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ABSTRACT A method for the quantitation of specific

mRNA specics by the polymerase chain reaction (PCR) has
betn developed by using a synthetic RNA as an internal
standard. The specific lacget mRNA and the internai standard
are coamplified In one reacion fn which the same primers are
used, The smount of mRNA is then quantitated by extrapo-
lating against the standard curve generated with the internal
standard. The synthetic internal standard RNA consists of »
linear array of the sequences of upstream primers of multiple
target genes followed by the complementary sequences to their
downstrears primery in the same order, This quantitative PCR
mediod provides a rapid and reliable way 1o quantify the
amount of a specific mRNA in a sample of <01 ng of total
RNA. In addition, the same internal standard RNA Is used.
with appropriate primer pairs. to quantitate mustiple different
mRNA spreies.

Polymerase chain reaction { PCR) is a powerful tool 1o amplify
small amounts of DNA or mRNA for various mofecular
analyses. [t has been used for RNA blot analysis (1), nuciease
protection analysis (2), and mRNA phenotyping (3) for the
study of short-lived, low-copy number. mENA transenpts, It
has widespread applicarions in genetic disease diagnosis (4.
), disense susceptibility (6, 7). and cancer diagnosis (}. 8).
However, in most instances, the PCR technique has only
provided qualitative results. The availabithy of quantiative
PCR should provide valuable additional information for these
and other applications,

Quantitative PCR analyses have been used 1o study ihe
mRNA levels for dystrophin in different ussues (9) and for
thymidylate synthase in wmors 110). However, these studies
provide only relotive comparisons of the amounts of MRNA.
it has been difficult to quantitate the absolute amount of
specific MRNA without an intemal standard of known con-
centration. Because PCR amplification is an exponential
process. (he exient of ampiification (M) is given by the
equation & = N1 + cffy", where &, is the initial smount of
material, ¢ff s the efficlency, and n is the cycle number,
Small differences in efficiency could lead to large differences
in the yietd of PCR product. Previous atiempis to quantitate
PCR amplification of mRNA sequences have involved the
use of a relatively invariant mRNA such as S-actin or an
unrelated 1emplate as an internal standard (9, 113, However.
this approach provides only comparative data. in part be-
cause of differences in efficiency between the primer pairs for
the standard and the target mRNAs, Ideally, target mENA
could be guantificd most accuraicly by using an internal
standard with the same sequence as the target itself, How-
ever, (o comtrol for “lubz effesis.” the standard and the
targes RNAs must be amplified in the same reaction wbe.
Unfortunately. in this case. their PCR products cannot be
distinguished, A second approach is 10 ganerare an allelic
variant ie.g.. a small deletion or insertion in the gene of
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interest) such that there is a small difference in the size of the
PCR product of this internal standard and the PCR product
of the native mRNA, Creation of a restriction enzyme site in
the 1arget gene is another method that would permit distinc-
tion between the PCR products of the standard and target
RMAs. These approaches reguirs that a new standard be
constructed for each target gene, We report herea technique
in which a synthetic RNA is used as an internal standard for
quantitating the amount of speeific mANA by PCR. The
technique involves coamplification of a target mRNA with
the internal standard, This standard utifizes the same primes
sequences as the target mRNA but vields a PCR product of
a different size. The two PCR products can then be casily
separated by gel electrophoresis after amplification. In the
exponential phase of the amplification. the amount of 1arget
mRNA can be quantitated by extrapolating against the stan-
dard curve, {n addition, the internal standard developed here
contains the primer sequences for muktiple genes so that the
same standard can be used to quantitate 2 number of different
mRNAs of interest.

To demonstrate its uulity, this technique has been applied
to the quantitation of the mA&MA levels for several lympho-
kines in human monocyie-derived macrophages in response
to stimulation with lipopolysaccharide {LPS) and to the
expression of mRNAs in human atheroscierotic plagque tis-
sue.

