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Abstract

We previously reported a method for quantitative multi-gene transcriptional profiling with gene-specific standard curves using real-time
PCR. Here, we report an approach that increases experimental throughput by using a master template to generate a single standard curve for
the estimation of mRNA copy numbers from all genes. We prepared fifty-nine different templates and measured eNOS mRNA copy numbers
in Matrigel VEGF-transfectant samples. The copy numbers obtained using each of the fifty-nine templates were within 50% of the copy
number obtained using the previously reported method. Analysis of primer design parameters, and subsequent tests, showed that eliminating
complementarities between the first nucleotides at the 5'-ends of the forward and reverse primers reduces the influence of saturation effects
and produces copy numbers similar to those generated with gene-specific templates—generally, within 20%. Measurements on a panel
consisting of eNOS, iNOS, and nNOS further validated the master-template approach. The master-template approach enables rapid
quantification of mRNA abundances from panels of hundreds of genes, and will be a valuable tool for screening large numbers of genes as

part of a search for biomarkers, the validation of DNA-microarray data, or research into the dynamics of the gene—protein network.

© 2005 Elsevier Inc. All rights reserved.
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Introduction

Multi-gene transcriptional profiles provide a quantitative
view of the expression of many genes (Shih et al., 2002);
they thus provide a window into the overall state of the gene
network, and are valuable for fingerprinting biological
processes (Shih et al., 2003a,b). A significant fraction of
the genome is differentially expressed in pathological tissue
versus normal tissue (Alizadeh et al., 2000; Rickman et al.,
2001; Simkhovich et al., 2003), suggesting that hundreds or
thousands of genes will ultimately be found to “mark” any
particular disease.

Functional genomics studies have demonstrated a tight
correlation between the functioning of a protein and the
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expression of its gene (Brown and Botstein, 1999). Thus,
techniques like DNA-microarrays, which screen the entire
genome, have been widely used to find genes critically
involved in disease processes (Clarke et al., 2001). Unfortu-
nately, DNA-microarrays are limited in their accuracy,
making them potentially unreliable in measuring differential
gene expression (Bassett etal., 1999; Ding and Cantor, 2004).
Reproducibility is also a question, as arrays from different
companies have been shown to produce different results
(Mah et al., 2004; Yauk et al., 2004). Thus, it is important to
use techniques like real-time PCR, a method widely regarded
as the gold standard for nucleic acid quantification (Heid et
al., 1996; Jung et al., 2000; Klein, 2002), to validate DNA-
microarray data (Crnogorac-Jurcevic et al., 2002; Rickman et
al., 2001; Miyazato et al., 2001). However, conventional real-
time PCR analysis, which mainly focuses on measuring the
fold differences of expression of each gene, does not address
inter-gene relationships. Precisely quantifying mRNA copy
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numbers from multi-gene panels using real-time PCR, so that
abundances can be reliably compared across genes (Shih et
al., 2002), enables exploration of these inter-gene relation-
ships and furthers our understanding of the systems biology
underlying disease development.

A significant limitation of our previously reported
technique (Shih et al., 2002), however, arose from the need
to clone a specific cDNA template for every gene and to
generate a standard curve for each gene to be measured in
every PCR run. This diminishes experimental throughput
and also risks introducing new sources of cross-gene and
cross-run data variability. We therefore investigated whether
a single template for many genes — a master template — can
reliably be used to measure copy numbers for all genes in a
panel. Because standard curve parameters vary with PCR
amplification efficiencies and saturation effects (Jung et al.,
2000; Liu and Saint, 2002; Wilhelm and Pingoud, 2003), a
master template will function within experimental margins
of error if primers for different genes can be made
sufficiently uniform in their amplification efficiencies and
saturation effects.

To evaluate the master-template approach, we prepared
fifty-nine different cDNA templates and their specific
primers, and measured endothelial nitric oxide synthases
(eNOS) mRNA copy numbers from Matrigel VEGF-
transfectants. Our study supports the notion that the
master-template approach is reliable for mRNA copy
number measurement for all genes if primers are properly
designed, and offers a fast and high-throughput alternative
to gene-specific standard-curve quantification in multi-gene
transcriptional profiling.

Materials and methods
Skin angiogenesis model

Human SK-MEL melanoma cells were transfected with
human VEGF 45 under the direction of a CMV promoter
and clones of VEGF-Low and VEGF-High transfectants
were isolated (Shih et al., 2002). Athymic NCr nude mice
(7-8 weeks old, females) were injected subdermally mid-
way on the right and left back sides with 0.25 ml Matrigel
(BD Biosciences, San Jose, CA) at a final concentration of
10 mg/ml protein either alone to produce a control, or with
1.5 x 10° SK-MEL-VEGF-High or -VEGF-Low trans-
fectants. Soon after injection, the Matrigel implant solidi-
fied, and persisted without apparent deterioration
throughout the 6-day assay interval. After 6 days, the
animals were euthanized, and skin specimens were har-
vested after removal of Matrigel.

