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Abstract

Background: Transcriptome data from quantitative PCR (Q-PCR) and DNA microarrays are
typically obtained from a fixed amount of RNA collected per sample. Therefore, variations in tissue
cellularity and RNA yield across samples in an experimental series compromise accurate
determination of the absolute level of each mRNA species per cell in any sample. Since mRNAs are
copied from genomic DNA, the simplest way to express mRNA level would be as copy number
per template DNA, or more practically, as copy number per cell.

Results: Here we report 2 method (designated the "Percellome” method) for normalizing the
expression of mMRNA values in biological samples. It provides a "per cell” readout in mRNA copy
number and is applicable to both quantitative PCR (Q-PCR) and DNA microarray studies. The
genomic DNA content of each sample homogenate was measured from a small aliquot to derive
the number of cells in the sample. A cocksail of five external spike RNAs admixed in a dose-graded
manner (dose-graded spike cocktail; GSC) was prepared and added to each homogenate in
proportion to its DNA content. In this way, the spike MRNAs represented absolute copy numbers
per cell in the sample. The signals from the five spike mRNAs were used as a dose-response
standard curve for each sample, enabling us to convert all the signals measured to copy numbers
per cell in an expression profile-independent manner. A series of samples was measured by Q-PCR
and Affymetrix GeneChip microarrays using this Percellome method, and the results showed up to
90 % concordance.

Conclusion: Percellome data can be compared directly among samples and among different
studies, and between different platforms, without further normalization. Therefore, "percellome”
normalization can serve as a standard method for exchanging and comparing data across different
platforms and among different laboratories.

Background samples generated in the same laboratory using a single
Normalization of gene expression data between different  platform, and/or generated in different geographical
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Dose-response linearity check by LBM. Dose-response linearity of the Affymetrix GeneChip by the LBM (liver-brain mix)
sample set. Five samples, i.e. mixtures of mouse liver and brain at ratios of 100:0, 75:25, 50:50, 25:75 and 0:100, were spiked
with GSC and measured by Affymetrix GeneChips Mouse430-2. Signals were normalized by the Percellome method as
described in the text. Line graphs are in (a) copy numbers and (b) ratio to 50:50 sample for the top 1,000 probe sets with coef-
ficient of correlation (R?) closest to | among those having | copy or more per cell in the 50:50 sample (19,979 probe sets out
of 45,101). The number of probe sets with R2 > 0.950 was 8,655, and R2> 0.900 was | ,719.

regions using multiple platforms, is central to the estab-
lishment of a reliable reference database for toxicogenom-
ics and pharmacogenomics. Transforming expression data
into a "per cell" database is an effective way of normaliz-
ing expression data across samples and platforms. How-
ever, transcriptome data from the quantitative PCR {Q-
PCR) and DNA microarray analyses currently deposited in
the database are related to a fixed amount of RNA col-
lected per sample. Variations in RNA yield across samples
in an experimental series compromise accurate determi-
nation of the absolute level of each mRNA species per cell
in any sample. Normalization against housekeeping
genes for PCRs, and global normalization of ratiometric
data for microarrays, is typically performed to account for
this informational loss. Additional methods, such as the
use of external mRNA spikes, reportedly improve the
quality of data from microarray systems. For example,
Holstege et al. [1] described a spike method against total
RNA, based on their finding that the yields of total RNA
from wild type and mutant cells were very similar. Hill et
al. [2] reported a spike method against total RNA for nor-
malizing hybridization data such that the sensitivities of
individual arrays could be compared. Lee et al. [3] demon-
strated that "housekeeping genes" cannot be used as a ref-

erence control, and van de Peppel et al. [4] described a
normalization method of mRNA against total RNA using
an external spike mixture. To achieve satisfactory perform-
ance they used multiple graded doses of external spikes,
covering a wide range of expression, in order to align the
ratiometric data by Lowess normalization [5]. Hekstra et
al. [6] presented a method for calculating the final cRNA
concentration in a hybridization solution. Sterrenburg et
al. [7] and Dudley et al. [8] reported the use of common
reference control samples for two-color microarray analy-
ses of the human and yeast genomes, respectively. These
are pools of antisense oligo sequences against all sense
oligos present on the microarray. Instead of antisense oli-
gos, Talaat et al. [9] used genomic DNA as a common ref-
erence control in studies of E. coli. Statistical approaches
have been proposed for ratiometric data to improve inter-
microarray variations, especially of non-linear relations
|10]. However, because control samples may differ among
studies, ratiometric data cannot easily be compared across
multiple studies unless a common reference, such as a
mixture of all antisense counterparts of spotted sense
sequences is used [7-9]. Nevertheless, as long as the nor-
malization is calibrated to total RNA, variations in total
RNA profile cannot be effectively cancelled out, Although
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Cross-hybridization of GSC. Cross-hybridization of the GSC spike mRNAs to Affymetrix GeneChip. (a) A scatter plot of a
blank sample with the GSC (horizontal axis) and a blank with the five spike RNAs at a high dosage (vertical axis) measured by
MG-U74v2A GeneChips (raw values generated by Affymetrix MAS 5.0 software). The five spikes are indicated by black dots
with arrows. Signals of the murine probe sets were below 20 on the horizontal axis, indicating negligible cross-hybridization of
GSC spike mRNAs to the murine probe sets. (b) A scatter plot of a liver sample with GSC (horizontal axis) and without GSC
(vertical axis) measured by MG-U74v2A GeneChips. The five spikes are again indicated by black dots with arrows. The dotted
line is the 1/25 fold (4%) line. Cross-hybridization of mouse liver mRNAs to the GSC signals was considered negligible (less

than 4%).

some of these reports share the idea that "absolute expres-
sion" and "transcripts per cell" should entail robust nor-
malization, further practical development to enable
universal application has been awaited.

