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ABSTRACT
We have utilized an in vitro transcribed
3′ mRNA fragment of the plant gene ribulose bisphosphate carboxylase (RuBisCO)
as an exogenous standard for normalization
of quantitative PCR data. Both K562 cells
and primary erythroid CD34+ progenitor
cells were treated with sodium butyrate and
changes in γ-globin mRNA levels were
assayed using a previously published
TaqMan® probe and primer set, while
RuBisCO levels were assayed by a SYBR®
Green detection assay. The data presented
show that a correction to measured γ-globin
induction was necessary with both cell
types. The correction for the CD34+ progenitor cells was a striking 95% increase,
while that for the K562 cells was 44%. The
use of an exogenous reference such as in
vitro transcribed mRNA for the RuBisCO
plant gene provides a robust and sample-independent method for the normalization of
quantitative PCR data in bacterial and
animal cells.

INTRODUCTION
The increasingly widespread use of
fluorescence-based, real-time, quantitative PCR has provided many researchers
with the ability to determine precisely
levels of a target nucleic acid within a
given tissue or cell sample as opposed to
a mere qualitative demonstration of its
presence or absence or even semi-quantitative characterization by classical
PCR methods. Indeed, we have demonstrated the absolute quantitation of gene
expression in single cells using this
technique (10), while others have
demonstrated single copy template detection (15). The TaqMan® assay represents one of the earliest and more common implementations of the technology
and involves the inclusion of a dual fluorescently labeled oligonucleotide probe
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within the PCR, with the 3′ fluorophore
acting as a quencher of the emission of
the 5′ fluorophore. The 5′ nuclease activity of Taq DNA polymerase causes
the spatial separation of both labels producing one active fluorophore for each
new strand of cDNA synthesized during
PCR (6). Other formats have been developed including intercalating fluorescent dyes (15), molecular beacons (12),
and hybridization probes (15), with new
ones being introduced currently. Some
formats have proven more suitable for
specific applications, such as allelic discrimination or determination of PCR
product melting points as an indication
of the reaction’s specificity.
Currently, real-time quantitative
PCR is often used to assess changes or
differences in gene expression (as indicated by mRNA levels) between different biological samples. With few exceptions, the thermostable DNA
polymerases commonly used in PCR
require DNA as template for amplification. This necessitates the generation of
complementary DNA templates from
mRNA by reverse transcription before
performing the PCR for the desired target. This is commonly accomplished
using reverse transcriptase either from
Moloney murine leukemia virus or
avian myeloblastosis virus. This reverse transcription step has been
proposed as the source of most of the
variability in quantitative RT-PCR experiments (4), owing to the sensitivity
of reverse transcriptase enzymes to
salts, aliphatic alcohols, and phenol
commonly used during the RNA isolation step. Nucleic acid templates extracted from a variety of biological
samples have also been shown to contain inhibitors of the enzymes used in
either reverse transcription or PCR or
both (5,7,8). This DNA polymerase inhibition, along with the variations in
nucleic acid extraction efficiency, can
lead to misinterpretation of the expression levels of target sequences.
Attempts are made to correct for
such errors by normalizing the levels of
the target mRNA to that of an internal
reference nucleic acid, of which β-actin,
GAPDH, or rRNAs are among the most
commonly used. Ideally, an internal reference RNA should maintain a constant
expression level across tissues and during development, as well as between in-