RNA isolation and cDNA preparation

Upon dissection, the implanted Matrigel specimens were
removed and total RNA was prepared from the skin that

was beneath the Matrigel using the RNeasy RNA extraction
kit (Qiagen, Chatsworth, CA). Briefly, tissues were lysed in
guanadinium isothiocyanate buffer and RNA was purified
following manufacturer’s instruction. The purified RNA was
suspended in RNase free H,O. Before cDNA was generated,
total RNA (1 ng) was treated with DNase I (Ambion,
Austin, Tex.) to remove contaminating genomic DNA. The
DNase-treated RNA (100 ng) was then converted into
cDNA by using random primers and SuperScript III
(Invitrogen, Bethesda, MD). All ¢cDNA samples were
diluted to 100 pl with H,O, aliquoted, and stored at —80°C.

c¢DNA template construction and preparation

For each of fifty-nine different human and mouse genes,
we cloned a 350- to 550-bp-long ¢cDNA fragment that
bracketed both real-time PCR primers. The fragments were
cloned from either a mouse embryo or a human liver cDNA
library (BD Biosciences) and inserted into PCRScript
vectors (Strategene, La Jolla, CA). Each ¢cDNA template
was purified using Strategene’s Plasmid Extraction Kit and
phenol/chloroform extraction to remove protein contami-
nants, precisely quantified, and tenfold serially diluted to
produce a series in which the lowest-concentration dilution
has a single copy per microliter. Real-time PCR with SYBR
Green I (Qiagen) was used to produce a standard curve for
each of the fifty-nine serially diluted cDNA template series.
SYBR Green I, which binds sequence-independently to the
minor groove of dsDNA and generates 1000-fold higher
fluorescence than in its free state, has a wide dynamic range
that in PCR reactions extends from less than 10 copies per
well to more than 107 copies per well (Morrison et al., 1998;
Wittwer et al.,, 1997). To produce a standard curve, the
threshold cycle (Ct) values for each dilution in the template
series are plotted as a function of the logarithm of the known
input template numbers and a linear trendline is fitted to the
data (Table 1).

Real-time PCR primer design and validation

We followed the guidelines of the Primer Express oligo
design software (Applied BioSystems, Foster City, CA).
Specific areas of the gene sequence were selected for primer
design based on successive NCBI Blast searches to
eliminate regions with significant homologies to other
genes. Primers are designed to meet standard primer design
parameters, including the lowest possible melting tempe-
rature difference, with melting temperatures in the range
58—-60°C. Where feasible, the 3'-end of the primers finishes
in a pyrimidine nucleotide (G or C), but 3 out of 5 of the 3'-
end nucleotides are A or T. Primers are 19—25 bp in length
and amplicons are typically 60—110 bp long. All primer
sets are then re-checked via NCBI short oligonucleotide
blast database searches to identify potential conflicting
transcript matches. Primers were synthesized by Genemed
Synthesis (South San Francisco, CA). The sequences of all