Here, we report a method for normalizing expression data
across samples and methods to the cell number of each
sample, using the DNA content as indicator. This normal-
ization method is independent of the gene expression
profile of the sample, and may contribute to transcrip-
tome studies as a common standard for data comparison
and interchange.

Results

Dose-response linearity of the measurement system as a
basis for the Percellome method

The fidelity of transcript detection is the key to this "per
cell" based normalization method, which generates tran-
scriptome data in "“mRNA copy numbers per cell". The Q-
PCR system was tested by serially diluting samples to con-
firm the linear relationship between Ct values and the log

of sample mRNA concentration (data not shown). High
density oligonucleotide microarrays from Affymetrix [11]
were used in our experiments. We tested the linearity of
the Affymetrix GeneChips using a set of five samples made
of mixtures of liver and brain in ratios of 100:0, 75:25,
50:50, 25:75, and 0:100 (designated "LBM" for liver-brain
mix). The results showed a linear relationship (R?> 0.90)
between fluorescence intensity and input for a sufficient
proportion of probe sets, i.e. about 37% of the probe sets
in the older MG-U74v2 and 70% in the newest Mouse
Genome 430 2.0 GeneChip were above the detection level
(approximately one copy per cell) in the 50:50 sample
(Figure 1) [see Additional files 1 and 2].

Dose-response linearity alone is not sufficient to generate
true mRNA copy numbers. An important additional
requirement is that the ratio of signal intensity to mRNA
copy number should be equal among all GeneChip probe
sets of mRNAs and PCR primers. The Q-PCR primer sets
were designed to perform at similar amplification rates to
minimize differences between amplicons. The melting
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Table I: The spike factors for various organsi/tissues
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Species Organ/Tissue (adult, unless otherwise noted) Spike Factor toral RNA/genomic DNA SD
Mouse Liver 02 211 46
Mouse Lung 0.02 22 4
Mouse Heart 0.05 - -
Mouse Thymus .01 8 2
Mouse Colon Epitherium 0.05 105 30
Mouse Kidney 0.1 - -
Mouse Brain 0.1 - -
Mouse Suprachiasmatic nucleus (SCN) 0.1 - -
Mouse Hypothalamus 0.1 63 4
Mouse Pituitary 0.1 52 8
Mouse Ovary 0.02 35 4
Mouse Uterus 0.02 42 12
Mouse Vagina 0.02 1 38
Mouse Testis 0.15 56 7
Mouse Epididymis 0.07 53 16
Mouse Bone marrow 0.02 14 3
Mouse Spleen 0.02 - -
Mouse Whole Embryo 0.15 97 36
Mouse Fetal Telencephalon E10.5-16.5 0.1 48 9
Mouse Neurosphere (EI1.5-14.5) 0.03 42 10
Mouse E9.5 embryo heart 0.15 58 15
Mouse cell lines 0.2 - -
Rat Liver 02 - -
Rat Kidney 0.2 - -
Rat Uterus 0.04 56 5
Rat Ovary 0.04 56 9
Human Cancer Cell Lines 0.2 116 26
Xenopus liver 0.03 - -
Xenopus embryo 0.15 - -

temperature was set between 60° and 65°C with a prod-
uct size of approximately 100 base pairs using an algo-
rithm (nearest neighbor method, TAKARA BIO Inc,
Japan), and the amplification co-efficiency (E) was set
within the range 0.9 £ 0.1 (E = 2~ {-(1/slope) }-1 on a plot
of log2 (template) against Ct value). For the GeneChip
system, the signal/copy performance of each probe set
depended on the strategy of designing the probes to keep
the hybridization constant/melting temperature within a
narrow range, ensuring that the dose-response perform-
ances of the probe sets were similar (cf. hup//
www affymetrix com/technology/design/index.affx). Fail-
ing this, any differences should at least be kept constant
within the same make/version of the GeneChip. Taking
into consideration the biases that lead to imperfections in
estimating absolute copy numbers in each gene/probe set,
we developed normalization methods to set up a com-
mon scale for Q-PCR and Affymetrix GeneChip systems.

