
Several methods have been reported for the semi-quantita-
tive detection of small amounts of a particular mRNA in tis-
sues through specific amplification of the extracted mRNA
by reverse transcriptase polymerase chain reaction (RT-PCR),
usually followed by agarose gel electrophoretic separation
and ethidium bromide staining for fluorescence detection.1—4)

However, most of the methods are not suitable for accurate
quantification owing to lack of correction for incomplete re-
covery of mRNA during extraction from the tissue or subse-
quent PCR procedures. It is also difficult to avoid PCR am-
plification into a non-linear region because of insufficient de-
tection sensitivity. To overcome these problems, competitive
RT-PCR with an internal standard has been shown to be a
useful method for mRNA quantification, where high per-
formance liquid chromatography (HPLC) with a UV detector
was employed for detecting PCR products.5—7)

CYP2D6 with genetic polymorphism is involved in the ox-
idative metabolism of many drugs including neuroleptics, 
tricyclic antidepressants, selective serotonin reuptake in-
hibitors, b-adrenoreceptor blockers, and antiarrhythmics.8,9)

Although the genotyping of CYP2D6 is useful for assessing
drug efficacy and adverse effects, it is hard to conduct rou-
tine clinical measurement because of the many single nu-
cleotide polymorphisms (SNPs). Since blood is a readily ac-
cessible tissue, an appealing concept should be to use periph-
eral blood leukocytes (PBL) as a surrogate for CYP activities
that manifest in internal organs.10—12) In the present study, 
we developed a sensitive and quantitative RT-PCR-HPLC
method for the measurement of CYP2D6 mRNA in PBL.

Experimental
Preparation of RNA Standards for RT-PCR wt 2D6, the standard

cDNA containing 456 bp of CYP2D6 DNA (nt 1087—1542), was cloned to
pBluescript KS (�) vector by PCR from cDNA Library Human Liver
(Takara Bio, Japan), and designated as pKSp2D6. For preparation of the in-
ternal standard, is 2D6, 68 bp (nt 1107—1153) was deleted from pKSp2D6
using PCR, and named as pKSd2D. The primers used for amplification of 
wt 2D6 were CGAGCAAGCTT-Ex7F, 5�-CGAGCAAGCTTGGAGATCG-
ACGACGTGATAG-3� and AGGTCGTCGAC-Ex9R, 5�-AGGTCGTCGA-

CACCAGGAAAGCAAAGACACC-3�. The primers used for amplification
of is 2D6 were CGAGCAAGCTT-Ex7F D46, 5�-CGAGCAAGCTTGGA-
GATCGACGACGTGATAGGTGCAGCGCTTTGGGGACGACAT-3� and
AGGTCGTCGAC-Ex9R, 5�-AGGTCGTCGACACCAGGAAAGCAAA-
GACACC-3�. The standard RNAs, wt 2D6 and is 2D6, were prepared using
Riboprobe® in vitro Transcription Systems (Promega, U.S.A.) from
pKSp2D6 and pKSd2D6, respectively. The RNAs were treated with RNase-
free DNase (QIAGEN, Netherlands) and purified by QIAamp® RNA Blood
Mini (QIAGEN). The RNA standards were diluted to the concentration of
1 pg/m l and stored in aliquots at �80 °C until use.

Subjects The study was explained to 8 healthy volunteers (2 male and 6
female) and written informed consent was obtained from each. The study
was approved by the Institutional Review Board of the Faculty of Pharma-
ceutical Sciences, Teikyo University and University of Tsukuba.

Extraction of RNA from Human Blood Cells Whole blood (1.5 ml)
was collected from the subjects in an EDTA-2Na-containing Leukoprep 
tube (Terumo, Japan) at room temperature. Total RNA was isolated using a 
QIAamp RNA Blood Mini (QIAGEN). The purity and quality of RNA were
determined spectrophotometrically (Amersham Pharmacia Biotech, U.S.A.).
The RNA samples were treated with RNase-free DNase I (QIAGEN) to di-
gest any contaminating genomic DNA. The OD 260/280 ratios for quantita-
tive RNA quality assessment were 1.929�0.0465 (n�9) and they met the
general requirements.

cDNA Synthesis cDNA synthesis was performed using an RNA PCR
Kit (AMV) Ver.3.0 (Takara Bio). Two hundred picograms of total cellular
RNA or 1 pg of wt 2D6 RNA was added to 10 m l of the RT reaction mixture
with the internal standard, 1 pg of is 2D6 RNA, which consists of 20 mM

Tris–HCl (pH 8.3), 2.5 mM MgCl2, 1 mM deoxynucleotide triphosphates
(dNTPs), 10 units of RNase inhibitor, 0.125 mM oligo(dT) primer, and
2.5 units of avian myeloblastosis virus (AMV)-XL reverse transcriptase. The
mixture was incubated at 42 °C for 15 min, heated at 99 °C for 5 min, and
put on ice. The cDNAs were then stored at �20 °C.