Table 1
Real-time PCR template, primer, amplicon, and standard curve parameters
Gene symbol c¢cDNA Real-time PCR primer: forward Real-time PCR primer: reverse Amplicon Trendline R? E (%)
(bp) Sequence Length % GC Tm Sequence Length % GC Tm (bp)
0-20% Difference
Mm Cdh5 505  TCCTCTGCATCCTCACTATCACA 23 478 58 GTAAGTGACCAACTGCTCGTGAAT 24 458 58 122 y = —3.4918x + 35.494 0.9968 93.4
Mm Gfap 514  GCTGGAGGGCGAAGAAAAC 19 579 58 TGGCCTTCTGACACGGATTT 19 526 59 102 y = —3.5040x + 35.815 0.9956 92.9
Mm Igfbp2 510 GCCCCCTGGAACATCTCTACT 21 57.1 58 TCCGTTCAGAGACATCTTGCA 21 476 58 92 y=-35718x +36.31 0.9997 90.5
Mm Pecaml 501 GAGCCCAATCACGTTTCAGTTT 22 455 59 TCCTTCCTGCTTCTTGCTAGCT 22 50.0 59 118 y = —3.4409x + 35416 0.9991 953
Mm Sele 501 TTGAGTGCACATCTCAGGGAAA 22 455 59 GACGTCAAGGCTTGGACATTG 21 524 59 77 y = —3.4204x + 35.735 0.9996 96.0
Mm Plau 501 GAAGTCCTCCCTCCTTTAAATGTG 24 45.8 58 TGGGAGTTGAATGAAGCAGTGT 22 455 58 86 y = —3.4345x +36.426 0.9993 955
Hs PTGS2 510 GGTCTGGTGCCTGGTCTGAT 20 60.0 59 TGTTTAAGCACATCGCATACTCTGT 25 400 359 77 y = —3.4813x + 35.665 0.9988 93.8
Hs FGF2 600  TTCGGCATGTAGCTCATGATCTAT 24 417 59 GCAGGGCAGATTTGCTCACTA 21 524 59 79 y = —3.5039% +36.099 0.9995 92.9
Mm Ptgs2 503 GGGTGTCCCTTCACTTCTTTCA 22 50.0 59 GGCGCTTGCATTGATGGT 18 556 59 71 y = —3.5252x + 35.826 0.9982 92.2
Mm Nos2 504  GGTGTTCTTTGCTTCCATGCTAAT 24 41.7 60 GTCCCTGGCTAGTGCTTCAGA 21 57.1 58 106 y = —3.4732x +36.169 0.9961 94.1
Mm Nosl 506  GGACTGATGGCAAGCATGACT 21 524 60 GCCCAAGGTAGAGCCATCTG 21 619 58 89 y = —3.4366x + 35.543 0.9985 954
Mm Vegfa 502 GGAGACTCTTCGAGGAGCACTT 22 545 60 GGCGATTTAGCAGCAGATATAAGAA 25 400 59 80 y = —3.4882x + 36.019 0.9986 93.5
Mm Flt] 508  GTCACAGAGGAGGATGAGGGTG 22 59.1 59 GTGAGGTAGGCTGCGCTTTC 20 60.0 58 116 y = —3.4903x + 36.603 0.9980 93.4
Hs SERPINEI 511 GGCTGACTTCACGAGTCTTTCAG 23 56.5 59 GTTCACCTCGATCTTCACTTTCTG 24 458 58 79 y = —3.4418x + 35.308 0.9922 95.2
Hs TIE] 504  GCCTGGGCCAATATCCAAGT 20 550 60 GCCTGTCCACGTCTATCCACA 21 57.1 60 83 y = —3.4938x + 35.549 0.9985 933
Mm Plat 502  CGACACAATTATTGTCGGAATCC 23 435 59 CACGTCAGCTTTCGGTCCTT 20 550 59 77 y = —=3.5703x + 36.638 0.9972 90.6
Hs PPIA 510  CTGGACCCAACACAAATGGTT 21 47.6 59 CCACAATATTCATGCCTTCTTTCA 24 375 59 111 y = —3.4629x + 35.028 0.9974 944
Hs IGF1 507  CTTCCGGAGCTGTGATCTAAGG 22 546 59 CGGACAGAGCGAGCTGACTT 20 60.0 59 78 y = —3.5468x +36.229 0.9967 91.4
Hs ANGPTI 407  CGCTGCCATTCTGACTCACATA 22 50.0 60 CCGGTTATATCTTCTCCCACTGTTT 25 440 60 76 y = —=3.6200x + 37.178 0.9992 90.0
Hs FGFRI 522 CGTGGAGTTCATGTGTAAGGTGTAC 25 48.0 58 CCATTCACCTCGATGTGCTTT 21 476 58 75 y = —3.5745x +36.267 0.9953 90.4
Mm Ppia 402  CAGACGCCACTGTCGCTTT 19 579 59 TGTCTTTGGAACTTTGTCTGCAA 23 39.1 59 133 y = —3.4220x + 35.483 0.9972 96.0
Mm Igfl 501 TCATGTCGTCTTCACACCTCTTCT 24 45.8 59 CCACACACGAACTGAAGAGCAT 22 50.0 59 124 y = —3.5505x +36.463 0.9994 913
Mm Igfbp3 439  CCGAGTCTAAGCGGGAGACA 20 60.0 59 TCAGCACATTGAGGAACTTCAGA 23 435 59 87 y = —3.4370x + 36.097 0.9995 954
Hs SELE 545 TTCCGGGAAAGATCAACATGA 21 429 59 CATTGAGCGTCCATCCTTCA 20 50.0 58 90 y = —3.5350x +36.538 0.9921 91.8
Hs FLTI 505  CCCTCGCCGGAAGTTGTAT 19 42.1 59 TTAACGAGTAGCCACGAGTCAAAT 24 417 58 85 y = —3.4230x + 35.065 0.9995 95.9
Mm Epnb2 503  ATGCATCATCTTCATCGTCATCA 23 39.1 59 TGGAGAGTGTTTGCGGTGTCT 21 524 59 82 y = —3.4823x +36.02 0.9988 93.7
Mm Nos3 576  TGAAGATCTCTGCCTCACTCATG 23 478 58 AGTCTCAGAGCCATACAGAATGGTT 25 440 358 77 y = —3.548%x +35.990 0.9981 91.3
Hs TGFB2 503 TGCTAATGTTATTGCCCTCCTACA 24 417 59 AATAGGCCGCATCCAAAGC 19 526 59 81 y = —3.5430x + 36.337 0.9983 91.5

Hs TIE? 386 AAGCGGCCTAGGACAGAACAT 21 524 59 TTCTCAGCAGTTGTCAAGGGTCT 23 478 59 79 y = —3.5566x +37.389 0.9992 91.1
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Mm Angpt2 504 TTAGCACAAAGGATTCGGACAAT 23 39.1 59 TTTTGTGGGTAGTACTGTCCATTCA 25 40.0 59 121 y = —-3.5075x +35.692 0.9979 92.8

Hs NPRI 501 TGAAAAATGCGAATGGCTGAT 21 38.1 59 TCGAAGTGAGGGTTGAAGTTGA 22 455 58 74 y = —3.4714x + 35.946 0.9967 94.1
Hs IGFBPI 521 TGGATTTTATCACAGCAGACAGTGT 25 40.0 59 TGGAGACCCAGGGATCCTCT 20 60.0 59 103 y = —3.5566x +36.491 0.9999 91.1
Mm Tiel 533 CAAGGTCACACACACGGTGAA 21 524 59 GCCAGTCTAGGGTATTGAAGTAGGA 25 48.0 58 122 y = —=3.5780x + 36.262 0.9990 90.3
Hs VEGF 568 GCGGAGAAAGCATTTGTTTGT 21 429 58 CGGCTTGTCACATCTGCAA 19 526 58 124 y = —3.5379%x + 36.669 0.9990 91.7
Hs KDR 543 CGGCAAATGTGTCAGCTTTG 20 50.0 59 GGTCACGTGGAAGGAGATCAC 22 546 59 83 y = —3.4714x + 35.946 0.9967 100.1
Ms Tie2 502 ACTCTTCATGTACAACGGCCATT 23 435 59 AGTGGGTGGCTTGCTTGGTA 20 550 59 76 y = —3.5654x + 36.479 0.9992 90.8
Hs MCAM 561 AGGAACACAGTGGGCGCTAT 20 550 58 CTCACTCGGACGTCAGACACA 21 57.1 58 112 y = —3.5593x +36.016 0.9976 91.0