MATERIALS AND METHODS

RNA Preparation, A synthetic gene was constructed by a
techaique of oligonuciectide overlap exiension and amphfi
catron by PCR. Our procedure was similar 1o the one recently
published by Ho er al. {12) for use in site-direcied mutagen-
2sis. After construction, the synthetic gene was subcloned
into an Okayama-Berg vector containing the T7 polymerase
promoter and a polyadenylylated sequence. This plasmid,
pAW1I08, was used as a template for transcription by the T7
polymerase according to the transcription protocol of
Promega Biotee, The resulting AW108 complementary RNA
{cRNA) product was purified by oligoldT) chromatography
and quantitated by absorbance at 260 nm, Total cellular ANA
was isolated from macrophages and lissues by the methiod of
acgd guanidium thiocyanare/phenci/chioroform extraction
{13

Oligonucieotides Used for Amplification. Oligonucleotides
were synthesized on a Biosearch DNA synthesizer, Most of
the primers are RNA-specific primers, The 5' primers
spanned the junction of the first two exons and the 3’ primers
spanned the junction of the next two exons. Altermatively,
the 5° primers spanned the junction of the first and second

-
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exons, and the 3° primers spanned the junciion of the second
and third exons. These sequences are shown in Table 1
{14241,

Amplification Method. RNA was reverse transeribed into
cDNA as described (25). A 10l reverse transcription reac-
tion mixture containing | pg of total cellular RNA. 177 X
10%-10* molecules of AW108 cRNA. 1 PCR buffer (20 mM
Tris-HCL pH 8.3/50 mM KCU2.5 mM MgCh/100 ug of
bovine scrum albumin per miY. 1 mM dithiothreitol, 0.5 mM
dNTP. 10 umts of RNasin (Promega Biotec), 0.1 ug of
oligotdT)2.1x, and 100 units of BRL Moloney murine leuke-
M3 YIrus reverse transcriptase (Bethesda Research Labora-
tories: was incubated at 37°C for 60 min. heated 10 95°C for
5~10 min. and shen guick-chilled on ice. PCR was performed
at a final concentration of 1x PCR buffer/50 M dNTPs/0.1
1M cach 5" and 3’ primers/1 X 10® cpm of P-and-labeled
primers ] unit of 7?‘::rmu: aquaticus DNA polymerase (Tag
polymerase! (Perkin-Elmer/Cetushina total vol of 50 al, The
mixture was overiaid with mineraf oil and then amplified with
the Perkin-Elmer/Cetus thermal cycler, The amplification
profile involved depaturation ar 95°C for 30 see, primer
annealing at 55°C for 30 sec. and extension at 72'C for 1 min.
Oligonucleotides were labeled with [y-"PIATP by using
polynucicatide kinase, and unincorporated nucleoudes were
removed on & Bio-Gel P-4 column,

_ Quaniitative Anglysis. Ten microfiters of each PCR reac-
tion muxture was ¢electrophorestd in 8% polyacrvlamide gels
in Tris borate/ EDTA buffer, Gels were stained with ethidium
bromide 2nd photographed. Appropriate bands were cut out
from the gel and mdicactivity was determmned by Cerenkov
counting, The amount of radicactivity recovered from the
excised gel bands was plotied against the template concen-
trations or the numbzr of PCR cycles,

Northern Blot Anslysic, RNA was electrophoresed in a
1.3% agarose gel containing formaidehyde and was wans.
ferred to a nitrocellulose filter in 20x 88C (1% SSC = 0.15
M NaCl/0.015 M sodium citrate). The blot was hybridized
with 2 x10® cpm of 7P-end-labeled oligonucicotidey permi.
Hybridization was for 4 hr a1 55°C in 8,75 M Na(/0.075.M
sodium curaie, pH 7.0/20 mM sodium phosphate. pH 7.0/5
mM EDTA/200 pg of yeast RNA per mi/1% Sarkosyl
1Sigmas. The blot was washed in Ix SSC at 55°C for 30 ma
an;io’gas autoradiographed wuh intensifying screens at

Macrophage Cultures. Human peripheral blood monecytes
were isofated from buffy coat preparations by Ficoll/
Hypague gradient centrifugation followed by adherence 10
plastic for 1 hr, Adherent cells were then removed and
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Teplated at 10° cells per wellonto six-well plates in RPM] 1640
medium supplemented with 2% fetal calf serum and 2000
units of recombinant macrophage colony-siimulating factor
per ml {Cetus), After 10 days. half of the cultures were treated
with § pg of LPS per mi (Sigmal. All the cultures were
harvested for nucleic acid isolation 5 hr later.