PCR Conditions PCR was performed by adding 10 m l of cDNAs to a
total volume of 50 m l of 1�PCR buffer, 1 mM Ex7f and Ex9R primers, and
1.25 units of TaKaRa Taq HSTM (Takara Bio). Amplification of CYP2D6
DNA was carried out for 27 cycles using Thermal Cycler SP (Takara Bio).
The initial one cycle consisted of a denaturation step at 95 °C for 2 min. The
remaining 26 cycles each consisted of a denaturation step at 95 °C for 2 min,
an annealing step at 65 °C for 30 s, and an elongation step at 72 °C for 3 min.
The primers used for amplification of CYP2D6 DNA from wt 2D6, is 2D6,
and the samples of the subjects were Ex7F, 5�-GGAGATCGACGACGT-
GATAG-3� and Ex9R, 5�-ACCAGGAAAGCAAAGACACC-3�.

HPLC Aliquots of 10 m l of the PCR products were injected manually
into a TSK-gel DNA-NPR, 4.6 mm i.d.�75 mm column (Tosoh, Japan)
every 28 min. The PCR products were separated by linear gradient elution
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with NaCl (from 0.55 to 0.6 M over 10 min) in 20 mM Tris–HCl (pH 9.0) at a
total flow rate of 0.75 ml per min delivered from LC-10 AD pumps (Shi-
madzu, Japan). The eluent was in-line-filtered with a TSK-guardcolumn
PWXL, 6.0 mm i.d.�40 mm column (Tosoh). The eluate was monitored at
260 nm with a UV detector connected to an integrator. The absorbance unit
full scale (AUFS) of the detector was normally set to 0.004. The peak areas
of PCR products derived from cellular RNA, standard wt 2D6 RNA, and in-
ternal standard is 2D6 RNA were calculated by an integrator. The amount of
mRNA in samples was estimated by the comparison of sample-to-internal
standard ratios with a standard RNA-to-internal standard ratio.

Results and Discussion
Optimal Conditions for Quantification of CYP2D6

mRNA by RT-PCR-HPLC wt 2D6, encoding CYP2D6
cDNA (nt 1087—1542) and is 2D6 DNA fragments with
deletion of 68 bp (nt 1107—1153) from wt 2D6 were purified
by using agarose gel (MinElute Gel Extraction kit) and 10 ng
of the DNA was then injected into the HPLC. A typical chro-
matogram for detecting wt 2D6 and is 2D6 is presented in
Fig. 1. The retention times of is 2D6 (388 bp) and wt 2D6
(456 bp) were 17.3 and 17.9 min, respectively. The resolution
of the column is high, as indicated by separation of the two
closely-related size bands. This technique lends itself ideally
to the use of PCR for quantitative gene expression measure-
ments. To determine the cycle number of PCR suitable for
exact quantification of CYP2D6 mRNA, 100 fg of wt 2D6
RNA and internal standard, is 2D6 RNA, were reverse-tran-
scribed with oligo(dT) primer and amplified by PCR with
CYP2D6 specific primers. The cycle number dependency of
PCR products was checked in the range of 24—30 cycles.
The efficiency of PCR decreased gradually when the cycle
number exceeded 28. Therefore, we set the number of PCR
cycles to 26 (data not shown). To examine whether amplifica-
tion efficiency is dependent on the initial amount of RNAs,
equal amounts of wt 2D6 and is 2D6 from 1 to 100 fg were
added to one tube and amplified in the RT reaction mixture.
The amount of RT-PCR products was proportional to the
added amounts of wt 2D6 and is 2D6 in the range up to
10 fg/tube (Fig. 2). Linearity was lost over 10 fg with both
standard RNAs. The calibration curve was linear in a practi-
cal range of measurements in the RT-PCR-HPLC. Values
could be corrected for RNA recovery during extraction and
the absolute PBL levels of mRNA could be determined, since

an internal standard was used in the method. Furthermore,
equal efficiencies of amplification were obtained because the
same primers were used for target mRNA and internal stan-
dard RNA. The detection limit of CYP2D6 mRNA in PBL
under 26 cycles of amplification was 0.1 fg/100 ng RNA and
could be enhanced by increasing the numbers of PCR cycles.

