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ABSTRACT NASBA, nucleic acids are only a template for the amplification
reaction if they are single-stranded in the primer binding
regions. Since the NASBA reaction is isothermal, specific
amplification of single-stranded RNA in the presence of double-

A new method to quantify two individual mRNAs in a
single NASBA reaction is described. In this study,

tissue factor and CD14 mRNAs were used as a model stranded DNA is possible as long as denaturation of double-
system. RNA ratios of —4 to +4 log units were deter- stranded DNA is prevented in the sample preparation procedure.
mined with good precision (within 0.3 log) and accuracy This makes the method useful for specific mMRNA detection in
(within 0.2 log). By measuring both mRNAs in human a background of genomic DNA even for intronless genes (13).
monocytes that were stimulated with LPS, the multi- NASBA proved to be a successful tool in the detection of
plex Q-NASBA proved to be a successful tool to monitor mRNAs (13-17) and in the quantification of viral RNAs in

combination with the internal standard approach (6,7). Com-
bining these two applications makes NASBA a potentially
very suitable approach for the quantification of mMRNAs in
DNA backgrounds. Whereas viral RNA loads are normally
expressed as genome copies per sample volume, mRNAs levels
are normalized to the amount of cells or to the total amount of
INTRODUCTION RNA, which is also indicative for cell numbers. This has led to
the idea to coamplify a second mRNA together with the target
Over the past few years the quantification of nucleic acids witthRNA in a multiplex reaction. The second mRNA should be
target sequence amplification methods has been accomplishglique to the cells expressing the target RNA. In this way, the
in many ways. Theoretically the coamplification of internal expression level of the target mMRNA may be normalized.
standard nucleic acid sequences, either DNA or RNA, iuantification of both targets in one and the same amplification
superior to other quantification methods, provided that theeaction simplifies the quantitative NASBA procedure considerably
amplification efficiencies are more or less equal (1,2). Theand makes it more suitable for future routine diagnostics. We
major advantage of this method over methods that use externgélected tissue factor (TF) and CD14 mRNA expression in
calibration curves is that both the target and the internal standarlonocytes as a model system to develop the first multiplex
nucleic acid sequence are amplified in one and the same tubguantitative NASBA assay.
meaning that the conditions for both nucleic acids are identical in The transmembrane glycoprotein TF is the major trigger of
each single quantification reaction. Whereas all other quantificatioghe blood coagulation cascade, since it is an essential cofactor
methods are based on the assumption that the amplificatiqar Factor Vlla in the activation of the Factors IX and X
efficiencies are identical between two individual reactions, the{ls,lg)_ TF is normally not present on cells of the blood or the
internal standard approach is not dependent on this. Thgasculature. However, monocytes can express TF on their cell
method has been applied successfully for PCR (3), RT-PCBurface after stimulation by a variety of triggers, such as bacterial
(4,5) and NASBA (6,7). lipopolysaccharide (LPS), inflammatory cytokines (e.g. inter-
NASBA is an isothermal nucleic acid amplification method leukin-1), tumor necrosis factar; immune complexes and
that amplifies RNA in a manner analogous to the replication ofnfectious agents. TF level in monocytes therefore might be a
retroviruses (8,9). NASBA has been applied for the detectiotkey marker of a (pro-)thrombotic state in whole blood in various
of viral genomes (6,7,10), viroids (11), rRNAs (12) and pathological situations. To study this hypothesis, a robust and
MRNAs (13-17). The NASBA reaction mixture contains oligo-sensitive method measuring TF mRNA levels would be
nucleotide primers and three enzymes: AMV-RT, RNase Hextremely useful, since direct FACS measurement of the level
and T7 RNA polymerase for target specific amplification. In of a transmembrane protein in a specific subset of blood-borne

the expression levels of two individual mMRNAs in a
single-tube amplification system. The method has
potential in all fields in which quantitative information
is needed on two individual RNAs.
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Table 1. Sequences of primers and probes used in detection of TF and CD14 mRNA