The grade-dosed spike cocktail (GSC) and the "spike
factor” for the Percellome method

A set of external spike mRNAs was used to transfer the
measurement of cell number in the sample (as reflected
by its DNA content) to transcriptome analysis. For the

spikes, we utilized five Bacillus subtilis mRNAs that were
left open for users in the Affymetrix GeneChip series. The
extent to which the Bacillus RNAs cross-hybridized with
other probe sets was checked for the Affymetrix GeneChip
system. The GSC was applied to Murine Genome U74Av2
Array (MG-U74v2) GeneChips with or without a liver
sample. As shown in Figure 2, coss-hybridization
between Bacillus RNAs and the murine gene probe sets
was negligible [see Additional files 3 and 4]. Mouse
Genome 430 2.0 Array (Mouse430-2), Mouse Expression
Arrays 430A (MOE430A) and B (MOE430B), Rat Expres-
sion Array 230A (RAE230A), Xenopus laevis Genome Array
and Human Genome U95Av2 (HG-U95Av2) and U133A
(HG-U133A) Arrays sharing the same probe sels for these
spike mRNAs showed no sign of cross-hybridization with
the Bacillus probes (data not shown).

We prepared a cocktail containing in vitro transcribed
Bacillus mRNAs in threefold concentration steps, i.e.
777.6 pM (for AFFX-ThrX-3_at), 259.4 pM (for AFFX-
LysX-3_at), 86.4 pM (for AFFX-PheX-3_at), 28.8 pM (for
AFFX-DapX-3_at) and 9.6 pM (for AFFX-TrpnX-3_at). By
referring to the amount of DNA in a diploid cell and
employing a "spike factor” determined by the ratio of

Page 4 of 14
(page number nol for citation purposes)



BMC Genomics 2006, 7:64

#en3 B SRS ¥ MY EHEREE YR AEEREYERIENTERAe

Frequency of probe set

Yy
10°% 102 10" 1 10" 102 10° 10¢

Log (S)

Figure 3

Positioning of GSC spike mRNAs in Affymetrix
GeneChip dose-response range. A frequency histogram
of the probe sets of Affymetrix GeneChip Mouse430-2 is
shown. The histogram for all probe sets (gray) shows near-
normal distribution. Blue columns are the "present” calls (P),
red columns "absent” calls (A) and green "marginal” calls. The
five yellow lines indicate the positions of the GSC spike
mRMNAs that are chosen to cover the "present” call range by
a proper "spike factor",

total RNA to genomic DNA in a tissue type (Table 1), the
spike mRNAs were calculated to correspond to 468.1,
156.0, 52.0, 17.3 and 5.8 copies per cell (diploid), respec-
tively, for the mouse liver samples (spike factor = 0.2). The
ratio of mRNAs in the cocktail is empirically chosen
depending on the linear range of the measurement system
and the available number of spikes. Here, we set the ratio
to three to cover the “present” call probe sets of the
Affymetrix GeneChip system (Figure 3).

We tested this grade-dosed spike cocktail (GSC) by Q-PCR
and confirmed that the Ct values of the spike mRNAs were
linearly related to the log concentrations (cf. Figure 4a),
i.e. could be expressed as

Ct=alogC+p {1}

The GSC was also tested by the GeneChip system and it
was confirmed that the log of the spike mRNA signal
intensities was linearly related to the log of their concen-
trations (cf. Figure 4b),

http:/imwww.biomedcentral.com/1471-2164/7/64

logS=ylogC+8 {2}

The linear relationship between the Ctvalues (Ct) and the
log of RNA concentration (log C) was reasonable given
the definition of Ct values (derived from the number of
PCR cycles, i.e. doubling processes). The linear relation-
ship between the log of GeneChip signal intensity (log §)
and the log of RNA concentration (log C) was rationalized
by the near-normal distribution of log S over all tran-
scripts (cf. Figure 3).

Calculation of copy numbers of all genes/probe sets per
cell

As described above, using a combination of DNA content
and the spike factor of the sample, the GSC spike mRNAs
become direct indicators of the copy numbers (C') per
cell. When the samples were measured by Q-PCR or Gene-
Chip analysis, the five GSC spike signals in each sample
should obey function {1} for Q-PCR and function {2} for
GeneChip with a good linearity. If the observed linearity
was poor, a series of quality controls was performed and
the measurement repeated. The coefficients of the func-
tions were determined for each sample by the least
squares method. Under the assumption that all genes/
probe sets share the same signal/copy relationship, signal
data for all genes/probe sets were fitted to the functions
{1'} or {2'}, which are the individualized functions of
{1} and {2} for each sample measurement (i).

Ct=ailog(C)+pi {1}

Log (S) =vilog(C') +8i {2}

(i = sample measurement no.)

The Q-PCR Ct values (Ct) and microarray signal values (§)
of all mRNA species in the sample (i) are converted to
copy numbers per cell (C') by the inverses of functions
{1'} and {2'}, i.e. {3} and {4} below:

C' = BM(Ce-Bi)/ai) {3}

for Q-PCR (Figure 4a).;

C' = BA((logS-yi)/8i) {4}

for GeneChips (Figure 4b),

where B is the logarithmic base used in {1} and {2} (see
Materials and Methods for details).

Real world performance of the Percellome method

The correspondence between Q-PCR and GeneChip was
tested using a sample set from 2,3,7,8-tetrachlorodiben-
zodioxin (TCDD)-treated mice. Sixty male C57BL/6 mice
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