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ABSTRACT

Microarray-based gene expression measurement
is one of the major methods for transcriptome
analysis. However, current microarray data are sub-
stantially affected by microarray platforms and
RNA references because of the microarray method
can provide merely the relative amounts of gene
expression levels. Therefore, valid comparisons of
the microarray data require standardized platforms,
internal and/or external controls and complicated
normalizations. These requirements impose limita-
tions on the extensive comparison of gene expres-
sion data. Here, we report an effective approach to
removing the unfavorable limitations by measuring
the absolute amounts of gene expression levels
on common DNA microarrays. We have developed
a multiplex cDNA quantification method called
GEP-DEAN (Gene expression profiling by DCN-
encoding-based analysis). The method was
validated by using chemically synthesized DNA
strands of known quantities and cDNA samples
prepared from mouse liver, demonstrating that the
absolute amounts of cDNA strands were success-
fully measured with a sensitivity of 18 zmol in a
highly multiplexed manner in 7 h.

INTRODUCTION

Methods for gene expression analysis are increasingly im-
portant for biological and medical research (1-6). The
DNA microarray-based method is now one of the most
widely used methods for gene expression analysis. This
method is highly parallel, so that thousands of genes can
be analyzed all at once. However, the observed data are

substantially affected by microarray platforms and RNA
references, because this method provides only relative ex-
pression values (7-9). Therefore, the standardization of
gene expression profiling (GEP) data are a subject of con-
siderable interest in the microarray community.

The MicroArray Quality Control Project and the
External RNA Control Consortium are organized efforts
to resolve the GEP-data standardization issue (10-12).
They have developed standardization methods by use of
two types of RNA reference materials: assay process ref-
erences and universal hybridization references. Although
this method is suited to determining relative expression
differences between samples, it would be highly desirable
to have a method which could measure the absolute
amounts of target gene transcripts, such as mRNA
copies per cell. This type of measurement is specifically
important for sharing interplatform gene expression data
in public repositories (7,8), as well as for conducting
systems biology research (13).

For measurement of the absolute amounts of nucleic
acids, a quantitative PCR (qPCR)-based method is
widely used as a validation method. This method is
highly sensitive for a low quantity of samples. However,
assay designs and protocols must be considerably adjusted
in order to achieve accurate quantifications using this
method (14). Furthermore, determining the absolute ex-
pression levels for many target genes requires a large
number of reactions using serially diluted templates in
order to make standard curves (14,15). Therefore,
determining the absolute amounts using the qPCR
method is so time and cost intensive that it is not appro-
priate for large-scale gene expression profiling.

Under these circumstances, a new method is required
for both highly parallel and sensitive quantification of
absolute amounts of transcripts. Here, we report a novel
gene expression profiling method to determine the
absolute amount of cDNA (the copy number of cDNA
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strands) for many target genes in a highly parallel and
sensitive manner. The method is called GEP-DEAN
because the gene expression profiling is performed using
the DEAN (DCN-encoding-based analysis) technology
(16), which is a technique for analyzing target information
by means of well-designed DNA-tag sequences called
DNA-Coded Numbers (DCNs), originally developed for
reliable DNA computing (17). The use of DCNs is highly
advantageous in that gene expression profiling of different
sets of target genes can be performed by using DNA
microarrays with the same set of DNA probe sequences.
Even an analysis for single nucleotide polymorphism
typing can be performed by using the same DNA micro-
array and basically the similar protocol to gene expression
profiling (18,19).

Currently, the GEP-DEAN method can successfully
measure the absolute amount of target cDNA with a sen-
sitivity of 18zmol (approximately 10000 copies) and
multiplicity of about 300 target genes in 7h. A validation
using cDNA samples prepared from mouse liver revealed
that the method accurately quantified cDNA samples
equivalent to 18 ng total RNA.

MATERIALS AND METHODS
Synthetic DNA samples

In order to investigate the dependence of the Cy5/Cy3
ratio on DNA quantities, we prepared synthetic DNA
samples that contained 291 kinds of 30-base DNA
strands at various known quantities. Their sequences
were parts of the cDNA strands of Cyanidioschyzon
merolae (red algae). These DNA strands were commercial-
ly synthesized and purified by reverse-phase cartridge
chromatography  (Operon). For comparison of
GEP-DEAN and qPCR, we prepared a mixture of 57
kinds of 99-base DNA strands in various known
quantities. Their sequences are portions of yeast cDNA
strands. These DNA strands were commercially
synthesized and purified by polyacrylamide gel electro-
phoresis (Sigma Genosys). The concentration of every
DNA strand was determined by UV-absorbance measure-
ments at 260 nm (20). The sequences used in this study are
listed in the Supplementary Tables 1-3.