Human Tissue Samples. The carotid endarterectomy same
ple was obuined through the courtesy of Dale Strawn {Vel.
erans Administraion Hospital. Martinez, CA) during the
conrse of a surgical operation and with the informed consent
of the patient. The RNA preparation of 2 histologically
normal coronary artery from a heare transplant recipient was
a gentrous gift from the laboratory of Russell Ross (Univer-
sity of Washington).

RESULTS

Intsrnal Standard AW108 ¢RNA. The AWIHS cRNA was
synthesized as 3 sense strand from pAW108 by T7 polymer-
ase, The suucture of the plasmid pAW108 is shown in Fig. 1.
There are two functions of this AWI08 cRNA involved inthe
quantitation method. First, it serves as an internal mRNA
control for the reverse transeniption reaction, Second. it is
used 1o generate a standard curve for quantitating the specific
target mRNAs from cxperimenial samples. The plasmid
encoding this synthetic cRNA has the 57 primers of 12 target
mRNAs connected in sequence followed by the complemen-
lary sequences of their 3’ primers in the same order (sze Table
1), The PCR product from esch primer set is 300~308 base
pairs (bp) depending on the primer used and s designed not
to overtap in size with the FCR products from these rarget
mRNAs, The size difference between the PCR products
permils casy separation of the cRNA product from the target
mRNA product by gel electrophoresis, Linkers containing
unique restriction enzyme recognition sites were placed after
the sex of 5' primers end after the sat of 3’ primers to allow
insertion of additional pairs as needed. The unique BamH!
site is used 10 lincarize the plasmid to produce run-off
transcripts, The AWI08 cRNA conrains a polyadenylylated
sequence af the 3' end 10 facilitate purification of the in vitro
synthesized cRNA and to permit reverse (ranscription to-
gether m the same reaction with the target mRNA. Since the
same primers are used in the PCR amplification of both
templates, there are no primer efficiency differences between
the standard and the target RNAs, When dilution series of
mixtures of the target mRNA and AW108 cRNA are coam-
plified in the same tube and the reaction is terminated in the
exponential phase of ampiilication, the amount of target

Table 1. Oligonucieotides of 5' primers and 3’ primers of 12 target genes

Size of PCR

product B _

mRNA spraes 3 primers 3" primers mRNA  cRNA
TNF 5'-CAGAGGGAAGAGTTCCCCAG-Y §-CCTTGGTCTGUTAGGAGACS Y 35 o1
M-CSF 5"GAACAGTTCAAAGATCCAGTO-Y 5 TCGOACGCAGCGCCTTGTCATG-Y i1 02
PDGF-A §-CCTGLCCATTCGUAGOAAGAG-Y S TTGGCCACCTTGACGLTGEG Y us i
PDGF-8 §"-BAABGAGCCTGLOTTCCCTG 3 SITTCTCACCTOOACAGOTCG-Y a7 100
apoE S TTCCTGGCAGGATGCCAGGT-Y $GGTCAGTTGTTCCTCCAUTICY n ot
LDL-R 5 CAATOTCTCACCAAGCTCTG.Y ~TCTGTCTCOAGGGGTAGCTGY 253 301
HMOG 5-TACCATUTCAGGGOTACGTCY 5-CAACGCCTAGAGACATAATCATC.Y 146 B
ilela 5'-GTCTCICAATCAGAAATCCTTCTATC Y S-CATCTCAAATTTCACTGCTTCATCC.Y <20 308
L-18 5'-KAACAGATCAAGTGCTCCTTCCAGG-Y T3 TGGAGAACACCACTTGTTOLTCCA-S i 306
L2 §F-OAATCGGAATTAATAATTACAAGAATCCCY  SVTGTTTCAGATCCCTTTAGTTCCAG-Y m s
PDGF-R S TGACCACCCAGCCATCCTICY 5-GAGOAGCTGTTICACTTCATTCY 23 30
LPL 5-GAGATTTCTCTGTATGGCACC-Y 5 -CTGCAAATCACACACTTICTCY ar 300