dividuals. The commonly used internal
reference RNAs unfortunately are
found lacking in one or more of the criteria mentioned above (11,16). Hence,
the internal reference for normalization
in any given experiment must be carefully considered and screened for consistency. It is mainly for these reasons
that, previously, the metric that we have
usually used in this laboratory was to
normalize all copy numbers or target
mRNA concentrations to the total RNA
concentration (9,10).
As an alternative to an endogenous
RNA reference, we have explored the
possibility of using an exogenous reference mRNA produced by in vitro
transcription for the purpose of normalizing target nucleic acid levels determined by real-time quantitative PCR.
We chose the commercially available
ribulose bisphosphate carboxylase (RuBisCO) plant RNA, which codes for an
enzyme that catalyzes the combination
of carbon dioxide with ribulose 1,5-bisphosphate to produce two molecules of
3-phosphoglycerate and represents the
first step in carbon fixation by plants.
This gene is not known to occur in animals, so the addition of a fixed amount
to each cell or tissue lysate from which
nucleic acid is to be extracted can provide a reference template within each
sample for the purpose of normalizing
the levels of the target nucleic acid.
We report here the assay of γ-globin
levels in the erythroleukemic K562 cell
line as well as primary CD34+ cells by
real-time quantitative PCR in response
to induction by 1 mM sodium butyrate
and the amplification of an exogenous
RuBisCO template with a SYBR®
Green detection method (Molecular
Probes, Eugene, OR, USA) to control
for variation resulting from the inhibition of DNA polymerase activity both
in reverse transcription and template
amplification by PCR.
MATERIALS AND METHODS
Cell Culture
Erythroleukemic K562 cells were
obtained from ATCC (Manassas, VA,
USA) and grown in RPMI 1640 culture
medium supplemented with 10% FCS
(Intergen, Purchase, NY, USA), 100
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U/mL penicillin, and 100 µg/mL streptomycin (Biofluids, Rockville, MD,
USA). Primary CD34+ cells were isolated by immunomagnetic separation
from cultures of peripheral blood
mononuclear cells that were obtained
with informed consent from normal
donors. Peripheral blood mononuclear
cells were prepared by centrifugation
on a cushion of Lymphocyte Separation
Medium (ICN Biomedicals, Costa,
Mesa, CA, USA), washed twice with
Dulbecco’s PBS (Invitrogen, Carlsbad,
CA, USA), and resuspended in α-minimum essential medium (Sigma, St.
Louis, MO, USA) supplemented with
10% FCS, 1 µg/mL cyclosporin A
(Sandoz, Basel, Switzerland), 2 mM
glutamine, 100 U/mL penicillin, 100
µg/mL streptomycin (all from Biofluids), and 10% conditioned medium obtained from cultures of the 5637 bladder carcinoma cell line. After one
week, the non-adherent cells were har-

vested from this phase I culture by centrifugation, washed twice in α-medium
(without supplements), and resuspended in fresh α-medium with 30% FCS, 2
mM glutamine, 100 U/mL penicillin,
100 µg/mL streptomycin, 10% deionized BSA, 10-5 M β-mercaptoethanol,
10-6 M dexamethasone, 33 µg/mL
holo-transferrin (Sigma), and 1 U/mL
human recombinant erythropoietin (Ortho Pharmaceutical, Raritan, NJ, USA).
Cultures were incubated at 37°C in an
atmosphere of 5% CO2 in air with extra
humidity. Sodium butyrate from a 1 M
stock in base medium was added to a final concentration of 1 mM, and cells
were incubated for a further 48 h.
Total RNA was extracted from approximately 106 cells using the
RNeasy® mini kit (Qiagen, Valencia,
CA, USA). The in vitro transcribed RuBisCO mRNA (Stratagene, La Jolla,
CA, USA) was added (1 ng) to the RLT
cell lysis buffer. The extracted RNA was

Figure 1. Linear dose response of RuBisCO mRNA template titration. RuBisCO mRNA was reverse-transcribed to produce cDNA and assayed in quadruplicate by quantitative PCR. A 105-fold range
of mRNA template was used (10 fg to 1 ng, R2 = 0.999). The data shown represent typical results obtained from one of three experiments.
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quantified by spectrophotometry and integrity confirmed by electrophoresis.
Real-Time Quantitative PCR
RNA (1 µg) was reverse-transcribed
using an enzyme mixture that consisted
of 4 µL 5× RT buffer, 10 mM DTT, 0.5
mM dNTP mixture, 0.5 µg oligo(dT)24,
1 µL RNAseout, and 200 U SuperScript II (Invitrogen) in DEPC-treated water. The tubes were incubated at
42°C for 60 min, followed by 10 min at
80°C to inactivate the enzyme.
Real-time quantitative PCR assay of
globin transcripts was carried out using
gene-specific double fluorescently labeled probes in a 7700 Sequence Detector (Applied Biosystems, Foster City,
CA, USA). All probes are designed to
span exon junctions in the fully
processed message to prevent reporting
of amplification of any possible contaminating genomic DNA. All primers and
probes were made using reagents from
Glen Research (Chantilly, VA, USA) on
an ABI 394 synthesizer (Applied
Biosystems). 6-Carboxy fluorescein
(FAM) was used as the 5′ fluorescent
reporter, while tetramethylrhodamine
(TAMRA) was added to the 3′ end as
quencher. Probe and primers used for
quantitation of γ-globin have been previously reported (9). Double fluorescently
labeled (TaqMan) probes were HPLCpurified on a 250 × 10 mm Biovantage
C8 reverse phase column (Thomson,
Chantilly, VA, USA) using a 10%–35%
acetonitrile gradient in 0.1 M triethylamine acetate, pH 7.0, with the detector
set to monitor column eluate at 260, 494,
and 565 nm. Products were lyophilized
and characterized by absorption spectroscopy as well as DNase I treatment to
confirm a greater than or equal to 2-fold
increase in fluorescence. The following
primers were used for RuBisCO assay:
forward, 5′-GAAGAAGCGGGGATACTTGGTC-3′, and reverse, 5′-AGTGTTGTGTCCACAAGAAATCC-3′.
SYBR Green was used as reporter for
real-time PCR using RuBisCO primers.
All oligonucleotide primers and probes
were quantitated by absorbance at 260
nm. Specific transcripts within cDNA
reaction products were quantitated in a
reaction mixture consisting of 10 mM
Tris, pH 8.3, 50 mM KCl, 3 mM MgCl2,
200 µM dNTP (dTTP replaced with
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dUTP at 400 µM), 0.01 U/µL uracil
DNA glycosylase (Roche Applied Science, Indianapolis, IN, USA), and 0.025
U/µL Platinum Taq DNA polymerase
(Invitrogen). Standard curves were constructed using dilutions of an accurately
determined plasmid containing the
cDNA of interest as template. A dynamic range of 5 log orders of concentration
or greater was routinely achieved for
each transcript of interest.
RESULTS AND DISCUSSION
One requirement of a standard template for quantitative PCR is a linear response over the expected range of concentration in samples to be determined.
Figure 1 demonstrates such a linear response for dilutions of RuBisCO template over five orders of magnitude with
each dilution being assayed in quadruplicate. The advent of PCR has resulted
in a quantum leap in the sensitivity of
techniques used to detect gene expression at the transcript level in cells and
tissue specimens but was not easily
quantitated. The introduction of competitive PCR (13,14) facilitated more
accurate determination of changes in
levels of gene expression in physiological and pharmacological systems. However, the process was laborious and
time consuming and was not amenable
to analysis of large numbers of samples,