Accuracy and Reproducibility of CYP2D6 mRNA
Quantification by RT-PCR-HPLC To compare the repro-
ducibility in measuring RT-PCR products between two meth-
ods, HPLC and agarose gel electrophoresis, mixtures of is
2D6 and wt 2D6 RNA were subjected to RT-PCR in the ra-
tios of 2 : 1, 1 : 1, or 1 : 10, or 2 : 1, 1 : 1, or 1 : 5, respectively.
The PCR products were quantified using agarose gel elec-
trophoresis (Table 1) or HPLC (Table 2). RT-PCR was per-
formed 3 times (a, b, c) and the quantification of each PCR
sample was carried out in triplicate. The within-sample coef-
ficient of variation was 3.6—35.9% for agarose gel elec-
trophoresis (Table 1) and 0.6—2.4% for HPLC (Table 2).
The PCR standard deviation was 13.8—23.6% for agarose
gel electrophoresis (Table 1) and 1.5—6.5% for HPLC
(Table 2). These results demonstrate that HPLC is more reli-
able than agarose gel electrophoresis for quantification of wt
2D6 RNA. The limit of sensitivity was reached at 1 ng of
CYP2D6 PCR product injected into the HPLC. On the other
hand, a minimum of 50 ng of DNA could be detected by
ethidium bromide staining and direct examination of the gel
under UV. Therefore, this new application provides a 50-fold
sensitivity advantage over agarose gel electrophoresis. An-
other advantage is the speed of the analysis, since CYP2D6
and internal standard peaks were resolved within 18 min, al-
lowing 60 samples to be run during the night with an auto-
matic injector. Thus, a large number of clinical samples can
be evaluated by the RT-PCR HPLC method.

CYP2D6 mRNA Levels in Blood Cells by RT-PCR-
HPLC Two hundred nanograms of total RNA isolated from
PBL was added to the RT-PCR reaction mixture with 1 fg of
is 2D6 RNA, an internal standard. A typical chromatogram
for PBL samples is shown in Fig. 3. The peak of CYP2D6
mRNA derived from PBL was detected at a similar retention
time when wt 2D6 DNA fragment purified by gel extraction
was used (Fig. 1). To quantify CYP2D6 mRNA in PBL, 200
ng of cellular RNA was used with 1 to 10 fg of is 2D6 (Fig.

November 2009 1279

Fig. 1. Representative HPLC Tracing of wt 2D6 and is 2D6 DNA

wt 2D6 (456 bp) and is 2D6 DNA (388 bp) fragments were purified from agarose gel
and 10 ng of each DNA was injected into the HPLC apparatus.

Fig. 2. The Dependency of RT-PCR Products on Initial Amounts of Stan-
dard RNAs

Various amounts of wt 2D6 and internal standard, is 2D6 RNAs, were reverse-tran-
scribed with oligo(dT) primer into cDNA. They were amplified by PCR for 26 cycles
with CYP2D6 specific primers and analyzed by HPLC with a UV detector (260 nm).



4). We detected 8.60 fg of CYP2D6 mRNA in 200 ng of cel-
lular RNA in PBL, since the amplification efficiencies of wt
2D6 and is 2D6 are similar in our RT-PCR-HPLC (Fig. 2).
To evaluate the linearity between the added amounts of cellu-
lar RNA and levels of CYP2D6 mRNA, increasing amounts
of total RNA up to 400 ng were added to the reaction mixture

with 5 fg of is 2D6. As shown in Fig. 5, a linear relationship
(r2�0.9944) was observed between the levels of CYP2D6
mRNA and the cellular RNA in a range of 50—400 ng. Our
RT-PCR-HPLC method was used to determine CYP2D6
mRNA in RNA samples isolated from 8 healthy PBL. The
levels of CYP2D6 mRNA/total RNA 100 ng were between
0.34 and 3.92 fg (Table 3). This suggests that our RT-PCR-
HPLC method would be efficient for the accurate quantifica-
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Fig. 3. Representative HPLC Tracing of CYP2D6 mRNA in PBL

Two hundred nanograms of total RNA extracted from PBL was reverse-transcribed
with 1 fg of is 2D6 DNA and amplified by PCR for 26 cycles with CYP2D6 specific
primers, followed by HPLC analysis with a UV detector (260 nm).