TNF. wmor nccrosis factor{ 14 M-CSF, hage colony factor 115): PDOF-A. plstelet-derived growth factor A {163 PDGF-8

{117} apo€. apotipoprotein E (181 LDL.R, low densay lipoprotein recepor 119 HMG, E‘hvdmxr&mcuzsy;giuum totnzyme A reductase 120%
ipase 124).

[Leda. intesdeukin Ta (2103 118 (20} [L-2 {22%: type 8 PDGF

¥
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Fia. ). S.tmctu.rc of pAWI1D8. The plasmid comains 5* primers of 12 target genes connected in sequence followed by the complementary
sequences of the 3 primers 1n the same order. Restncion enzyme finkers are placed after the set of §° primers and after the set of 3’ primers,
The multiple primer region is {lanked upstream by the T7 polymerase promoter and downstream by polyadenylylated sequences,

mRNA can be determined by extrapolating against the
AW108 cRNA standard curve,

Quantitative Analysis. As an example of this approach 1o
mRNA quantitation, we have uscd the AW1I08 internal stan-
dard to determine the amount of interleukin la (fL.1a)
mRNA isolated {rom LPS-induced cuftures of human mac-
rophages. Two different protocols were used 10 conduet this
analysis. (1) Protocol A: 50 ng of to1al macrophage RNA and

177 x 10" molecules of AW108 cRNA were combined-and

then reverse transcribed into ¢cDNA. Serfal 1:3 dilutions of
one-tenth of the cDNA mixture were amplified by using the
|L-la specific pnmers listed in Table 1. “P.end-labeled 5
pnmer (1 x 10 cpmy was included in the amplification.
Reaction products were resolved by gel elecirophoresis and
visualized by ethidivm bromide staining (Fig. 24). The
amounts of mdivactivity recovered from the excised get
bands were plotted against the template concentrations (Fig,
28). in this caperiment. target mRNA and AW108 cRNA
were aomplified after serial 1:3 dilutions, and the results
demonsirate that the method can resolve <3-fold differences
in RNA concentrations. The fact that the reaction rates of
AW108 cRNA and [L-la mRNA ampiification are identical
within this exponential phase of the PCR reaction allows
construction of a standard curve for AWI08 cRNA and
extrapolation to a copy number for the {L-1a mRNA present
in the macrophages. As shown in Fig. 28. l.ng of LPS.
induced macrophage total RNA and 1 X 10Y melecules of
AWI108 cRNA gave the sume amount of IL+1a PCR product.
In other words. | ng of LPS-induced macrophage RNA
contaned 1 X 10¥ molecules of IL-1a mRNA, () Protocol B:
S00 ng of 101af macrophage RNA was reverse transcribed
with 1.77 x 10" molecules of AW108 cRNA. Aliquots cone
taining one-tenth of the cDNA mixiure each were subjected
10 J4. 16, 18,20.22.24, 26, or 28 cycles of amplification under
the same condilions as in protocol A. The amounts of
radioacnvity recovered from the exciscd bands were plotted
as a funcuon of the number of cycies (Fig. 20, The rates of
amplification were exponential between 14 and 22 cycles for
both templites, Al 24, 26, and 28 cycies. the rates decreased
drastically and approached 2 plateau (data ot shown). The
efficiencies of amplification were calculated from the siopes
of thess curves and found to be 88% for both AWIOB cRNA
and IL-1a mRNA. Since the amplification efficiency was the
same for both coamplificd targets within the exponential
phase, the amount of iL-la mANA can bz caleufated by
comparison with the AW1I0B cRNA inernal standard. The
amoumnt of {L-la mRNA in 1 ng of LPS-induced macrophage
total RNA calculated by this method was 1.1 x 10* mole.
cules, Thus. the resuits using either of these two alternative
protocois {or quantitation are the same.