The ¢cDNA samples

Complementary DNA samples were prepared from total
RNA samples extracted from liver tissues obtained from
acetaminophen administered or no drug-administered
8-week-old male BALB/c mice (Clea Japan). All animal
procedures were carried out in compliance with the
institutional animal ethics guidelines. The protocols of
the animal procedures were as follows: mice were
intraperitoneally injected with 367 mg/kg acetaminophen.
The injected dose was determined by the concentration of
LDso given in the material safety data sheet. The mice
were sacrificed at 6 h after dosing, followed by perfusion
with 0.1 M phosphate buffered saline (PBS). The liver
samples were stored in RNAlater buffer (Ambion) with
1 ml solution per 0.1g liver tissue at 4°C. After removing
the RNAlater, the samples were subjected to dissection
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and homogenization in TRIzol reagent (Invitrogen). The
total RNA samples were extracted using a TRIzol kit ac-
cording to the manufacturer’s protocols. Contaminated
DNA in total RNA samples was digested with DNase
I and the following purification was performed using
an RNeasy mini kit (Qiagen) according to the manufac-
turer’s protocol. The RNA quality was checked by
UV-absorbance measurements. The total RNA samples
were reverse-transcribed with oligo-dT primers of
SuperScript IIT (Invitrogen) according to the manufactur-
er’s protocol. The prepared cDNA samples were stored at
—20°C until use.

Synthetic reference DNA and internal DNA

Reference DNA and internal DNA were commercially
synthesized and purified by reverse-phase cartridge
chromatography or polyacrylamide gel electrophoresis
(Operon, Sigma Genosys). The concentration of every
DNA strand was determined by UV-absorbance measure-
ments at 260 nm (20). The sequences used in this study are
listed in the Supplementary Tables 1-3.

DCNs

DCNs are 92-base DNA-tag sequences that are composed
of four sections, designated as SD, D1, (j1=20, 1,
2,...,Np1—1), D25, (2=0, 1, 2,...,Np,— 1) and ED
(Figure 1b). The characteristics of DCNs were described
previously (18). Briefly, these sequences are designed to
have a uniform length, a uniform melting temperature
and have no potential for mishybridizations or stable
self-folded structures. The sequences are listed in the

Supplementary Table 4.

Probe sequences

Probe sequences of 30 bases in length were designed so as
to be complementary to target specific sequences (TSS).
They were designed according to the previously published
criteria (21). Each probe sequence was divided into two
parts: a 15-base 5-probe sequence (PS1;) and 15-base
3’-probe sequence (PS2,) (Figure 1b). The probe pairs
were filtered to minimize the mispriming risk of molecular
translation table (MTT) strands, which could result in
false PCR products in the encoding step. The probe
pairs used in this study are listed in the Supplementary
Tables 1-3.

MTT

The 38-base 5-MTT strands (CS-PS1; i=0,1,2,...,
Nt —1) were commercially synthesized and purified by
reverse-phase  cartridge chromatography (Operon,
Hokkaido System Science). The 3-MTT strands were
prepared as follows: the 38-base SD-attached PS2;
strands (PS2-SD: i=0, 1, 2,...,Ny—1) and 92-base
3/-amino-modified  complementary = DCN  strands
(cDCN;: j=0, 1, 2,...,Nr—1) were commercially
synthesized and purified by reverse-phase cartridge chro-
matography (Sigma Genosys, Operon, Hokkaido System
Science). The cDCN-templated extensions of PS2-SD
from the 3’-end of SD were performed in individual
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Figure 1. Schematic representation of GEP-DEAN. (a) Outline of the assay procedures. (b) Structure of molecular translation table (MTT) that
connects the target cDNA with a target specific sequence TSS; to the corresponding two-digit DNA-coded number DCN; composed of the common
start digit (SD), the first digit D1, the second digit D2, and the common end digit (ED). (¢) Encoding step. The encoding reaction for the target
cDNA strands with TSS; starts with ligation of 5-MTT;; and 3'-MTT;; strands that hybridize adjacently with TSS, After ligation of the MTT
strands, the reaction mixture is subjected to incubation at high temperature and a subsequent quick cooling to dissociate the target cDNA strands and
to make 3’-biotinylated cCS (cCS-b) hybridize. The ligation products with cCS-b bound are captured by streptavidin-coupled magnetic beads
(SA-beads) and then excess free MTT strands and the dissociated target cDNA strands are washed out. After elution of the ligation products, a
primer pair of 5'-b-CS and cED strands is added to the reaction mixture and the ligation products are amplified by PCR to further remove the free
3'-MTT strands. The amplified ligation products are then captured by SA-beads and converted to single strands by alkali wash. (d) Amplification step.
The DCN region of the single-stranded ligation products is amplified by PCR with a primer pair of 5'-biotinylated SD and cED. The amplified
products are then captured by SA-beads and converted to single strands by alkali wash. (e) Decoding step. The two-digit DCNs are decoded with
respect to the second digit (D2). The solution of the single-stranded amplified products of the sample and that of the reference are divided into Np,
tubes. To the j2-th tube, a fluorescence-labeled (Cy5- and Cy3-labeled for sample and reference, respectively) cD2, strand and the mixture of all cD1
strands are added. When a DCN; strand corresponding to the target cDNA with TSS; is present, a ¢cD2j> and a cD1;; strand are joined together by
DCN-templated ligation to produce a decoding product ¢D2,—¢cD1j;. The decoding products of the sample and reference are thus labeled with
different fluorescence colors. (f) Quantification step. The decoding products of the sample and those of the reference in the j2-th tube are competitively
hybridized in the j2-th capillary of a DNA capillary array (DCA), which is a kind of DNA microarray composed of an array of capillaries with DNA
probes immobilized on their inner surface. All capillaries have a common set of DNA probes D1;; (j1 =10,1,2,..., Np; — 1). The absolute amount of
the target cDNA with TSS; is obtained from the Cy5/Cy3 fluorescence intensity ratio measured for a spot of D1 probe in the j2-th capillary.