20-50% Difference

Mm Rpipl 376 CAGTCTACAGCATGGCTTCCG 21 57.1 59 GTGACCGTCACCTCGTCGT 19 632 58 82 y = —3.2780x + 34.924 0.9983 101.9
Mm Angptl 502 CATTCTTCGCTGCCATTCTG 20 50.0 58 GCACATTGCCCATGTTGAATC 21 47.6 60 103 y=-3.1985x +34.42 0.9963 1054
Mm Fnl 290 GCTCACTGACCTAAGCTTTGTTGA 24 458 59 CCGATAATGGTGGAAGAGTTTAGC 24 458 59 84 y = —3.3991x + 35.964 0.9984 96.9
Mm Xlkd1 451 CTGTCATCCCTCGGATTTTCTC 22 50.0 59 GGAGGGAGCATTCCAAATCAG 21 524 59 77 y = —3.3853x +35.935 0.9994 97.4
Mm Timpl 455 CAAACTGGAGAGTGACACTCACTGT 25 48.0 59 GCAAAGTGACGGCTCTGGTAGT 22 546 59 81 y = —3.3412x +35.381 0.9977 99.2
Hs IGFIR 456 GGCAGCCAGAGCATGTACTG 20 60.0 58 CCCTTGAAGATGGTGCATCCT 21 524 60 121 y = —3.3995x + 35.898 0.9989 96.9
Mm Kdr 519 GCCCTGCTGTGGTCTCACTAC 21 61.9 58 CAAAGCATTGCCCATTCGAT 20 45.0 59 116 y = —3.3186x + 34.944 0.9962 100.1
Hs PLAU 507 GGAAAACCTCATCCTACACAAGGA 24 458 59 CGGATCTTCAGCAAGGCAAT 20 500 59 77 y = —3.4066x + 35.248 0.9989 96.6
Mm Igfbp4 518 TTCATCATCCCCATTCCAAAC 21 429 58 ACCCCTGTCTTCCGATCCA 19 579 59 116 y = —3.3336x + 34.728 0.9988 95.5
Mm Nrpl 502 TGAGGAAGTTCAAGATCGCCTATA 24 41.7 58 AAGCTCAGGTGTGTCATAGTTGTTG 25 44.0 58 119 y = —3.3834x + 34.904 0.9959 97.5
Hs ANGPT2 508 AGCATGGGTCCTGCAGCTA 19 579 58 TGCACAGCATTGGACACGTA 20 500 58 88 y = —3.3389x +34.962 0.9996 99.3
Mm Igflr 513 GAAAACTGCACGGTGATCGA 20 50.0 58 AGCAGCAAGTACTCGGTGATGA 22 500 59 113 y = —3.2518x + 34.097 0.9939 103.0
Mm Igfbpl 501 GCGATGCCCGAGTTCCTAA 19 579 60 AGCAGTGCAGGGAGCACAGT 20 60.0 60 114 y =—=3.3111x +34.924 0.9984 100.5
Mm Flt3] 401 CAGGACGAGAAGCACTGCAA 20 550 59 CCCTGCCACAGTCTTCAGTTG 21 57.1 59 81 y = —3.3455x +35.362 0.9961 99.0
Hs FN1 501 CAACTCACTGACCTAAGCTTTGTTG 25 44.0 59 CGGTACCCAATAATGGTGGAA 21 47.6 58 92 y = —3.3186x + 35.078 0.9981 100.1
Mm Ephb4 503 GCAATGGGAGGGAAGTTGAGTAC 23 522 60 TGCCTCATTAGGGTCTTCGTAAG 23 522 58 107 y = —3.3879% + 35.703 0.9996 97.3
Mm Mcam 405 GTCAGATAAGCTCCCAGAAGAGATG 25 48.0 59 TGTATTTCTCTCCCTGGTCTCCTG 24 500 60 86 y = —3.2609x + 34.670 0.9948 102.6
Hs CDHS5 512 GAACCCAAGATGTGGCCTTTAG 22 50.0 59 GATGTGACAACAGCGAGGTGTAA 24 458 59 103 y = —3.3605x +34.852 0.9991 98.4
Mm Mmp9 504 ACTGCGGGCTCTTCTGAGG 19 632 59 CCCTGGATCTCAGCAATAGCA 21 524 59 96 y = —3.3973x +35.824 0.9991 96.9
Mm Igfbp5 504 GATGAGACAGGAATCCGAACAAG 23 478 59 AATCCTTTGCGGTCACAGTTG 21 47.6 59 125 y = —=3.5759% + 36.099 0.9997 90.4
Mm B2m 341 GATACATACGCCTGCAGAGTTAAGC 25 48.0 59 ATCACATGTCTCGATCCCAGTAGA 24 458 59 76 y = —=3.4721x + 34.633 0.9943 94.1
Mm Acta? 519 ACCGCTGCCTCTTCCTCCT 19 632 60 GGCAACGGAAACGCTCATT 19 526 60 88 y = —3.4798x + 36.486 0.9978 93.8