mainly because of the requirement for
the construction of the competing template for each new transcript of interest
and the extensive post-PCR analysis required, involving gel electrophoresis,
image acquisition, and densitometry.
The use of the more recently introduced
real-time, fluorescence-based quantitative PCR is rapidly growing and
promises to be an invaluable tool in the
analysis of gene expression, especially
when high-throughput analysis is required. Even with the greater ease of
use that real-time quantitative PCR has
provided the researcher, normalization
of gene expression data still remains an
important aspect of accurate determination and is still routinely done using
levels of an endogenous transcript. Several reports have been published highlighting the drawbacks of using an endogenous transcript such as that of a
housekeeping gene (2,11,16). It is now
well known that the expression level of
genes such as β-actin and GAPDH
varies from tissue to tissue and from
one cell type to another. In addition,
transcript levels from these genes vary
considerably in response to a great variety of pharmacologic interventions and
disease states (2). Such variability in the
levels of reference or housekeeping
genes may not parallel or be analogous
to concomitant changes in the levels of
a particular gene of interest, making the
normalization of gene expression data

between samples problematic and error
prone. Interestingly, a recent publication (3) has proposed the use of peptidylprolyl isomerase A as a preferred
internal reference over GAPDH and βactin in quantitative PCR analyses after
screening thousands of genes in a variety of human tissue types. While it remains to be seen if this will indeed be
the case, the continuing search for an
appropriate internal reference further
highlights the need for a sample-independent exogenous reference.
In Figure 2, we have shown that by
adding a fixed amount of in vitro transcribed, polyadenylated RuBisCO transcript to the lysate for each sample to be
analyzed by real-time quantitative PCR,
one can control for the presence of inhibitors of both reverse transcription and
PCR DNA polymerases. The fold
change in γ-globin induction in K562
cells by sodium butyrate was corrected
from 1.8-fold to 2.6-fold (a 44% increase), while that for CD34+ progenitor
cells was corrected from 2-fold to 3.9fold (a 95% increase) based on this external standard. While the necessity of
such corrections has been long identified, a robust and standard method of
correction has proved difficult to establish. As an alternative to the use of an
endogenous transcript, the addition of a
purified and well-characterized control
template, such as the in vitro transcribed
RuBisCO template used in this study, at
the stage of RNA template isolation
should provide a valid method of quantitative PCR data normalization. At present, we are aware of one other publication (1) that uses a similar rationale to
examine changes in the level of
prostaglandin D synthetase mRNA during development in mouse testis with luciferase mRNA as an exogenous reference. Of course, an alternative reference
template will have to be implemented by
investigators wishing to perform quantitative PCR studies on plant material, but
this general method should be of value
to those studying any of the several other
kingdoms of the living world.
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