Northern Blot Ansiysls. The amount of 1L-la mRNA in
_PS-induced macrophages determined by the quantitative
PCR method was verificd by Nornhern blot analysis, The
PCR analysis (sce abovel demonstrated that 1 ng of mac-
rophage RNA and 1 x 10° molecules of AWI08 cRNA
produced the same amount of IL-1a PCR product, Thus. 5 ug
of macrophage RNA and 5 x 107 molecules of AW108 cRNA
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should give similar signal intensities by Nonthern blot anal-
ysis. Serial dilutions {1:2} of macrophage RNA and AW108
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Fig, 2. Quanutatve analysis of IL-la mRNA levels in LPS-
induced macrophages, (A} Ethidium bromide staining of PCR prod-
vets ser d in &% polyacrylamide, Lanes: M. molccuiar weight
markers: 1-b. lL-le PCR products from serind 103 dilutons of 2
mixwre ining § ng of LPS-induced phags wial RNA plus
1.77 % 10 molecules of AW108 cRNA after ampfification for 25
cycies: 7. conired reaction without templaie and amplified for 25
cycies. The 420-bp products from macrophage RNA and the 308-bp
products from AWI08 cRNA are indicated, (8) Bands shownin A
were cut out from the gel and radicacuvity was determuned by
Crrenkov ing. The variatl piate concentraiions of the
internal standard AWI0E cRNA and macrophage total RNA were
plotted agunst the radiosctivity of thelr PCR products, (Dats from
gelfane L wers not ploned.} {C) The ih-la PCR produsis of s mixture
comsinung 50 ng of LPS-induced macrophage total RNA plus L.77 X
107 mojecules of AWI08 cRNA. quantitated by counting the radio.
activity of the exsised g¢f bands. were plotted against the number of
amplification cycies,
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FiG. 3. Northem blot analysis. Samples comaining either § pg of
LPS-intuced macrophage total RNA or 5 x 107 molecules of AW108
SRNA were serially diluted 1:2. eleciroph d in o 1.5 ogar
el contwning formaidehyde, and transferred to o mtroceliul
lilier, The blot was hybridized with a *P-labeled IL-Jo probe. The
sutoradiogram wis exposed for 72 hr at =70°C. The posivons of the
IL-la mRNA 1=2300 nucleotides) and of the AWIO0E cRNA {1026
nucleotidest are indicaied, kb, Kilobases: nt, pucleotides.

cRNA were subjected to Northern blot analysis by probing
with the IL-la 3’ primer. The sizes of the target RNA
molecules were estimaied (o be =2200 nucleotides for [L-la
mRNA in macrophages and 1026 nucleotides for AW108
cRNA. Positive hybridization signals of equal imtensities
.were detected at all the dilutions ‘of macrophage RNA and
AW108 cRNA as shown in Fig. 3. This resuli demonsirates
that the amount of MRNA estimated by the quantiiative PCR
method correlates with the results of Northern blot analysis.
Quaniitation of Specific mRNAs in Untreated and LPS-
Induced Macrophages. A major advantage of this PCR quan.
titative technique s the ability to analyze several targst
mRNA species in parallel. Table 2 shows the results from
quanuitation of the expression levels of six cytokine mRNAs
in human macrophsges in response to LPS treatment, Quan-
titative analysis in the exponential reaction phase was per-
formed by using serial dilutions of the cDNA reaction mix.
tures and PCR amplificanon for 25 cycles. The levels of IL-18
and IL-1a mRNAs, after LPS induction. increased =30-fold.
The levels of mRMNAs for plaielet-derived growth factor type
A (PDGF-A), macrophage colony-stimulating factor, and
tumor necrosis factor increased 5- to 10-fold. However, the
PDGF-B mRNA level remained constant for control and
LPS-treated cells. This approach produces a deiailed. yet
multifaceted, picture of the transcriptional phenotype in both
" the resting and the induced states and uses only fractions of
micrograms of total RNA.
Quantitative Analysis of Normal ang Atherosclerotic Human
Blood Vessels. Because accurate quantitative results can be