Mm, Mus musculus; Hs, Homo sapiens; cDNA (bp), the size of cDNA insert in each clone plasmid; primer information: forward and reverse primer sequences, length of each primer, % GC content in each primer
(% GC), primer melting temperature (Tm), and the size of PCR product in real-time PCR (amplicon); standard curve information: trendline of each standard curve, R? value, and PCR efficiency (E). The genes are
listed in two categories depending on whether the discrepancy in eNOS copy number obtained using the template varied by more or less than 20% from that obtained with the eNOS-specific template.
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real-time PCR primers used in this paper are listed in Table
1 (5 to 3’). To assure the specificity of each primer set,
amplicons generated from PCR reaction were analyzed for
specific melting point temperatures by using the first
derivative primer melting curve software supplied by Ap-
plied BioSystems.

TagMan quantitative real-time PCR

The SYBR Green | assay and the ABI Prism 7700
Sequence Detection System were used for detecting real-
time PCR products from reverse transcribed Matrigel cDNA
samples and performed as described previously (Shih et al.,
2002). Although 18S rRNA is a desirable endogeneous
control (Thellin et al., 1999), the 18S rRNA transcript is
almost 2'? to 2°° times more abundant than most other
mRNAs and is therefore inappropriate to use as a house-
keeping gene. We used cyclophilin-A, which exhibits a
constant level in the Matrigel samples in comparison with
18S rRNA, as the normalizer. PCR reactions for each
Matrigel cDNA sample (6 pl) were performed in duplicate
for both eNOS and cyclophilin-A, and copy numbers were
calculated using standard curves generated from each of the
fifty-nine cDNA templates. The level of target gene
expression was normalized against the cyclophilin-A
expression in each sample and the data presented as mRNA
copies/10° cyclophilin-A copies.

Data analysis—standard method and master-template
method

In the standard method, standard curves are created using
a gene-specific cDNA template and gene-specific primers
for every gene including the housekeeping gene (Shih et al.,
2002). The mRNA copy numbers for each gene in each
sample are then calculated through their respective standard
curve. To obtain a normalized abundance, mRNA copy
numbers of each gene are divided by the mRNA copy
number of the housekeeping gene measured in an equal
quantity of the same sample. As real-time PCR is sensitive
to various experimental parameters such as pipetting errors
and the choice of fluorescence threshold used to determine
the threshold cycles, Ct, it is not unusual to obtain a 20%
variation in copy number from different runs observing a
particular gene and sample.

In the master-template approach, a single standard curve
is created using one selected reference cDNA template and
its specific primers known to produce good standard curves.
Good standard curves have a close linear fit across multiple
orders of dilution, with little change in calculated slope and
intercept if a different dilution range is selected; are
consistent across PCR runs; have a slope between 3.35
and 3.55; and are derived from fluorescence curves which
show few signs of significant saturation at Ct for any
dilution. The reference template need not be the same as the
housekeeping gene or the genes under study. The number of

mRNA copies for each gene-sample combination is
calculated using this one standard curve. To obtain a
normalized abundance, copy numbers of the gene of interest
(obtained using the reference-gene standard curve) are
divided by copy numbers of the housekeeping gene (also
obtained using the reference-gene standard curve).

Results

Measurement of eNOS mRNA copy numbers in SK-MEL
human melanoma VEGF-transfectants induced
neovascularization

Angiogenesis requires the elaboration of endothelium-
derived nitric oxide (NO) and angiogenic factors like VEGF
induce the release of NO from endothelial cells (Hood et al.,
1998; van der Zee et al., 1997). Using a Matrigel VEGF-
transfectant model that serves as a well-controlled source of
neovascularization for identification of mRNAs that corre-
late with VEGF expression and angiogenesis (Shih et al.,
2002), we measured the expression level of eNOS. Cyclo-
philin-A, a primary cytosolic receptor for cyclosporine A
(Trandinh et al., 1992) that showed uniform expression in
the Matrigel samples (data not shown), was used as a
normalizer. Both eNOS and cyclophilin-A standard curves
were generated from their respective templates and primers
(Mm Nos3 and Mm Ppia in Table 1) and measured mRNA
copy numbers of the respective target gene in Matrigel
samples. VEGF-High transfectants, which produce a VEGF
level 5 times higher than that produced by VEGF-Low
transfectants (Shih et al., 2002), induced a significantly
greater degree of skin angiogenesis than the VEGF-Low
transfectants and the Matrigel alone (Fig. la). The skin
specimens with VEGF-High transfectants also demonstrated
higher copy numbers of eNOS than skin specimens with the
VEGF-Low transfectants or the Matrigel alone; eNOS
mRNA copies per 10° cyclophilin copies for the VEGF-
High, VEGF-Low, and control Matrigels were 28,230 +
1424, 7020 + 868, and 4544 + 250, respectively (Fig. 1b).
Thus, relative to the control Matrigel, the VEGF-High
Matrigel had a 6.2-fold induction of eNOS mRNA level,
whereas the VEGF-Low Matrigel had a 1.6-fold induction.