Oligonucleotide Sequence Positions
TF primer 1 (TF-1) 5'-AAT TCT AAT ACG ACT CAC TAT AGG B\G AGG GCT GTC TGT ACT CTT CCG GTT A-3' 788-765
TF primer 2 (TF-2) 5'-GAA GGA ACA ACA CTT TCC TA-3' 575-594
TF capture probe (TF-C) 5-B GCC TCC GGG ATG TTT TTG GCA AGG A-3' 596-620
TF wt detection probe 5'-E GTT CAG GAA AGA AAA CAG CCA-3 656-676
TF Q detection probe 5'-E AAG TAA AGT CGA CAA GCA CAG-3' -
CD14 primer 1 (CD14-1) 5'-AAT TCT AAT ACG ACT CAC TAT AGG GG AGA AGT TGC AGA CGC AGC GGA-3' 192-170
CD14 primer 2 (CD14-2) 5'-GAA GCT AAAGCA CTT CCA-3' 17-34
CD14 capture probe (CD14-C) 5-B CCT GTC CGG AGC TCA GAG GTT-3' 38-58
CD14 wt detection probe 5'-E CCATGG AGC GCG CGT CCT-3' 74-91
CD14 Q detection probe 5'-E GCT ACG GGATCC TCC CGG-3' -

B, biotine; E, ECL label. The T7 promoter part in primer 1 sequences is underlined.
aTF mRNA sequence, GenBank accession no. M16553; CD14 mRNA sequence, GenBank accession no. M86511.

cell types is not within reach of most diagnostic laboratories. Irsequence, and 971 nt for CD14 WT RNA and CD14 Q-RNA.
addition to a method of RNA quantification, an accurate quanThe RNA was treated with DNAse | (Pharmacia) to remove
tification of cell numbers might be critical in order to estimate plasmid DNA. Next, the RNA was purified on an anionic
the number of TF mRNA copies per monocyte. The amount oéxchange column (RNeasy spin column; Qiagen). RNA was
monocytes can be estimated by quantification of a mMRNA thaguantified on the basis of its extinction using 1 £ 40 ug/ml

is rather unique for monocytes and is present in these cells ataand diluted to the desired concentration with water. The RNA
relatively constant level. We selected CD14 mRNA as a possibleoncentration was expressed as molecules/ml. All RNA stock
candidate marker for the number of monocytes and developesblutions were stored at —70.

a quantitative multiplex NASBA assay for the simultaneous ] ] N
measurement of the TF and CD14 mRNAs. In the preserh/lonocyte isolation from whole blood and culture conditions
study we describe the development of this assay and its peftonocytes were isolated from five human donors and were
formance in measuring TF and CD14 mRNA levels duringcultured on Teflon membranes as described in van den Eijnden

LPS stimulation of isolated human monocytes. et al (21). We used a series of RNA preparations sampled at
various time points during a 13 day culture of human mono-

MATERIALS AND METHODS cytes in suspension, during which period the cells differentiate
into macrophages. In addition, the monocytes were treated

Plasmids and RNA synthesis with 100 ng/ml LPS (Sigma) at the first day iof vitro culture

The starting point for the TF constructs was an 823 bp londCr Various periods of time (20 h at most).