Table 1. Accuracy and Reproducibility of Quantification RT-PCR Products by Agarose Gel Electrophoresis

Approximate ratio, Is : Wilda)

PCR sample
2 : 1 1 : 1 1 : 10

Ratio AEb) stdev PCR stdev Ratio AE stdev PCR stdev Ratio AE stdev PCR stdev
(Is/Wild) (%) (%) (Is/Wild) (%) (%) (Is/Wild) (%) (%)

a 2.044 0.373 0.494 0.950 0.189 0.170 0.064 0.007 0.001
1.654 (18.4%) (23.6%) 1.118 (16.7%) (13.8%) 0.051 (12.4%) (20.3%)
2.400 1.327 0.062

b 1.831 0.757 1.226 0.199 0.059 0.016
1.533 (35.9%) 1.040 (16.2%) 0.028 (35.7%)
2.968 1.439 0.052

c 1.683 0.502 1.209 0.118 0.050 0.002
2.072 (23.4%) 1.300 (8.9%) 0.052 (3.6%)
2.680 1.442 0.054

a) is 2D6(388) : wt 2D6(456)�10 fg : 5 fg, 5 fg : 5 fg, 5 fg : 50 fg�2 : 1, 1 : 1, 1 : 10. b) AE; agarose gel electrophoresis.

Table 2. Accuracy and Reproducibility of Quantification RT-PCR Products by HPLC

Approximate ratio, Is : Wilda)

PCR sample
2 : 1 1 : 1 1 : 5

Ratio HPLC stdev PCR stdev Ratio HPLC stdev PCR stdev Ratio HPLC stdev PCR stdev
(Is/Wild) (%) (%) (Is/Wild) (%) (%) (Is/Wild) (%) (%)

a 2.207 0.034 0.033 1.299 0.023 0.083 0.198 0.002 0.007
2.144 (1.6%) (1.5%) 1.299 (1.8%) (6.5%) 0.197 (1.0%) (3.5%)
2.198 1.260 0.201

b 2.203 0.017 1.394 0.033 0.210 0.004
2.228 (0.8%) 1.364 (2.4%) 0.204 (1.7%)
2.194 1.328 0.204

c 2.234 0.013 1.205 0.008 0.211 0.002
2.250 (0.6%) 1.188 (0.7%) 0.212 (1.0%)
2.259 1.194 0.213

a) is 2D6(388) : wt 2D6(456)�10 fg : 5 fg, 5 fg : 5 fg, 5 fg : 25 fg�2 : 1, 1 : 1, 1 : 5.

Fig. 4. Quantification of CYP2D6 mRNA in PBL

Two hundred nanograms of cellular RNA extracted from PBL was probed using sim-
ilar methods with decreasing amounts of is 2D6, internal standard RNA from 1 to 10 fg.



tion of CYP2D6 mRNA levels in PBL. Recently, the quantifi-
cation of mRNA levels of several genes in PBL by real-time
PCR has been reported.23—25) Although real-time PCR is a
powerful technique for estimating low levels of mRNA from
many samples at a time, it is difficult to correct for RNA re-
covery during extraction using the method. In real-time PCR,
as a reference for RNA levels, endogenous housekeeping
genes such as b-actin and GAPDH are often used. However,
the expression levels of these genes vary in different condi-
tions and separate analyses with different numbers of cycles
of PCR are required if the levels are quite distinct from the
target gene levels.26) On the other hand, the amount of an ex-
ogenously added internal standard, which is used in our
method, can be adjusted according to the level of mRNA in
samples, thereby allowing measurement in the same tube.

In conclusion, the RT-PCR-HPLC method presently de-
scribed for estimating the amounts of CYP2D6 mRNA in
PBL is a valuable analytical approach as it is specific, sensi-
tive, and clinically applicable. Although it remains unclear

whether CYP2D6 mRNA levels in PBL are correlated with
hepatic CYP2D6 enzyme activity, the present method could
be useful for elucidating this clinically important subject.
This approach could also be applied to the determination of
low mRNA levels of other significant CYPs, which may vary
according to genetic and environmental parameters.

References
1) Andersen M. R., Farin F. M., Omiecinski C. J., DNA Cell Biol., 17,

231—238 (1998).
2) Rodríguez-Antona C., Jover R., Gómez-Lechón M.-J., Castell J. V.,

Arch. Biochem. Biophys., 376, 109—116 (2000).
3) Heuvel J. P. V., Clark G. C., Thompson C. L., McCoy Z., Miller C. R.,

Lucier G. W., Bell D. A., Carcinogenesis, 14, 2003—2006 (1993).
4) Dassi C., Sidnorini S., Gerthoux P., Cazzaniga M., Bramblla P., Clin.