Measurement of eNOS mRNA copy numbers through
standard curves generated from fifty-nine cDNA templates
in real-time PCR

To explore the possibility of using a master template to
generate standard curves in real-time PCR and measure all
other target gene copy numbers, fifty-nine different cDNA
templates were prepared (Table 1). These templates, which
have 350—550 bp cDNA inserts of either mouse or human
genes, were precisely quantified and 10-fold serially diluted.
Specific real-time PCR primers were designed for each of
the fifty-nine cDNA templates (Table 1), and used to
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Fig. 1. Real-time quantitative RT-PCR measurement of eNOS expression
using standard curves derived from eNOS-specific cDNA templates. (a)
Angiogenesis in nude mouse skin was induced by subdermal injection of
Matrigel itself (Control) or Matrigel containing 1.5 x 10° cells of VEGF-
Low or VEGF-High transfectants. Tissues were harvested and photographed
at day 6. (b) Quantitative real-time PCR measurement of eNOS copy
numbers using precisely measured and 10-fold serially diluted eNOS and
cyclophilin-A cDNA templates to generate standard curves. Control, VEGF-
Low, and VEGF-High, respectively, showed 4544 + 250, 7020 + 868, and
28,230 + 1424 eNOS mRNA copies/10° cyclophilin mRNA copies.

generate standard curves to measure both eNOS and cyclo-
philin-A mRNA. Linear regression analysis of all standard
curves showed a high correlation (R? coefficient > 0.99), and
measured PCR amplification efficiencies ranged between
90% and 103%. Since 20% variations in copy number for the
same experiment are common using the standard method, in
Table 1 the fifty-nine cDNA templates are grouped into two
sets according to whether the difference in eNOS copy
numbers between the standard and master-template
approaches was less than 20% (i.e., insignificant) or greater
than 20%. For example, eNOS mRNA copies per 10°
cyclophilin copies for the VEGF-High, VEGF-Low, and
control Matrigels were 26,045 £ 1336, 6377+ 801, and 4088 =
229 using the murine Cadherin-5 template (Mm Cdh5), a
difference of less than 20% compared to the standard
approach (Fig. 1), whereas the copy numbers were 20,528 +
1121, 4587 + 613, and 2856 + 170 using the murine acidic
ribosomal P1 template (Mm Rplp), a difference significantly
larger than 20%. Within the two groups, templates were
sorted by the 5'-end bases of their primers. Notably, no
template gave a difference as large as 50%; forty templates
yielded a difference of less than 20%.

Design of primer 5-ends to eliminate complementarity
improves consistency of non-specific standard curve
quantification

We analyzed various primer characteristics in order to
find characteristics that correlated with a low difference in

estimated copy number between specific and master
templates. Primarily because nearly all primers complied
with known design rules, we found no correlation with such
primer design parameters of ABI Primer Express as primer
length, melting temperature, % GC content, 3’-end finish in
a pyrimidine nucleotide, and 3 out of 5 of the 3'-end
nucleotides A or T. We found that the first nucleotide
combination at the 5'-ends of forward and reverse primers is
strongly correlated with the difference in copy numbers. In
Table 2, we show, for each combination of 5’'-end bases of
the forward and reverse primers, the number of primer sets
with that combination giving less than 20% or greater than
20% differences in copy number. We found the following
probabilities for a less than 20% difference: (1) C/T, all five
cDNA templates, 100% probability; (2) T/T, all three cDNA
templates, 100% probability; (3) G/G, seven out of eight
cDNA templates, 87.5% probability; (4) G/T, eight out of
ten cDNA templates, 80% probability; (5) C/C, five out of
seven cDNA templates, 71.4% probability; (6) G/A, three
out of five cDNA templates, 60% probability; (7) A/T, four
out of seven cDNA templates, 57.1% probability; (8) C/A
combination, one out of two cDNA templates, 50.0%
probability; and (9) C/G combination, three out of eleven
cDNA templates, 27.3% probability. Overall, primer sets
whose first 5'-end nucleotides are complementary produce
standard curves that give poor-quality quantification (only 7
of 18 templates with C/G or A/T combinations produced
copy number differences less than 20%, a 38.9% proba-
bility). In contrast, non-complementary combinations
appear to be less prone to quantification errors and to
generate standard curves that more reliably estimate copy
number (33 of 41 cases generated copy number differences
less than 20%, an 80.5% probability). To verify that
complementary at the 5-ends increases quantification
differences, we re-designed the primers for acidic ribosomal

Table 2
Probability of generating less than a 20% difference in copy number as a
function of the 5'-end first base composition of real-time PCR primers

1st Number of cDNA Total number Probability
Base templates of cDNA templates

F/R 0-20% Difference n %
C/T 5 5 100.0
T/T 3 3 100.0
A/A 1 1 100.0
G/G 7 8 87.5
G/T 8 10 80.0
Cc/C 5 7 71.4
G/A 3 5 60.0
A/T 4 7 57.1
C/A 1 2 50.0
C/G 3 11 27.3

From Table 1, the number of cDNA templates which generated 0—-20%
difference in copy numbers was counted from each 5'-end first base primer
composition. The probability was calculated by grouping genes in Table 1
according to 5'-end base pair combinations, and dividing the number of
templates that gave less than a 20% difference in copy number with the total
number of templates with that combination.
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P1 (Mm Rplp) (Forward/Reverse: GAGCCACCAACCA-
GAAGGG/AGGTTTGACTTGTCTGAGGTTCCT), and
found that the difference in estimated copy number was
reduced to less than 20% (eNOS mRNA copies per 10°
cyclophilin copies for the VEGF-High, VEGF-Low, and
control Matrigels were 28,978 + 1442, 7392 + 901, and
4802 + 261, respectively).