cDNA fragment that had been subcloned in BeRI site of ; ; ; ;
pUC13 (20). The entire insert was subcloned in the plasmioIIQNA isolation from isolated monocyte_s_and northern- blotting
pcDNA Il (Invitrogen) that contains promoters for the T7 and Total RNA from monocytes was purified as described by van
SP6 RNA polymerases. This clone, which encompasses exof§n Eijndenet al. (21). RNA aliquots (~5ug) were stored
1-5 of the TF gene, was named pTFwt. A CD14 cDNA fragmentinder ethanol at—7C. The RNA was recovered by centrifugation
that had been cloned in the plasniiti,M was digested with and the nucleic acid pellet was resuspended in {llORater.
Xhd, and a fragment of ~460 bp containing the 5' part of theNext the nucleic acid suspensions were diluted 100-fold in
cDNA was inserted in thexhd site of pcDNA Il to yield — water, and gl of these dilutions were used per NASBA reaction.
pCD14wt. The mut-constructs, which contained an ~20 bpNorthern blot analysis was essentially as described in van den
long scrambled part in an otherwise identical construct, wer&ijndenet al (21).
generated from both wild-type (wt) plasmids using PCR tech- SBA
nigues. The mut-constructs were used as the source for A
internal control (Q-)RNAs and the scrambled sequences madeéhe NASBA reactions were performed as described by Kievits
specific detection of these RNAs possible (Table 1). et al. (8) with some modifications. A fl sample of RNA was
Using T7 RNA polymerase (Pharmaci#),vitro RNA was  added to 10ul NASBA pre-mixture [final concentration in
generated from pTFwt (TF WT RNA) and pTFmut (TF Q-RNA) 20l reaction mixture: 40 mM Tris—HCI, pH 8.5, 12 mM
after digestion wittfSad and from pCD14wt (CD14 WT RNA) MgCl,, 70 mM KCl, 15% v/v DMSO, 1 mM each dNTP, 2 mM
and pCD14mut (CD14 Q-RNA) after digestion wiBamHI.  each NTP, 0.2uM of each primer (TF P1, TF P2, CD14 P1,
The lengths of thén vitro RNAs were 933 nt for TF WT RNA CD14 P2; Table 1), 2 10* copies of TF Q-RNA, x 1P copies
and TF Q-RNA, including part of the flanking polylinker of CD14 Q-RNA]. Reactions were incubated for 5 min at@%o
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destabilize the secondary structure of the RNA and subsequenfRESULTS AND DISCUSSION
cooled down to 4%C to allow primer annealing. The amplification .

reaction was started by adding6enzyme mixture [0.43 g/l | "€ Multiplex TF/CD14 Q-NASBA

BSA (Boehringer), 0.016 W RNase H (Pharmacia), 6.40W/T7  Here we describe for the first time a multiplex quantitative
RNA polymerase (Pharmacia), 1.281UAMV-RT (Seikagagu)]. NASBA assay, a method that is highly suitable for the simul-
Reactions were incubated for 90 min af@1NASBA reactions taneous quantification of two mRNAs. Compared to other

were stored at —-2C. RNA amplification techniques such as RT-PCR, in NASBA
. RNA amplification is achieved in a homogeneous and isothermic
Detection of NASBA products by ECL manner. RNA itself is the template molecule for the NASBA

NASBA reaction products were detected using ECL adeaction, whereas in RT-PCR one additionallllste_p is need.ed to
described previously (22). Briefly, fil of a 1 in 10 diluted denerate the cDNA template for the amplification reaction.
NASBA reaction mixture was added to 30 hybridization Moreover, in NASBA dsDNA is not ampllfled_,_whlch m_akes
mixture. The hybridization buffer 6SSC) contained 2 1012 NASBA the preferred method for the specific detection of

. . : N . MRNAs in a background of genomic DNA. Removal of
copies of an ECL [Tris(2,2-bipyryridine)ruthenium(ll) complex]- . , ;
. S DNA is not needed, not even for the detection of
labeled detection probe Taq!]a 1) and |29 streptavidin-coated genomic ; ! ;
magnetic beads vehich vflere pre?coated Wit ?2012 copies of MRNASs from intronless genes (13). The multiplex Q-NASBA

o ._is based on the co-amplification of specific internal standard
a biotinylated capture probe (Taﬂe 1). Each NASBA reactioth\ s | the case of TF/CD14 Q-NASBA, two internal standards

was analyzed with all four specific probe combinations: (i) TF%Q-RNAS) were generated, that were derived from the corres-

capture probe and TF wt detection probe; (ii) TF capture prob onding wt mRNAs. Each Q-RNA carries a unique sequence
and TFQ_detection probg; (iii) CD14 capture probe and CD14¢ —20 nt which is a scrambled version of the wild-type
wt detection probe; and (iv) CD14 capture probe and CD14 Qequence at that position. In this way, specific probes can be
detection probe. Hybridization was performed in a total reactiojesigned for WT and Q-RNA amplificates that are identical in
volume of 25ul and the reactions were incubated for 10 min afiength and in GC-content. This results in equal hybridization
60°C. Subsequently, 3q@l assay buffer (L00 mM tripropylamine, behavior of each probe on the specific RNA template. WT and
pH 7.5) was added and the tubes were placed in an Origen 1.5 EQ}-RNA are amplified with the same NASBA primers ensuring
detection instrument (Organon Teknika). equal amplification efficiency for both template molecules.
T Finally, by directing the WT probes to a region that was split
Quantification of RNA levels by an)i/ntr)o/n in the ggenomic D?\IA, these prot?es will only detgct
RNA quantification based on NASBA amplification and ECL RNA molecules that have been generated from completely
detection has been reported previously for HIV-1 RNA (22)spliced mRNA.