Chem., 44, 2461—2421 (1998).
5) Böjunga J., Krek R., Renneberg H., Usadel K. H., Kusterer K., Int. J.

Angiol., 10, 5—9 (2001).
6) Harada N., Yamada K., Endocrinology, 131, 2306—2312 (1992).
7) Sheflin L. G., Fuciles N. W., Ozawa S., Spaulding S. W., Endocrinol-

ogy, 132, 2319—2324 (1992).
8) Odin E., Larsson L., Aram M., Gustaysson B., Larsson P.-A., Tumor

Biol., 19, 167—175 (1998).
9) Doris P. A., Oefiner P. J., Chilton B. S., Hayward-Lester A., J. Chro-

matogr. A, 806, 47—60 (1998).
10) Leccia J. R., Milano G., Formento P., Francoual M., Formento J. L.,

Pierrefite V., Eur. J. Cancer, 34, 182—187 (1998).
11) Shimizu H., Kuroki J., Ogura H., Yamanishi Y., Arakawa Y., Biomed.

Chromatogr., 12, 38—42 (1998).
12) Kanki H., Fukuda K., Okushi K., Ibata I., Toyama Y., Shimizu H.,

Arakawa Y., Ogawa S., Life Sci., 65, 2305—2313 (1999).
13) Hecker K. H., Green S. M., Kobayashi K., J. Biochem. Biophys., 46,

83—93 (2000).
14) Brosen K., Gram L. F., Eur. J. Clin. Pharmacol., 36, 537—547 (1989).
15) Dahl M. L., Bertilsson L., Pharmacogenetics, 3, 61—70 (1993).
16) Hukkanen J., Hakkola J., Anttila S., Piipari R., Karjalainen A., Pelko-

nen O., Mol. Carcinog., 2, 224—230 (1997).
17) Krovat B. C., Tracy J. H., Omiecinski C. J., Toxicol. Sci., 55, 352—360

(2000).
18) Haas C. E., Brazeau D., Cloen D., Booker B. M., Frerichs V., Zaranek

D., Frye R. F., Kufel T., Eur. J. Clin. Pharmacol., 61, 583—593 (2005).
19) Molden E., Åsberg A., Christensen H., Eur. J. Clin. Pharmacol., 56,

575—579 (2000).
20) Ohara K., Tanabu S., Ishibashi K., Ikemoto K., Yoshida K., Shibuya

H., Eur. J. Clin. Pharmacol., 58, 659—661 (2003).
21) Carcillo J. A., Parise R. A., Adedoyin A., Frye R., Branch R. A.,

Romkes M., Res. Commun. Mol. Pathol. Pharmacol., 91, 149—159
(1996).

22) Sumida A., Kinoshita K., Fukuda T., Matsuda H., Yamamoto I., Inaba
T., Azuma J., Biochem. Biophys. Res. Commun., 262, 499—503
(1999).

23) Pan J., Xiang Q., Ball S., Drug. Metab. Dispos., 28, 709—713 (2000).
24) Burczynski M. E., McMillian M., Parker J. B., Bryant S., Leone A.,

Grant E. R., Thorne J. M., Zhong Z., Zivin R. A., Johnson M. D., Drug
Metab. Dispos., 9, 1243—1250 (2001).

25) Chang T. K. H., Chen J., Pillay V., Ho J.-Y., Bandiera S. M., Toxicol.
Sci., 71, 11—19 (2003).

26) Ishitani R., Chuang D.-M., Proc. Natl. Acad. Sci. U.S.A., 93, 9937—
9941 (1996).

November 2009 1281

Fig. 5. Calibration Curve

Various amounts of total cellular RNA in the range of 20—400 fg together with 5 fg
of is 2D6 were reverse-transcribed and amplified by PCR for 26 cycles.

Table 3. CYP2D6 mRNA Levels in PBL of Healthy Volunteers by RT-
PCR-HPLC

Healthy Total RNA is2D6
wt/is fg/100 ng

volunteer No. (ng) (fg)

101 99 1 0.341 0.34
102 171 1 0.492 0.29
103 139.5 1 0.385 0.28
107 272.7 5 2.141 3.92
115 117 1 1.655 1.41
116 137.7 1 1.507 1.09
117 152.1 1 0.535 0.35
118 121.5 1 0.586 0.48