Multi-gene transcriptional profiling using a master template

There are three different types of NOS: eNOS, iNOS
(inducible NOS), and nNOS (neuronal NOS). We generated
a NOS gene expression profile by measuring all three NOS
genes and the normalizer cyclophilin-A using the standard
method in Matrigel samples (Fig. 2a). The three NOS genes
were expressed at similar levels in the control Matrigel
samples (4.6 x 10° copies of eNOS, 1.7 x 10° copies of
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cDNA Templates
Standard Mm Giap Mm Fit1
eNOS
Cantral 4545+250 4168+232 4079+228
VEGF-Low  7021+868 5490+812 f363+799
WVEGF-High 28230%1424  2B378+1348  26004+1334
iNOS
Contral 1736+315 1631+374 1493+ 366
VEGF-Low  2058+483 2637+439 2577+431
VEGF-High 16847+767  15540+722  15288+713
nNOS
Contral 3474+573 38624625 3778+614
VEGF-Low  4387+372 4834+404 4734+397
VEGF-High  7306+346 7306+346 7852+ 366

Fig. 2. Multi-gene transcriptional profiles obtained through precision and
master-template approaches. (a) Results using the high-precision approach,
in which eNOS, iNOS, and nNOS cDNA templates and their respective
primer sets were used to produce standard curve and measure expression of
the respective gene. Cyclophilin-A ¢cDNA templates were used to measure
copy numbers of the cyclophilin-A normalizer and data is presented as
target gene copy number per 10° cyclophilin mRNA copies. All three genes
increased their expression level significantly in the VEGF-High Matrigel
samples whereas the level was only slightly increased in the VEGF-Low
Matrigel sample compared to the control. (b) Master-template approach:
Mm GFAP and Mm Fit] ¢cDNA templates and their respective primer sets
were used to produce standard curves, which were then used to measured
copy numbers of the three NOS genes and the cyclophilin normalizer. Both
Mm GFAP and Mm Flit1 templates produced copy numbers that differed
less than 20% from the precision results.

iNOS, and 3.5 x 10° copies of nNOS/10° copies of
cyclophilin) (Fig. 2b). In VEGF-Low Matrigel samples
relative to the control, the eNOS expression level increased
by 1.54-fold, the iNOS expression level by 1.70-fold, and
the nNOS expression level by 1.26-fold. In VEGF-High
Matrigel samples relative to the control, a predominant
induction of eNOS and iNOS was detected: for every 10°
copies of cyclophilin mRNA, we obtained approximately
2.8 x 10* copies of eNOS, a 6.2-fold induction; 1.7 x 10*
copies of iNOS, a 9.7-fold induction; and 7.3 x 10° copies
of nNOS, a 2.1-fold induction (Fig. 2b).

To illustrate the master-template approach, two cDNA
templates, Mm GFAP and Mm Flt1, were arbitrarily selected
from the 40 templates in Table 1 that generated less than a
20% difference in copy numbers and were used as master
templates to measure the three NOS gene copy numbers. As
shown in Fig. 2b, standard curves generated from either Mm
GFAP or Mm Flitl cDNA templates produced less than a
20% difference in estimated copy number for all three genes
relative to the standard method.

Discussion

With high sensitivity (<5 copies), wide dynamic range of
quantification (7—8 logarithmic decades), and high preci-
sion (<2% standard deviation) (Heid et al., 1996; Jung et al.,
2000; Klein, 2002), real-time PCR has come into wide use
as a bio-instrument for gene expression measurement in
pathology (Alizadeh et al., 2000; Rickman et al., 2001;
Simkhovich et al., 2003). The unique advantages of real-
time PCR enabled us to pioneer a method for quantitative
transcriptional profiling of multi-gene panels to fingerprint
biological tissues by measuring mRNA copy numbers
through gene-specific cDNA templates (Shih et al., 2002).
To improve the technique’s experimental throughput, we
have now developed an approach that uses a single master
template for measuring all genes of interest, thereby
significantly increasing experimental throughput when
studying panels with large numbers of genes.

Real-time PCR quantification is based on the concepts of
the cycle threshold (Ct), defined as the cycle number at
which fluorescence reaches a certain threshold value, and
the standard curve, which plots threshold cycle as a function
of initial abundance (Jung et al., 2000; Liu and Saint, 2002;
Wilhelm and Pingoud, 2003). The fluorescence signal is
proportional to the quantity of product, which in the absence
of saturation rises exponentially and is related to the initial
quantity after n cycles according to the formula Nn = Ny x
(1 + E)", where E is the efficiency of amplification. In the
absence of saturation, therefore, Ct values would increase
by 1.0 with each (1 + FE)-fold dilution of the initial
abundance(Pfaffl et al., 2002). Equivalently, between ten-
fold serial dilutions, the efficiency is related to the change in
Ct by the formula E = 10 — 1 (Liu and Saint, 2002;
Wilhelm and Pingoud, 2003).
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The fluorescence signal does saturate, however, due in
part to consumption of reagents and accumulation of
pyrophosphate molecules to block enzyme activity (Liu
and Saint, 2002; Wilhelm and Pingoud, 2003). Saturation
causes the rate of increase in the fluorescence signal to
decline over the course of amplification and approach zero as
the fluorescence signal plateaus. Mild saturation effects are
typically apparent even as the fluorescence signal appears
above the background (in the form of a reduced slope to the
fluorescence curve). The magnitude of apparent saturation
effects can also be affected by such experimental variables as
the choice of vendor for reagents (data not shown).