and HCV RNA (7). However, those studies describe the quan- For the multiplex TF/CD14 Q-NASBA, Q-RNAs were prepared
tification of one WT RNA, using three internal standard for both TF and CD14 quantification b vitro transcription
RNAs. Here, we describe the quantification of two individual of plasmid templates. Known amounts of both Q-RNAs were
WT RNAs (TF and CD14) using two individual internal standard@dded to the NASBA reaction and were co-amplified with the
RNAs that are amplified with different primer pairs in a single WT MRNAs. From the ratio of the ECL signals obtained with
reaction. This means that each WT RNA is quantified withthe specific probes for WT and Q-amplificates, the WT RNA

only one internal standard RNA and, therefore, an altere§oncentration in the original sample can be calculated using

quantification algorithm was applied. Nevertheless, the quarFWo correction factors, a and b, that have been determined in an

tification of RNA levels is still based on the ECL signals and &XPeriment in which known amounts of RNA were added.
the amount of Q-RNA spiked per reaction. Basically, wt ECLThe dynamic range of the NASBA usingn vitro generated
and Q ECL-signals are measured over a range of wt RNA inpuytNAs

at a fixed Q-RNA concentration. From these dose—effecch,i . .
: : he multiplex TF/CD14 Q-NASBA was used to quantify
curves, two correction factors (a and b) are derived that can b ifferent amounts oin vitro generated TF WT RNA and CD14

used to calculate wt mRNA concentrations from the EC
signalg (wt-ECL and Q-ECL) and the Q-RNA concentratiorh:g(rje%NQ asTc%t;:gg)t.raIig?\rgngﬁ()‘? oif(;,V\{&,Rl%Aotryﬁgszyrere
according to the following formula: RNA copies per NASBA reaction. All possible input combinations
log WT,,.= 1/ax (log WTge —log Q¢ + log Q) — b/a between TF RNA and CD14 RNA were analyzed in a multiplex
) _ . TF/CD14 Q-NASBA. The WT RNAs were co-amplified with
The factors a and b correct for differences in amplification ratgne TE and CD14 Q-RNAs that were present at constant
between wt and Q-RNA, for differences in hybridization concentrations of 2« 10* and 1 x 106 copies per NASBA
efficiencies of the various oligonucleotides and/or for possiblgeaction respectively.
differences in the specific activity of both detection probes. | each single amplification reaction TF and CD14 RNA
The constants a and b are specific for a particular set afere detected if present in the NASBA reaction. TF and CD14
reagents used in amplification, hybridization and detection angrobes did not result in positive ECL signals in the reactions in
for the Q-RNA concentration used. For this study we haveyhich these RNAs were not added to the amplification
used for TF mRNA quantification a = 0.85, b = 1.00, TF-Q =reaction. The ECL results were used to quantify TF and CD14
2 x 10* molecules per NASBA reaction and for CD14 mRNA RNAs (log copies) and were correlated to the actual input of
guantification a=0.81, b=0.79 and CD14-Q = 1®® molecules these two RNAs. The outcome of TF quantification was
per NASBA reaction. independent of the amount of CD14 RNA that was co-amplified
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Table 2. NASBA quantitation of TF and CD14 RNA

Input TF RNA (log copies) Input CD14 RNA (log copies)

7.00 6.00 5.00 4.00 3.00 no template TF result

TF/CD14 TF/CD14 TF/CD14 TF/CD14 TF/CD14 TF/CD14 (mean + SD)
7.00 7.07/7.07 7.26/6.26 6.85/5.03 6.95/3.92 6.90/2.48 7.33/neg 7.06 £0.20
6.00 5.93/6.81 5.88/6.16 5.99/5.45 5.97/4.02 6.03/2.67 6.18/neg 6.00+0.10
5.00 4.86/6.92 4.96/6.12 4.96/5.45 4.87/4.22 4.93/2.72 4.97/neg 4.92+0.05
4.00 3.92/6.78 3.99/6.01 4.05/5.15 4.18/4.13 4.23/2.92 4.03/neg 4.07+0.12
3.00 2.99/6.50 2.96/5.86 3.15/5.14 3.02/3.37 3.01/3.32 2.78/neg 2.98+0.12
no template neg/6.90 neg/6.06 neg/5.13 neg/4.21 neg/3.16 neg/neg neg