e70 Nucleic Acids Research, 2011, Vol. 39, No. 10

wells of a 96-well PCR plate. Each well contained a unique
combination of PS2,-SD and ¢cDCN;,. The reactions were
performed in 40 pl reaction cocktails containing 0.5 uM
PS2-SD and 0.5pM cDCN;,, 1mM MgSO, 1x
Thermococcus kodakaraensis (KOD) DNA polymerase
buffer and 0.02U/ul KOD-plus-DNA polymerase
(Toyobo) using a thermal cycler (DNA Engine PTC-200,
Bio-Rad). The mixtures were first incubated at 94°C for
2 min, followed by five cycles of 94°C for 15s, 64°C for
30s and 68°C for 20s. Note that no extension of cDCN;
strands from the 3’-end occurs because their 3’-ends are
amino-modified. The uniquely assigned 3’-MTT;,; strands
were mixed into one tube for purification by a Wizard SV
Gel and PCR Clean-Up System (Promega), following the
manufacturer’s protocol. The purified products were
checked by capillary electrophoresis (Agilent 2100
Bioanalyzer, Agilent) and phosphorylated at 37°C for
30min in 70 pl reaction cocktails containing 1 mM ATP
and 0.43U/ul T4 polynucleotide kinase (Takara) and
terminated at 70°C for 5min. The prepared 5-MTT and
3-MTT strands were stored at —20°C until use. The as-
signments of DCNs to the probe sequences used in this
study are given in the Supplementary Tables 1-3.

Encoding

A sample and reference were assayed in parallel. Each
reaction was first held at 95°C for 3min in a 29.5ul
reaction mixture containing 10fmol of each MTT set
(5-MTT and 3'-MTT) and 1x Tag DNA ligase buffer
(New England BioLabs), followed by annealing at
0.1°C/s until reaching 45°C. Then, 0.5ul of Tag DNA
ligase (New England BioLabs) was added to ecach
reaction mixture. Ligation reactions were performed at
45°C for | h. After the ligation reactions were completed,
the products were captured by addition of 10pmol of
3’-biotinylated c¢CS (cCS-b) and incubation at 95°C for
3min, followed by quick cooling at 4°C. The reaction
mixtures were captured by adding 0.3mg of
streptavidin-coupled magnetic beads (Dynabeads MyOne
streptavidin C1, Invitrogen’s Dynal) and incubating at
room temperature for 15min, followed by washing twice
at room temperature with 1x binding and washing buffer
(B&W: 1M NaCl, TE, pH 8.0), according to the manu-
facturer’s protocol. The captured products were sus-
pended in 50l of distilled water and then eluted with
30l after incubation at 95°C for 3min. The eluted
products were amplified in 50 ul reaction mixtures con-
taining 0.4uM 5-biotinylated CS (b-CS), 1uM cED,
0.2mM dNTP mixture, | mM MgSO,, 1x KOD DNA
polymerase buffer and 0.02 U/ul KOD-plus-DNA poly-
merase. The PCR reactions were first held at 94°C for
2min, followed by 20 cycles of 94°C for 15s, 64°C for
30s and 68°C for 10s and the reaction was stopped at
4°C. Each PCR product was captured by addition of
0.3mg of streptavidin-coupled magnetic beads and incu-
bation at room temperature for 15min, followed by
washing at room temperature with 1x B&W. Then, an
alkali wash was performed using 1x alkali buffer (0.1 M
NaOH, 0.05M NacCl). Finally, the products were washed
twice with 1x B&W.
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Amplification

The encoding products were suspended in 100 pl distilled
water. Then, 10 ul of each suspension was amplified with
0.4uM 5-biotin-modified SD (b-SD) and 1uM cED,
following the PCR protocol at the encoding step.
The amplified products were captured by addition of
0.3mg of streptavidin-coupled magnetic beads, followed
by washing with 1x alkali buffer and 1x B&W, according
to the washing protocol at the encoding step.

Decoding

The fluorescently labeled strands (¢cD2-cD1 with Cy5 or
Cy3 modification) were produced by DCN-templated
ligation using 100 kinds of complementary DIs (cD1j,
j1=0,1,2,...,99) with 5-phosphorylation (0.1 uM
each) and complementary D2 (1 pM) with Cy5 (sample)
or Cy3 (reference) modification of the 5'-end. The reaction
was performed at 50°C for 15min in 50pul reaction
mixtures including 1x Taq ligase buffer and 0.4 U/ul
Tag DNA ligase. Then, the ligation products were
washed with 1x B&W twice and suspended in 50 ul dis-
tilled water. The suspensions were incubated at 95°C for
3 min and then eluted with 40 pl. An 18.25 pul aliquot of the
eluted products of the sample and an 18.25ul aliquot of
the eluted products of the reference were mixed in the final
S50 ul buffer containing 5x SSC and 0.2% SDS and
hybridized at 50°C for 30 min on DNA capillary arrays
that were spotted with 100 kinds of D1s. The hybridized
array was washed at 50°C for 15min with the washing
buffer containing 0.1% SDS and 0.1x SSC, then
scanned at photomultiplier voltages of 600V for Cy5
and Cy3 using a commercially available DNA microarray
scanner (GenePix 4000B unit, Axon Instruments).