Table 7, Specific mRNA levels imolecules percelli in
LPS-induced and uninduced h N

g

Induced

mRNA species  Uninduced Induced/uninduced
[958 L4 69 49
118 51 950 58
PDGF-A 0.05 048 10
FOGF-B . 047 0.47 i
M-LSF 0.06 0.47 g
TNF 1.3 8.4 3.7

Molecules prr cell = moleeules por pg of RMA icolcolated as
destnbed in Fig. 21 x ugof RNA isolated per cell. Monocyie-derived
macrophages were cultured for 10 days: § lir prior 10 harvest, half of
the culiures were exposed to 5 ug of LPS per ml. M-CSF, macro-
phage colony-sumulating factor: TNF. tumor necroais facior,
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Table 3, Specific mRNA levels {molecules per ug of total RNA}
in 2 normal and in an atherosclerote blood vessel

mRNA specics Atherosclerotic Normal
PDGF-A 1.8 % 10* 33 x 10t
PDGF.B 746 x 10t 22 % W0
PDGF-R Lix gt 14 %10
LOL-R 40 % 10 1.3 % 10¢
{Lele L0 x 10t ND
18 6.4 % 100 1.0 x 10¢

mRNA levels were calculated as described in Fig. 2. ND. not
detecable: LDL-R. low density lipoprotem receptor.

obtained by this PCR technofogy even with small amounts of
material, it provides an imponant too) for the analysis of
samples that are in limited quantity, As an example. Table 3
compares the results of quantitation of six different mRNA
species from a human atherosclerotic carotid antery with
those of a normal coronary artery. The data obtained from the
quantitative analysis show a 3« tp 5-fold enhancement in the
level of PDGF-A and -B mRNAs, no change in the type g
PDGF receptor, and 3 J-fold decrease in the low density
lipoprotein receptor in the atheroscierotic vessel. There were
increases in the levels of L-la and 1L-18 mRNAs in the
diseased tissue., Histologically, the atherosclerotic tissue
showed a fibrous cap, some neovascularization. and areas of
calcification and cholesterol clefts.

DISCUSSION

The quantitative PCR method presented here can accurately
determine the amounts of low abundance specific mRNAs in
very fimired amounts (<0.1 ng) of sample, By reverse tran-
scription and amplification of the target mRNA and AW108
¢RNA internal standard in the same wbe. variable effects duce
to differences in sample preparation, conditions of the re-
verse transcription. or the PCR amplification are. internally
controlled and will affeet the yield of PCR product equally for
the trget mRNA and the standard cRNA. The synthetic
internal standard contains multiple primer sets. which allows
this single cRNA standard to be used to quantitate 2 number
of different mBNAs in paraliel,

Accurate quantitation of mRNA lavels by the techniques
described here is affected by the efficicncies of both cDNA
symthesis and PCR amplification, Differcnces in nucteoride
sequences, leagth of poly(A) tails, and the distance between
the PCR primers and the poly(A) tail are among the factors
that may affect the efficiency of cDNA synthesis of the target
mRNA and the AW108 cRNA, The ogresment between the
results of the Northern blot (Fig. 3) and the PCR quantitation
(Fig. 2 B and () indicates that there were no apparent
differences inthe cDNA synthesis and the PCR amplification
efficiencies for IL-la mRNA and the AWI0B cRNA. A
similar correlation of results was found with the quantitation
of 1L-2 mRNA in T cells funpublished data), Although there
were no problems for either of these two mRNA species.
possible differences in the efficiency of cDNA synthesis
should be tested for cach target mENA,