CD14 result (mean £ SD) 6.83+0.19 6.08 +0.14 5.23+0.18 3.98+0.32 2.88+0.32 neg

neg, negative result.
aMarked data points are also presented in Figure 1 to determine the linearity of the assay.

Table 3. Reproducibility of multiplex NASBA § = 3)

Input concentration (log RNA copies/reaction) NASBA quantitative result (log RNA copies/reaction)
TF RNA CD14 RNA TF RNA CD14 RNA

7.00 3.00 7.20+0.29 2.87+0.24

5.00 5.00 5.07 £0.07 5.13+0.16

3.00 7.00 2.95+0.09 7.04+0.26

in the same reaction tube and the same result was obtainec@
regarding the CD14 quantification (Table 2). On the same datag ~ °°
set the precision and accuracy of the assay was determined® |
Here precision is defined as fluctuations in quantitative results ¢ YIS e
obtained on the same amount of TF RNA input (i.e., the standard';, 101 '
deviation). The accuracy is defined as the dn"‘ference between2
the outcome of the quantification and the actual input of TF
RNA. The precision measured in the six individual reactions
that were spiked with the same amount of TF RNA but with
different amounts of CD14 RNA was0.20 log units in all 5.0 1 : ! : : : : :
cases, whereas the accuracy varied between —0.08 and +0.0 10° 104 105 10° 107 107 107 107 107 TF
log units. For CD14 RNA quantification the precision was 107 107 107 107 107 10° 105 10* 10° CD14
<0.32 log units and accuracy was measured between —0.17 an

+0.23 log units. Input ratios of 1:10 000 to 10 000:1 for TF and actual RNA input

CD14 RNA were reliably detected by TF/CD14 Q-NASBA

(Fig. 1). This means that RNA ratios can be measured over an

eight log dynamic range: —4 to +4 log units of TF versus CD149ure 1. Dynamic range of the one-tube multiplex Q-NASBA.

RNA with a good precision and accuracy.

measured lo

Reproducibility of the results TF and CD14 expression in LPS-stimulated monocytes

The reproducibility of the TF/CD14 Q-NASBA assay was Next, the multiplex Q-NASBA assay was evaluated in a second
measured by analysis of three different RNA mixtures in thregnodel system using total RNA isolated from monocytes. Here,
independent NASBA experiments. The three NASBA runs and'F and CD14 mRNA levels were measured upon LPS stimulation
the ECL-based detection were performed on three differendf isolated monocytes (Tab[d 4; Fig 2A). Monocytes were
days. The three RNA mixtures that were used for determination @hcubated with LPS for 0, 2, 4, 8, 12 or 20 h. The cells were
the reproducibility consisted of the input ratios 10 000:1, 1:1 andysed and their purified total RNA was used directly as input in
1:10 000 for TF to CD14 RNA. Results are presented in Table 3 multiplex TF/CD14 Q-NASBA. Each time-point was analyzed
For these RNA samples the precision v&is29 log unit and in triplicate in three individual experiments. The maximal
the accuracy ranged from —0.13 to +0.20 log unit. These resultgandard deviation measured on the three individual NASBA
prove that the TF/CD14 Q-NASBA assay can be used to quantifguantifications was 0.15 log unit. Two hours after LPS stimulation
both mRNAs reproducibly in a dynamic range of400 copies TF mRNA levels had increased by 1.5 log unit. After that, TF
per NASBA reaction. MRNA levels returned to their pre-LPS levels over a period of

iv
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Table 4. Measuring TF mRNA and CD14 mRNA in monocytes after LPS incubation