Quantification

Fluorescence images were analyzed by the commercially
available software package GenePix Pro 5.1 (Axon
Instruments). The local background-subtracted median
intensities of Cy5 and Cy3 were used in further calcula-
tions. A signal-to-noise ratio (SNR) of 3 was employed for
the cut-off value of the signal intensities of Cy5 and Cy3.
The SNR was defined as follows: (signal-background)/
(standard deviation of background). The linear and
nonlinear regression analyses were performed using the
R environment (available at http://www.r-project.org).

Quantitative PCR

The qPCR was performed in a 30 ul cocktail containing
I1x KOD DNA polymerase buffer, 0.2mM dNTPs, | mM
MgSO,, 0.02U/ul KOD-plus-DNA  polymerase, 1x
SYBR Green I (Invitrogen), 0.3 uM each of the forward
and reverse primers and template DNA using 96-well
plates and adhesive seals on a DNA Engine Opticon 2
system (Bio-Rad). The template DNA was ecither a
sample DNA mixture or serial dilutions (0.5-500 amol/
reaction) of standard DNA. The temperature profile of
the reaction was as follows: 94°C for 2 min, followed by
30 cycles of 94°C for 155, 64°C for 30, 68°C for 30s and
a plate reading. Each reaction was completed with a
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melting curve analysis to check the specificity of amplifica-
tion. The primer sets used in this experiment are listed
in the Supplementary Table. Quantification cycle (Cq)
(22) values were calculated using an Opticon Monitor 3
real-time PCR machine (Bio-Rad). The absolute amounts
of target DNA strands were determined using the standard
curves obtained from the relationship between the concen-
trations of standard DNA templates and the corresponding
Cq values. A standard curve was constructed for every
target DNA. The analysis was performed using the qpcR
package for the R environment (23).

RESULTS
GEP-DEAN method

GEP-DEAN is a DEAN method for gene expression
profiling. By GEP-DEAN, highly parallel cDNA quanti-
fication is made for any set of target genes with common
DNA microarrays. The method involves the following
four steps: encoding, amplification, decoding and quanti-
fication (Figure la). A sample containing cDNA strands
and a reference containing a known concentration
of chemically synthesized DNA strands with target
cDNA-specific sequences (TSSs) are treated in parallel to
determine the absolute amounts of cDNA strands in the
sample.

The encoding step converts each of the target DNA
strands into the corresponding DCN strand through
DNA-templated ligation of a molecular translation
table (MTT) composed of 5-MTT and 3'-MTT strands
(Figure 1b). The 5-MTT;; and 3-MTT;; strands for the
target DNA with TSS; have the 5-probe sequence PS1;
complementary to the 3’-half of TSS; and the 3’-probe
sequence PS2; complementary to the 5-half of TSS;, re-
spectively. The 5-end portion of 5-MTT;; has the
common capture sequence CS that is used to capture
encoded products on streptavidin-coupled magnetic beads
(SA-beads) with a biotinylated strand, cCS-b, i.e. comple-
mentary to CS. The use of the common capture strand
c¢CS-b instead of biotinylated 5-MTT strands is more
cost-effective. The 3'-end portion of 3'-MTT,;, on the
other hand, has a two-digit DNA-coded number, DCN;,
corresponding to the target cDNA with TSS; DCN;
consists of four sections: SD, D1;;, D2> and ED running
in a 5-3' direction. The start digit (SD) and the end digit
(ED) are common among all DCNs. D1;; and D2, (j1 = 0,
1,2,...,Np1—1;;2=0,1,2,..., Np,— 1) stand for the
first and the second digit of the two-digit DCN, respective-
ly. To create one-to-one mappings between the target
¢DNA and DCN, Np;Np, must not be less than the total
number of target genes Nt. The use of the two-digit DCN
allows a large scale gene expression profiling to be per-
formed with small scale DNA microarrays. An expression
profile of 1000 target genes, e.g. can be obtained with 10 U
of 100-probe common DNA microarrays. The DNA se-
quences of SD, D1, D2 and ED are chosen from the
improved set of orthonormal DNA sequences originally
developed for reliable DNA computing (17).

The encoding reaction starts with ligation of a 5-MTT;;;
and a 3-MTT;; strand sitting adjacently on TSS;
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(Figure Ic). The target DNA strands are then removed
by denaturing and quickly cooling, which helps the
cDNA strands form self-folded structures stimulating
strand separation. The ligation products bound to ¢cCS-b
are captured by SA-beads and eluted after washing-out
excess free MTT strands as well as the separated target
DNA strands. The isolated ligation products are not yet
ready for the amplification step, because they are often
contaminated with minute amounts of free 3-MTT
strands, which increases the level of background noise in
quantification. To further remove the free 3'-MTT strands,
the ligation products are amplified by PCR with a common
primer pair: 5'-b-CS and complementary ED (cED) primer,
with which no free 3'-MTT strands are amplified. Note that
no extension of ¢cDCN; strands from the 3’-end occurs
during the amplification because their 3’-ends are
amino-modified. The amplified ligation products are then
isolated by SA-beads to proceed to the amplification step.

