks at min 245 (B-glucuronidase,
302 bp), min 294 (internal standard, 382 bp), and min 333 (islet cell antigen p69, 436 bp). Peaks
were analyzed using the FragmentManager software program.

were synthesized on a Gene Assembler
Plus (Pharmacia) and fluorescein-labeled
using fluorescein amidite (FluorePrime,
Pharmacia). Amplification was per-
formed in a Twin Block PCR system (Eri-
comp Inc., San Diego, CA): 4 min at
94°C; 30 sec at 55°C, 60 sec at 72°C, and
30 sec at 94°C, for 28 cycles; 30 sec at
55°C; 5 min at 72°C. A 302-bp B-glucu-
ronidase PCR product was generated
spanning two introns. Specificity was
confirmed by Southern blotting and hy-
bridization with an internal oligonucle-
otide probe, 8-Glu-P (5'-GATAATTGGCT-
TCTGGTACAT-3’). Positive displacement
pipettes with plugged tips were used
throughout all procedures, and reagent
blanks were interspersed in each reac-
tion series as negative controls. To ac-
count for stochastic variability in PCR
amplification, all reactions were per-
formed in triplicate and samples to be
compared were amplified in parallel.

PCR Product Quantitation

Fluorescence-labeled PCR products were
analyzed on an automated DNA se-
quencer (A.L.F.,, Pharmacia) measuring
laser-induced fluorescence (Fig. 2). Up to
40 samples, each containing one or sev-
eral different PCR products (equivalent
to 0.01-10 pl of a 50 pl PCR reaction)
were denatured at 94°C and separated on
a 6% polyacrylamide/7 M urea sequenc-
ing gel. Each lane received a standard
amount of a fluoresceinated PCR prod-
uct (382 bp in size) for calibration. Flu-
orescence signals were analyzed with
FragmentManager software (Pharmacia).

The area under the curve of each peak
was expressed in relative fluorescence
units (RFU). Values represent the mean
of three parallel PCR amplifications. The
intra-assay (lane-to-lane) coefficient of
variation for the quantitation of identi-
cal samples averaged 5.33%.

RESULTS
<DNA Synthesis and Calibration

Denaturing gel electrophoresis and auto-
radiography, both not part of the routine
procedure, confirmed the integrity, size
distribution, and equal quantity of cDNA
template used for PCR (Fig. 3). Extrapo-
lation of the proportions of labeled
(0.167%) and unlabeled dCTP, the spe-
cific activity (~3000 Ci/mmole), and the
amount of label incorporated allowed
the calculation of the absolute amount
of cDNA generated from 3 pg of refer-
ence RNA (81.6 ng/40 pl of reaction,
equivalent to 2.72% of RNA input). To
ensure that unincorporated [a-32P]dCTP
did not contribute to scintillation counts
used for cDNA calibration, RT* and RT ™
reaction samples were analyzed (Table
1). After spin column purification, only
background counts were detectable in
the absence of RT (RT 7), indicating that
free nucleotides were removed with high
efficiency >98%.

To determine the reliability of the RT
procedure, six reactions with reference
RNA were carried out in parallel yielding
¢DNA with a coefficient of variation of
12.9%, that is, close to the specifications
of micropipettors. It was therefore possi-
ble to restrict the use of small amounts
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FIGURE 3 Autoradiograph of calibrated
cDNA. [a-32P]dCTP-Labeled ¢cDNA from vari-
ous rat tissues was size-fractionated by elec-
trophoresis through an alkaline agarose gel
(1%), blotted onto a nylon membrane, and
autoradiographed. Because of varying con-
centrations in cDNA stocks (inset bottom row),
different volumes (0.5-2.04 l, inset top row)
were loaded per lane, each containing identi-
cal quantities of cDNA (equivalent to 1743
cpm). Apparently, there is an even distribu-
tion in ¢DNA size and quantity between all
samples, confirming the validity of cDNA cal-
ibration.

of isotope to a diagnostic cDNA reaction
only while subsequent amplification
and analysis were done with nonradio-
active cDNA generated in a parallel reac-
tion.

Linearity of Fluorescence Signal

Analyzing different concentrations of an
identical B-glucuronidase PCR product,
the fluorescence signal (RFU) was a lin-
ear function (r=0.97) of the amount of
PCR product loaded over the entire de-
tection range (Fig. 4a). Because of soft-
ware design with an upper peak cutoff at
~20,000 RFU, the absolute signal range
is currently limited to two log steps.
Loading varying dilutions equivalent to
0.01-10 pl of PCR product extended the
actual detection range to five orders of
magnitude.