There are many variabies that could influence the effi-
ciency of the PCR amplification. Some of the parameters that
can be easily controlied are the concentrations of template,
dNTPs. MgCh, primers. poiymerase. and the PCR cycle

rofile. However, differences in primer efficiency are diffi.
cult paramerers o regulate for quantiative anzlyses. The
cancentration of AW108 cRNA required to vicld an expo-
nenual reaction phase by using different primer sets and the
same PCR amplification conditions varied over a range of
several orders of magnitude. For instance, the IL-18 primers
were 10%fold more efficient than the apoE primers (unpub-
lished data). Thus, it {s critical 10 use the same primers for

Page 4 of 5

RMS 0061688



Case 3:05-cv-04158-MHP

Biachcmnsvy:' Wang ¢f ol.

amplification of the target mRNA and the internal standard in
any attempts 10 quanntate mRNA expression by PCR.

It has been shown that the amount of an amplified DNA
fragment in a given sample has a prevailing influence on the
amplificanion efficiency (26). When a high template concen-
tration is used ov accurs as a result of the PCR amplifications.
phenomena such as the substrate sawration of enzyme,
product inhibition of enzyme, incompizte strand separation.
and product sirand reannealing can be limiting factors for
efficient amplification. Accordingly, (o obtain reliable quan-
titative cvaluation of specific mRNA by using this inernal
standard. the range of concenrrations for both of the tem-
plates as well as the number of amplification cycles should be
such that the reactions remain within the exponential phase.

Smith er al. (27) have used an RNA dot blot assay to
quantitatively assess the expression level of the two {L-}
mBANAs in human macrophages. Comparison of their results
with the data in this paper shows that the levels of IL-18 in
LPS-trexted macrophages agree within u factor of 2. How-
ever, the level of IL-la mRNA in uninduced macrophages
was below the limits of detection of their RNA dot blot assay,
while it was readily measured by the quantitative PCR
method. As shown here in Fig. 2 8 and C. the PCR quanti-
tation rechnique can readily measure 10* molecules. which is
1000 times more sensitive than the dot blot assay. Moreover.
the sensitivity of this method could easily be increased by
using higher specific activity #P-labeled primers or more
cycies of amplification,

Qur results on the quantitative PCR analysis of human
atherosclerotic lesions and normal blood vessels. while ob-
viously preliminary and limlted in sample number., are in-
structive in emphasizing the sensitivity and power of this
approach to investigating the bioclogy of cells and tissues in
vivo, The observation of increased PDGF-A and -B chain
expression in the diseased vesselis supported by and extends
the work of J. Masudaand R. Ross{personal communication)
and of Barreut and Benditt (28). Basrrewt and Bendits demon-
strated a 3-fold increase in PDGF-B gene expression in lesion
samples. Our work showed a 3.5-foid increase. Their results
suggested that PDGF-A gene expression might be enhanced
£29). Cur data demonsirate that PDOF-A mRNAlevels were
6-fold greater in this diseased tissue than in the normal one.
The increased levels of IL-1x and -@ mRNAs in the athero-
sclerotic tissue are intriguing and. if confirmed. could provide
additional evidence for an inflammatory or immunological
component of the pathogenesis of this disease. Information
about the relative celiularity and the types of cclls present in
the samples is critical for comparative analysis of differemt
lesion tissues. One significant problem encountered in the
quantitative analysis of such smail samples is the determi-
nation of theamount of total RNA, Preliminary observations
indicate that quantitative PCR analysis 10 measure the
amount of a specific genomic DNA targer te.g,, HLA-DQa)
can be performed directly on dilutions of the guanidium
thiocyanate-treated sample. Therefore, by quantiating the
copies of HLA-DQa DNA in the sampie. the resulls of
quantitative mRNA analyses can be expressed on a per
genome basis, ’

Due to its sensitivity, speed. and accuracy, the quantitative
PCR method can be used to study gene expression in 2 more
exiensive way than has been possible 1o date, allowing
guantitative measurements of gene expression ina very small
number of czlls and from small amounts of tissue samples
available from /a-vivo sources. This technigue can also
provide information on changes in expression levels of spe-
cific RNA molecules. which may be valuable in the diagnosis
and pnalysis of, for example. cancer, metsbolic disorders.
and autoimmune discases.
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