The amplification step is to amplify the DCN region
of the ligation products with another common primer
pair: 5-biotinylated SD and cED primer (Figure 1d).
The amplified DCN double-strands are captured by
SA-beads and then made single-stranded to obtain the
DCN-amplified products for the decoding step.

The decoding step is to decode the two-digit DCNs with
respect to the second digit D2 (Figure le). The solution of
the DCN-amplified products is divided into Np, tubes. To
the j2-th tube, a fluorescence-labeled cD2), strand and the
mixture of all c¢cD1 (cDly; j1=0, 1, 2,...,Np;—1)
strands are added. When a DCN; strand corresponding
to the target cDNA with TSS; is present, a ¢cD25 and a
cD1;; strand are joined together to produce a decoding
product cD2,—cD1;;. The DCN-amplified products of
the sample are decoded with Cy5-labeled c¢D2 strands.
Those of the reference, on the other hand, are decoded
with Cy3-labeled cD2 strands. Decoding products of
the sample and reference are thus labeled with different
fluorescence colors.

The final quantification step is to measure the fluores-
cence intensity ratios of the CyS-labeled decoding
products (sample) to the Cy3-labeled ones (reference) to
obtain a gene expression profile (Figure 1f). The decoding
products of the sample and those of the reference in the
2-th j2=0, 1, 2,...,Np,—1) tube are competitively
hybridized in the j2-th capillary of a DNA capillary
array (DCA) with a common set of DNA probes D1
(Gj1=0,1,2,...,Np; —1). DCA is a kind of DNA micro-
array composed of an array of capillaries with DNA
probes immobilized on their inner surface.

The Cy5 and Cy3 fluorescence intensities measured
from the spot of the D1; probe give a Cy5/Cy3 ratio,
r(j), which is proportional to the ratio rpgc(j) of the
decoding product quantity for a sample to that for a ref-
erence. The quantity Spgc(j) of a decoding product
cD2j —cDl;; derived from target DNA with TSS; in a
sample is given by epgc(/) - eamp - €enc(i,j) - S(i), where
eenc(i,j), eamp and epgc(j) are the efficiency of the
encoding, the amplification and the decoding step and
S(i) is the quantity of target DNA with TSS; in the
sample. Here, egnc(i,j) was found not to be constant
despite an uniform melting temperature of TSS;
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Figure 2. Dependence of the Cy5/Cy3 ratio on DNA quantity. The quantities (concentrations) of DNA strands in the serial dilution samples were
(a) 1-100 amol (0.033-3.3 pM), (b) 0.1-10 amol (3.3 fM-0.33 pM), (c) 0.01-1 amol (0.33 to 33 fM), (d) 1-100 zmol (33 aM-3.3 fM) and (e) 0.1-10
zmol (3.3 aM-0.33 fM). Those of DNA strands in the reference mixtures were uniform: (a) 10amol (0.33pM), (b) 1amol (33fM), (c) 0.1 amol
(3.3fM), (d) 10zmol (0.33 fM) and () 1zmol (33aM). The slopes of the regression lines in a, b and ¢ were 0.99, 0.93 and 0.76, respectively. The R*-
values were 0.99, 0.98 and 0.92, respectively. The solid curves in d and e are the ones fitted to the model in Equation (2). The horizontal solid lines
represent background levels. The dashed lines represent a signal-to-noise ratio of 3. (f) The quantification error in a—e. The shaded area is below the
lower limit of detection. The horizontal dashed line shows the level of no quantification error.

However, for every TSS,, egnc(i,j) was not affected by
S(i) (Supplementary Data 1). The eaymp depended on
neither the sequence nor the quantity of DCN strands,
because the DCN strands made of the orthonormal se-
quences were uniformly amplified with the common
primer pair SD and cED. epgc(j) was slightly dependent
on the DNA sequence of DCN, even though D1 and
D2 are orthonormal sequences, because the decoding
step involves a ligation reaction as in the case of
the encoding step. Similarly, the quantity Rpgc(j) of
a decoding product c¢D2;-cD1;, derived from synthetic
DNA with TSS;, in a reference is given by
epec(J) - eamp - €enc(i, ) - R(i), where R(i) is the quantity
of synthetic DNA with TSS; in the reference. The ratio
rpec(j) is thus Spgc(i)/Rpec(i) = S(i)/R(i). Since the
Cy5/Cy3 ratio r(j) is proportional to rpgc(j), the
quantity S(7) can be determined from the Cy5/Cy3 ratio as

S = ar(j)R.. )

when a mixture of synthetic DNA strands of a uniform
quantity R, is used for the reference. The proportionality
constant o can be one by adjusting the sensitivity of the
microarray scanner to Cy5 and Cy3 fluorescence.

Dependence of the Cy5/Cy3 ratio on DNA quantity

Equation (1) indicates the proportionality between the
Cy5/Cy3 ratio and the quantity of DNA in a sample.