Exponential Phase of PCR
Amplification

The relationship between the numbers
of amplification cycles and the amount
of final PCR product was analyzed for
the B-glucuronidase primer pair with a

156 PCR Methods and Applications

sample high in target gene expression
using the equation N=N,(1 +E)", where
N=the number of amplified molecules,
N,=the initial number of molecules,
E=the amplification efficiency, and
n=the cycle number. Rat kidney cDNA
(0.5 pl) was amplified in a 50-u! PCR re-
action, and aliquots were taken after var-
ious cycle numbers and analyzed by la-
ser-induced fluorescence. There was an
exponential increase (1.9") of PCR prod-
uct between cycles 23 and 29 (E=0.9),
with the amplification efficiency falling
below 80% (E<0.8) after 32 cycles as the
plateau phase was approached (Fig. 4b).
PCR kinetics were confirmed by South-
ern blotting, oligonucleotide probing,
and autoradiography (data not shown).
Fluorescence analysis was 10 times more
sensitive in detecting small amounts of
PCR product. In conclusion, PCR quan-
titation is carried out in the desired ex-
ponential phase of amplification.

PCR Product vs. Template Input

Standard cDNA (2 ng/ul, equivalent to
3487 cpm) was serially diluted and PCR-
amplified at 29 cycles in triplicate (Fig.
4c). We observed a linear increase of flu-
orescence signal with template input
over a range from 6.4 pg to 2.04 ng of
cDNA per 50 pl of PCR reaction (equiv-
alent to 0.24-75 ng of total RNA). At
larger ¢cDNA inputs (e.g., 6.44 ng of
cDNA template per 50 pl of reaction),
PCR efficiency declined and the amount
of product generated leveled off. The
lower limit of linear detection was ~5 pg
of cDNA per 50 pl of reaction (equiva-
lent to 0.2 ng of total RNA), implying
that gene expression of as little as 10-30
cells can be studied successfully in a
quantitative fashion. The detection sys-

TABLE 1

tem is not limiting this sensitivity, as
only one-fifth of the reaction volume
(equivalent to two to six cells) was
loaded and analyzed per lane.

Variation of PCR Amplification

To account for stochastic variation of
PCR efficiency, all samples were PCR am-
plified in triplicate. Because the coeffi-
cient of variation (CV) for laser quanti-
tation was low (5.33%, see Materials and
Methods), we routinely pooled these
three samples to reduce workload. Ten
identical samples were analyzed in that
manner (i.e., 10x3 PCR reactions), with
a resulting CV for PCR amplification of
10.6% on a standard PCR block.

Gene Expression Pattern of
B-glucuronidase

B-Glucuronidase, a lysosomal enzyme, is
constitutively expressed at very low and
supposedly equal transcription levels in
many tissues.® Using this “housekeep-
ing” gene as an example, we tested our
experimental strategy and drew a map of
differential gene expression for this pro-
tein in various rat tissues (Fig. 5). As can
be seen, expression levels are similar in
most tissues except in liver, where it is
abundant. However, up to threefold dif-
ferences between different tissues are ap-
parent.

DISCUSSION

Laser-induced fluorescence analysis (LIF)
of PCR-amplified DNA fragments after
size fractionation through capillary
gel® or polyacrylamide gel® electro-
phoresis is a fast, reliable, and environ-

High Efficiency of cDNA Purification

Counts per minute/

Counts per minute

cDNA sample 40-p.] reaction (% of total)
Before column (RT* or RT™) 1,962,400 100
After column (RTY) 139,480 7.10
After column (RT™) 77 0.0039
No sample 21 N.A.

Two cDNA synthesis reactions (40 wl) with 0.5 p.g of NIT cell RNA and 1 pl of [o-3?P]dCTP were
performed in parallel, either in the presence (RT*) or absence (RT™) of 200 units of Mo-MLV
reverse transcriptase. Aliquots were analyzed by fluid scintillation counting before and after
purification on Sephacryl spin columns (MicroSpin S-200HR, Pharmacia); counts are expressed
per 40-pl reaction. Results indicate that in purified samples >99% of radioactivity measured is

incorporated into cDNA.
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mentally friendly alternative to conven-
tional, isotope-based PCR quantitation
techniques. We used LIF here in an au-
tomated DNA sequencer able to analyze
up to 40 samples simultaneously, each
containing several fluorescence-labeled
PCR products. High-resolution sequenc-
ing gel and addition of a calibration and
size standard facilitated the identifica-
tion and linear quantitation of each PCR
product peak with high precision and re-
producibility over a 10°-fold concentra-
tion range. The lower limit of quantita-