Time (h) TF mRNA (log copieslg total RNA) CD14 mRNA (log copiegh total RNA)
0 6.19 +0.06 7.51+0.08
2 7.69 £0.03 7.01+0.16
4 7.19+0.13 6.40 £ 0.15
8 6.12 +0.03 7.18+0.11

12 5.59+0.12 7.37+0.11

20 6.01 £0.02 8.07 £0.03

Jlog RNA log RNA

]

CD14

TF
6 6 4
55T 55
5 5 +
0 5 10 15 20 0 2 4 6 8 10 12 14
hours days
A B

Figure 2. TF and CD14 mRNA levels in monocyteé\)Isolated monocytes were treated with 100 ng/ml LPS at the first deyitiro culture for various periods of
time (20 h at most).B) Human monocytes were cultured for various periods of time (13 days at most). Isolated total RNA was used as input for the multiplex Q-NASBA.

8 h. Surprisingly, CD14 mRNA levels dropped during the first
hour of LPS incubation by 1 log unit, to return afterwards to
levels slightly higher than in the pre-LPS cells. The same samples
were also analyzed on a northern blot. NASBA TF quantification -
results correlate well with this semi-quantitative method (Fig 3). .'

LPS incubation (hours) 0 2 4 8B 12 20

TF and CD14 expression during a long-term culture of TF
human monocytes

We have also determined TF and CD14 RNA levels in RNA |
that was purified from a similar monocyte culture during its
differentiation into macroph{;\ges (Talﬂe 5; F|g_ZB). During this o=® B e
process, the cells temporarily express a relatively low level of
TF. Iéjjression peaks at day 4 of culture (21). The results in

GAPDH

Tablg § also shows that these low levels are detected with ease .
using the NASBA procedure that shows a 1 log increase of
expression. After a 13 day culture period, the TF RNA levels

had returned to their baseline value. Figure 3. Northern blot analysis of total cellular RNA from LPS-stimulated
human monocytes using a TF or a GAPDH specific probe.
CD14 mRNA as marker for monocyte numbers

CD14 is frequently used as a marker for monocytic cells and

we have used the CD14 signal as a marker for the number ¢gvels by the addition of LPS is an indication that CD14
monocytic cells in the blood. However, CD14, which acts agnRNA expression cannot be used as an absolute measure of
the LPS receptor on the cell surface, is in itself also subject tthe number of monocytic cells. However, it remains at present
regulation. The presently observed changes of CD14 mRNAhe most useful marker for our purpose.
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Table 5. TF mRNA and CD14 mRNA levels during a 13 day culture of human monocytes

Time (days) TF mRNA (log copiegg total RNA) CD14 mRNA (log copiegh total RNA)
1 5.48 £ 0.02 7.64£0.01
3 6.38 £0.09 7.35+£0.09
4 6.62 £0.20 7.58 £0.02
5 6.68+0.13 7.50+0.03
8 6.14 £ 0.04 7.69 £0.02
13 5.48 +0.04 7.48 +0.06

Applications of one-tube quantitative multiplex assay

An obvious future application of the multiplex TF-CD14 Q-
NASBA is the measurement of TF mRNA in whole blood.

2.

3

Preliminary experiments using whole blood of healthy volunteers

demonstrated the feasibility of a test in which lysed blood 5.
samples are spiked with both Q-RNAs. Obviously, different
assay parameters (a,b) are needed, which will allow for correctiorf”

of, among others, effects of RNA isolation. The determination

of these parameters is complicated by the fact that humany,
blood definitely contains copies of TF and CD14 mRNAs. For
appropriate calibration, blood without these mRNAs is 8.

required (diluted human blood, blood of other species). Also

more information on the effects of blood collection materials
and procedures on TF mRNA levels is needed and optima],

conditions for blood processing (storage time and temperature)

need to be determined. Only then can the multiplex TF-CD14i1.

Q-NASBA be used in clinical studies.

In conclusion, in this study it was shown for the first time 12.
that the multiplex Q-NASBA is a powerful tool for measuring
two RNAs in a broad dynamic range with good precision and
accuracy. The quantification method of two individual RNAs in a
single tube assay might be useful for other NASBA applicationsi4.

Both the assay performance and the simplicity of the assay

make it very suitable for routine screening of RNA levels in 15

clinical diagnostics.
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