We have investigated this linear relationship using
10-fold serial dilutions of a DNA mixture that contained
291 kinds of chemically synthesized 30-base DNA strands
in various known quantities.

As the quantity of sample DNA was reduced from
100amol (3.3pM) to 0.lamol (3.3fM), the Cy5/Cy3
ratio decreased proportionally (Figure 2a and b). The
slope of the linear regression and the R*-value for the
log—log plot in Figure 2a were 0.99 and 0.99, respectively,
which means that the Cy5/Cy3 ratio was proportional to
S)™” and 99% of the variance in the Cy5/Cy3 ratio
could be explained by the proportional relation. In
Figure 2b, the slope and the R*-value were slightly
decreased to 0.93 and 0.98, respectively, still indicating
the proportional relation.

As the DNA quantity was further reduced, however, the
Cy5/Cy3 ratio was no longer proportional to the DNA
quantity. The slope of linear regression for the log-log
plot was decreased to 0.76 in the range of 0.01-1amol
DNA (Figure 2¢). In the range of 1-100zmol and 0.1-
10zmol DNA, the data no longer followed the linear
relation (Figure 2d and e). After an elaborate investiga-
tion, it turned out that the proportionality vanished due to
the contamination of the encoding product with a minute
amount of free 3’-MTT. Even after substantially reducing
the relative quantity of free 3-MTT by PCR amplification
of the ligation product, the encoding product eluted from
SA-beads was still contaminated with a non-negligible
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amount of free 3’-MTT, which was amplified and decoded
together with the encoding product to increase the back-
ground noise.

The Cy5/Cy3 ratio r(j) has a different expression when
taking the contamination into account. Spgc(j) is given
by epec(/) eamp{eenc(i,j) S(i)+8}, where & stands for the
quantity of free 3'-MTT strands with DCN; present in the
encoding product. The factor, & is independent of DCN
as long as each 3-MTT strand has an uniform concen-
tration. Similarly, Rpgc(j) is given by epgc(j) eamp
{sENc(i,j) RC+8}. Therefore, the Cy5/Cy3 ratio r(j) can
be expressed by

_ US()+8/eenc(in)
a Rc+8/8ENC(i,j) ’

The data in Figure 2d and e were well fitted to the model
in Equation (2) with a constant §/egnc(i,)).

r(j) 2

Multiple DNA quantification by GEP-DEAN

The expression used to determine the quantity S(i) of
DNA with TSS; in a sample from the observed Cy5/Cy3
ratio r(j) can be derived from Equation (2):

S(i) = ar(j)RHar(j) — 1}8/eenc(ij). A3

When the amount of free 3'-MTT in the encoding
product is negligible, the expression becomes equal to
Equation (1). Otherwise, it has a non-negligible second
term containing unknown factors, & and egnc(i,j). We
have determined the values of unknown factors and the
proportionality constant o by using the standard curve
obtained from the Cy5/Cy3 ratios of DNA strands of
known quantities spiked in a sample. The standard
curve was fitted to the model by substituting an average
encoding efficiency ggnc for epnc(i,j) in Equation (3) to
determine the unknown factors.

Figure 2f is the result of quantification of the serial
dilution DNA samples shown in Figure 2a—e. For each
of the dilution samples, 27 DNA strands out of the 291
kinds of DNA strands were used as the spiked-in DNA
to draw the standard curve. Another 264 kinds of DNA
strands in each sample were quantified and then all of
the quantification data were compiled into a single
graph in Figure 2f. The quantification error, which was
defined as (observed quantity —actual quantity)/actual
quantity, was within +20% for 78% of DNA samples
and £30% for 90% of DNA samples of >0.1amol, re-
spectively. The lower limit of detection, which was defined
as the DNA quantity with the Cy5/Cy3 ratio deviating
from the background noise by a factor of three, was
18 zmol (0.6 fM, approximately 10000 copies) (Figure 2d
and ¢). The quantification error increased substantially
below the lower limit of detection (shaded area in
Figure 2f). The pattern of assignments of DCNs to
target DNAs did not affect the results of quantification
(Supplementary Data 2).

Comparison with the PCR method

The GEP-DEAN method was compared with the qPCR
method, which is the gold standard method for measuring
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absolute amounts of DNA. The DNA sample employed
for the comparison was a mixture of 57 kinds of chemical-
ly synthesized 99-base DNA strands in various known
quantities (concentrations) ranging from 1 to 100 amol
(0.033-3.3pM), which were determined by using UV-
absorbance at 260 nm and dilution factors.

First, we compared the reproducibilities of the two
methods. Independent duplicate analyses demonstrated
that the measurement of the absolute amount of DNA
by GEP-DEAN was as highly reproducible as that by
gPCR (Figure 3a and b). The correlation plot of the du-
plicate measurement by GEP-DEAN exhibited a regres-
sion line with a slope of one and R*-value of 1.00. For the
measurement by qPCR, the correlation plot indicated a
regression line with a slope of one and an R*value of 0.97.