With no saturation and 100% PCR efficiency, the
standard curve would be linear with a slope of 3.32 (i.e.,
Ct would increase by 3.32 with each 10-fold dilution). In
our hands, the measured PCR efficiency of fifty-nine
different cDNA templates ranged from 90% to 103%, with
measured efficiencies over 100% a sign of significant
saturation effects. A naive calculation might predict that
abundance increases as (1 + E)", so that an efficiency range
of 90% to 103% would, over 30 PCR cycles, yield a
difference in estimated copy numbers of a factor of (2.03/
1.9)3 ° or 630%. However, in practice, the maximum
percentage difference in measured copy number, even using
templates whose efficiency varies significantly, is less than
50%. This result is primarily due to the inverse correlation
of the slope of a standard curve with its intercept; the
increase in estimated copy number due to a higher intercept
partially balances the decrease in estimated copy number
due to a decreased efficiency as indicated by the standard
curve slope. It is little appreciated by most practitioners that
standard curve intercepts are inversely correlated with
slopes, so that naive calculations like the one above greatly
overestimate the dependence of estimated initial abundance
on efficiency.

Although our study only has 59 ¢cDNA templates and the
number of primer sets with complementary 5-end bases
may be too low for a definitive conclusion, quantification
errors seem to be significantly increased by complementary
at the 5'-ends of primers (e.g., C/G or A/T combinations). A
possible mechanism for such errors may be non-specific
extension by the Taq polymerase of primers joined initially
and transiently at the 5'-ends. The resulting extended
primers can be amplified in the PCR process and can form
long double-stranded sections that contribute a ‘false-
positive’ fluorescence signal. The extended primers may
also be less likely to anneal to amplicons, reducing the
availability of primers. When 5'-end primer nucleotides are
complementary, the measured PCR amplification efficien-
cies often exceed 100% (Table 1); this supports the idea that
the dominant mechanism for quantification errors is a false-
positive fluorescence signal that grows with cycle number
and is independent of the starting quantity of the amplicons.
Such a cycle-number-dependent, amplicon-quantity-inde-
pendent signal can lead to measured efficiencies of more
than 100%. We conclude that, if a master template is to be

used, it is desirable for its primers to be designed to
minimize the likelihood of primer linkage at the 5'-end by
eliminating complementarity between the 5'-ends of the
forward and reverse primers. This principle for 5-end
primer design has not previously been reported in the
literature.

If designing primers without 5-end complementarities
can reduce the difference in estimated copy number from
using the master-template method to less than 20%, then
quantification errors due to use of the master-template
approach may be acceptable for most laboratory purposes,
especially since every PCR run typically yields 10—-20%
discrepancies due to various sources of experimental error
including instrument and pipetting errors (Ginzinger, 2002).

Other issues affecting the reliability of the obtained data
are the choice of the housekeeping gene and sample quality
(Thellin et al., 1999). Since not all starting materials for
cDNA preparation are free of RNA degradation, and not all
proposed housekeeping genes, such as GAPDH and actin
(Goidin et al., 2001; Zhu et al., 2001), are constant across
samples, it is important to monitor both cDNA quality and
the expression of the chosen housekeeping gene by
calibrating with 18S RNA.

Nitric oxide (NO) is responsible for vasodilation and
mediates a multiplicity of processes involved in angio-
genesis including endothelial cell survival, proliferation,
migration, and interaction with the extracellular matrix
(Murohara et al., 1999; Noiri et al., 1998). VEGF up-
regulates the endothelial expression of NO synthase (NOS)
(Hood et al., 1998; van der Zee et al., 1997). As we also
observed in this study, the greater degree of mouse skin
neovascularization induced by VEGF-High transfectants
was accompanied by higher levels of eNOS expression. By
generating an expression profile of the three NOS genes,
eNOS, iINOS, and nNOS, we were able to examine the
relationship between the three NOS genes in Matrigel
samples. We found that in the VEGF-High transfectant,
eNOS was the most abundant NOS while iNOS was the
most strongly induced. The information of three NOS gene
relationship obtained through this multi-gene profile pro-
vides insights as to which NOS gene will play a more
predominant role when all three genes are expressed.

In summary, our study indicates that with properly
designed primers, fresh reagents, good selection of a
master-template standard, reliable instrumentation, and
consistent data analysis, the master-template method for
real-time PCR gene quantification will yield reliable mRNA
copy numbers. By avoiding cloning of specific templates for
every target gene, the master-template method increases
experimental throughput, reduces errors introduced through
template variations, and makes it easier to compare data
from different assays. By enabling reliable inter-gene
abundance comparisons in multi-gene panels, the technique
provides a measure of the overall state of gene expression
that will help to identify genes of biological importance. As
a high-throughput technique capable of measuring the
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expression of large panels of genes, it will be valuable not
only for fingerprinting biological states, but also for
observing the dynamics of the gene—protein network during
disease processes and for validating DNA-microarray data.
Concerns over accuracy may be addressed by turning to the
standard approach of gene-specific templates after the
master-template approach has first identified a smaller set
of genes of interest.
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