tion (equivalent to 50 pg of total RNA) is

b
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FIGURE 4 (a) Linearity of fluorescence signal. Identical B-glucuronidase PCR
products (0.1-10 pl) were loaded on the DNA sequencer and quantitated as
described in Materials and Methods. Over the entire detection range, there is a
strictly linear relationship between the quantity of PCR product and the fluo-
rescence signal (RFU). (b) Exponential phase of PCR amplification. Rat kidney
cDNA (0.5 ul) was PCR amplified using B-glucuronidase primers as described in
Materials and Methods. Aliquots were taken after various cycle numbers
(n=17-35), and the PCR product was quantitated (see Materials and Methods).
No product was detectable after 17 cycles. There is an exponential increment of
PCR product between cycles 20 and 29 with an amplification efficiency =90%.
Hypothetical growth curves for the PCR product (calculated for an amplifica-
tion efficiency of 100%, 90%, or 80%, respectively), starting from the actual
quantity of molecules at 20 cycles, are included for illustration (straight lines).
(¢) Linearity of PCR product vs. template input. After serial dilution, 3.16 nl-
3.16 wl of NIT cell cDNA (2 ng/ul) equivalent to 0.24-240 ng of total RNA was
amplified by PCR over 29 cycles using B-glucuronidase primers (see Materials
and Methods). The PCR reaction (0.01-10 ul) was then analyzed by laser-in-
duced fluorescence. There is a linear correlation between template input and
fluorescence signal over a range of 2V2 orders of magnitude.

of variation of 10.6% on a standard PCR
block.

not a function of the detection system,
and minimizing assay volumes will
probably allow analysis of smaller quan-
tities, for example, clinical biopsies.
Stochastic variation of amplification,
thought to arise from random variation
in amplification efficiency during the
first PCR cycles, is an inherent concern
in any PCR quantitation. We amplified
each sample in triplicate, and for practi-
cality, pooled aliquots prior to quantita-
tion with a resulting average coefficient

To control for template input, cDNA
was calibrated after synthesis and purifi-
cation. Input variation resulting from
different reverse transcription efficien-
cies or RNA quantity or quality was thus
minimized. In addition, neither degrada-
tion nor contamination with genomic
DNA is accessible to spectrophotometric
analysis in standard procedures. Tem-
plate standardization has been reported
for random-primed cDNA generated
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FIGURE 5 Gene expression pattern of B-glucuronidase. After calibration, equal amounts of cDNA
from various rat tissues were PCR amplified with B-glucuronidase primers for 29 cycles (see
Materials and Methods). No cDNA template was added to the reagent control. PCR products were
quantitated by laser-induced fluorescence. Values are expressed in relative fluorescence units and
represent two analyses of three PCR reactions. Coefficients of variation were <11%.

from bulk RNA.Y By using oligo(dT)
for RT priming, we synthesize cDNA
from polyadenylated mRNA only but
not from other RNA species (e.g., TRNA)
that account for the majority of cellular
RNA. Therefore, calibration is achieved
with mRNA-derived ¢cDNA that truly rep-
resents the pool of gene transcripts
within a given cell. Equal amounts of
this cDNA serve as one independent
standard for subsequent PCR quantifica-
tion. To avoid interference with contam-
inating genomic DNA as PCR template,
primers used for RT-PCR were located
on seperate exons.

We did not systematically compare
our approach with strategies based on
standardization of input RNA. However,
we quantitated total RNA spectrophoto-
metrically prior to reverse transcription
and used 3 pg for cDNA synthesis. De-
spite nominally ‘“‘equal’”” amounts of to-
tal RNA, up to eightfold differences in
oligo(dT)-primed cDNA were detectable.
Figure 3 shows that these differences are
real.

Housekeeping genes like actin,
GAPDH, or B-glucuronidase are used fre-
quently as internal standards in non-
competitive RT-PCR studies.’) Within
one tissue or cell type, these genes pro-
vide practical controls for template in-
put, unless expression of control and test
transcripts are both affected by the reg-
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ulatory events to be studied. So far, no
gene has been identified with truly even
tissue distribution appropriate as gold
standard for quantitative gene expres-
sion studies in different tissues or cell
types. Our data here exemplify that
B-glucuronidase shows expression levels
within one order of magnitude (except
for abundant expression in liver), but
our cDNA calibration approach delin-
eates significant differences from tissue
to tissue.

We did not attempt to determine ab-
solute levels of gene expression (e.g.,
transcript copies per cell or milligram of
tissue), which would require rigorous
control of absolute sample input, RNA
isolation and transcription. However,
the use of identical amounts of oligo(dT)
primed cDNA as a reference point makes
our approach especially suitable to com-
pare gene transcription in different cells
or tissues.

In small biological samples, RNA ex-
traction and assessment is often imprac-
tical, and control of template input may
therefore be impossible. The quantity of
starting material is often unknown, pro-
hibiting the use of exogenous RNA stan-
dards."® cDNA calibration as outlined
here can, however, be performed even in
simplified transcription protocols®
without separate RNA isolation (‘‘one-
tube RT"’). RT-PCR using cDNA calibra-

tion and sensitive fluorescence detection
may provide a useful tool to quantitate
gene expression in small and unique tis-
sue samples of unknown quantity, such
as organ biopsies in clinical medicine.
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