Then, we compared the accuracies of the two methods.
Based on the degree of agreement between the measured
DNA quantity and the actual DNA quantity determined
using UV-absorbance at 260nm and dilution factors,
GEP-DEAN was more accurate than qPCR (Figure 3c
and d). In addition, while only one kind of DNA in a
sample can be quantified by a single qPCR analysis,
numerous kinds of DNA in a sample can be quantified
in parallel by a single GEP-DEAN analysis. Therefore,
the measurement of the absolute amount of DNA by
GEP-DEAN is more efficient than that by qPCR.

Gene expression profiling by GEP-DEAN

Parallel quantifications of cDNA prepared from mouse
liver cells were performed to examine the reproducibility,
accuracy and sensitivity of gene expression profiling by
GEP-DEAN. c¢DNA strands for 273 mouse genes
(Supplementary Table) with various expression levels
were quantified in parallel by using Equation (3), in
which egnc(i, /) was replaced with ggnc. The values of a,
d and gpnc were determined using the standard curves
constructed with synthetic 30-base DNA strands of
known quantities added to the samples. The standard
curves were constructed for each D2 value because the
value of o varied with the tube in which the decoding
step was performed (Figure 4b).

The reproducibility of c¢DNA quantification by
GEP-DEAN was confirmed by using a sample containing
a quantity of cDNA equivalent to 2pg of total RNA.
Duplicate measurements exhibited such a high reproduci-
bility that the log-log plot had a regression line with a
slope of one and an R*value of 0.98 (Figure 4a).

The accuracy of cDNA quantification by GEP-DEAN
was examined by using serial dilutions of the original
cDNA sample measured in Figure 4a. Since the accuracy
is defined as the degree of agreement between a measured
quantity and the actual quantity, the measured values
should be compared with the actual values. However, in
contrast to chemically synthesized DNA, there are no ob-
jective means to obtain the actual value of the absolute
amount of cDNA in a sample. We therefore, considered
the value measured from the original cDNA sample and
dilution factors as the actual value in a dilution sample in
order to examine the accuracy of cDNA quantification.
The absolute amounts of cDNA measured for the serial
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Figure 3. Comparison between GEP-DEAN and qPCR. The reproducibility of GEP-DEAN (a) and that of qPCR (b) are plotted. The solid lines
show the ideal lines at an angle of 45°. The dashed lines are 2-fold or 0.5-fold of the ideal lines. The R*-values on a log—log scale were 1.00 and 0.97,
respectively. The accuracies of GEP-DEAN (c¢) and qPCR (d) are plotted. The horizontal lines show the level of no quantification error. Error bars

show the SDs of replicated measurements.

dilution samples were successfully decreased in proportion
to dilution factors, so that they were consistent with the
estimated actual values (Figure 4c—f). In the log-log plots
for the dilution samples equivalent to 1, 0.5, 0.25 and
0.125 pg of total RNA, the data were fitted to a regression
line with a slope of one. Their R%-values were 0.98, 0.95,
0.89 and 0.77, respectively.

The minimum sample quantity needed for gene expres-
sion profiling by GEP-DEAN can be estimated from the
expression profiling data in Figure 4. The expression
profiles in Figure 4 show that many genes were expressed
at a level over 1 amol in a cDNA sample equivalent to 1 pg
total RNA. Considering that the sensitivity of
GEP-DEAN determined by the experiments using chem-
ically synthesized DNA in Figure 2 was 18zmol, the
minimum sample quantity can be estimated to be a
cDNA sample equivalent to 18 ng total RNA.

Analysis of differentially expressed genes

By using the gene expression profiles of mouse liver cells
treated with acetaminophen (APAP), we have demonstra-
ted that differentially expressed genes could be directly
determined from measurements of the absolute amount
of cDNA by GEP-DEAN without common controls or
any additional normalizations. APAP is one of the most

commonly used drugs for pain and fever and also an im-
portant cause of serious liver injury (24).

For determination of genes differentially expressed due
to APAP administration, the ratio of the absolute cDNA
quantity in an APAP-administered sample to that in a
no drug-administered sample was calculated from
the observed cDNA quantities. The ratio was then com-
pared with the quantity ratio expected for genes with
unchanged expression levels. The significance of the dif-
ference between the two ratios was examined by the
two-sided Welch’s r-test. In testing the null hypothesis
that the expression level of the i-th gene is not affected
by APAP administration, the following statistic was
employed:

X - X
= CE— @)
NVi/Ni+Vy/Ny
where X;, V; and N; are the mean, variance and size of
the ratios for the i-th tested gene and Xy Vy and Ny are
those of the ratios for unchanged genes. The degree of

freedom ¢ is given by:
Vi (Vi Vu
=—/=+—). 5
¢ N,-/ (Ni NU> ©)
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Figure 4. Parallel quantifications of cDNA prepared from mouse liver
cells. (a) Reproducibility of two independent quantifications of cDNA
equivalent to 2 pg of total RNA. The slope and R*-value of the regres-
sion line were 1.00 and 0.98 on a log-log scale. (b) Standard curves
used in a. (c—f) Quantification of cDNA equivalent to 2pg of total
RNA was compared to that of serially dilution samples containing a
quantity of cDNA equivalent to 1 (c), 0.5 (d), 0.25 (e¢) and 0.125 ug ()
of total RNA. The solid lines at an angle of 45° are the expected lines
calculated from the quantifications of cDNA equivalent to 2 pg of total
RNA and the dilution factors. The dashed lines are 2- or 0.5-fold of the
solid lines. The R*-values of the regression lines with a slope of one
were 0.98, 0.95, 0.89 and 0.77, respectively. Error bars show the SDs of
triplicate measurements.

Figure 5 shows a plot of X; calculated from quadrupli-
cate measurements of the cDNA quantities in the APAP
administered (after 6 h) and no drug-administered samples
against the mean of the absolute cDNA quantity of the
i-th gene in a no drug-administered sample. When the
amount of total cDNA is equal in all samples, Xy is
expected to be one. However, as shown in Figure 5,
many genes whose expression levels were expected to be
unchanged had a ratio of around 0.82, because the total
amount of cDNA prepared from the same amount of total
RNA varied among the samples. In the actual comparison
of gene expression profiles, the information about the total
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Figure 5. Genes expressed differentially in the APAP-administered
mouse liver. The Y-axis represents the ratio of the absolute amounts
of ¢cDNA in an APAP-administered sample to those in a no-drug-
administered one. The X-axis represents the absolute amounts of
c¢DNA in a no drug-administered sample. The dashed line represents
the median ratio value. Error bars on both axes show the SDs. The
candidates for significantly changed genes (open circle) were determined
by a two-sided Welch’s 7-test (P < 0.05) using quadruplicate data.

amount of cDNA is usually unavailable. The values for
Xy and Vy were thus determined from genes with an
X,value close to the median ratio. These genes are safely
assumed to be candidate genes with unchanged expression
levels. Using Xy and V calculated from the mean of
X;and V; of the candidate genes with X; of a median
value £ 10%, 20 of 223 genes were found to be significant-
ly up- or downregulated (P <0.05). When the range of
unchanged-gene candidates was taken as the median
value +£5%, the number of significantly regulated genes
was 19 and hardly varied with the range. In this test,
Bonferroni multi-test corrections were not applied
because a t-test with a corrected P < 0.00022 (0.05/223)
is not appropriate for screening of APAP-induced genes.

DISCUSSION

We have developed a novel gene-expression profiling
method named GEP-DEAN, which enables parallel quan-
tification of absolute cDNA amounts as low as 18 zmol
(approximately 10000 copies) with a multiplicity of 291
target genes on a 100-probe DCA in 7h. By GEP-DEAN,
a gene expression profile is obtained as the distribution
of the absolute cDNA amounts of target genes.
Therefore, the method can indeed provide expression
data in a standardized form, allowing more extensive
comparison of gene expression profiles to find differential-
ly expressed genes without complicated data normaliza-
tion. GEP-DEAN requires no sample labeling and thus
results create no labeling-bias problems. Gene expression
profiling of different sets of target genes can be performed
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by using common DCAs with the same set of DNA probe
sequences.

Technologies or approaches similar to GEP-DEAN
have been reported previously, including multiple
ligation-dependent probe amplification (MLPA) technol-
ogy (25), cDNA-mediated annealing, selection, extension
and ligation (DASL) assay (26) and padlock probes
(PLPs) technology (27,28). These methods also employ
ligation and PCR amplification, enabling highly sensitive,
reproducible and versatile assays. However, none of these
earlier methods can determine the absolute cDNA
amounts.

The use of two-digit DCNs involves the decoding step,
so that it results in a longer assay time than the use of
single-digit DCNs. However, the two-digit DCNs allow
a genome-wide GEP on small-size DNA microarrays.
We have already designed about 500 kinds of orthonormal
DNA sequences for D1 and D2. If 460 of these sequences
are assigned to D1 and 40 of them to D2, 18400 kinds
of target genes can be analyzed all at once using DCAs
with only 460 probes. Highly multiplex decoding reactions
needed for a genome-wide GEP would be feasible, because
the handling of liquids in this study was successfully per-
formed using a Biomek2000 robot (Beckman Coulter).
In addition, the two-digit DCNs allow a wide dynamic
range of quantification. Figure 2 would demonstrate that
if different D2 values are assigned for groups of genes with
different expression levels, GEP can be performed with a
wide dynamic range exceeding the practical dynamic range
of DNA microarrays.

In Figure 3, the reproducibility and accuracy of DNA
quantification by GEP-DEAN were compared with those
by qPCR, which is a standard method for measuring the
absolute amount of a very small quantity of DNA. Here,
we briefly compare the two methods in terms of the assay
cost. The comparison is made for an instance of a GEP
analysis of 300 target genes, which is the analysis of the
same number of target genes as that demonstrated in
Figure 4. First, we compare the cost of DNA synthesis.
For an assay by GEP-DEAN, 300 sets of CS-PSI;
(38-mer), PS2-SD (38-mer) and TSS; (30-mer) strands
should be newly synthesized for every set of target
genes, whereas 300 cDCN; (92-mer) strands used for the
assay are not necessary to be synthesized for every target
gene set because cDCN; strands are used universally and
at a very small quantity (1/1000 of a typical quantity of
PCR primer). The other DNA strands, namely 100cD1;,
(23-mer), 3 sets of Cy5-/Cy-3-cD2j5 (23-mer), b-SD
(23-mer), cED (23-mer), cCS-b (23-mer) and b-CS
(23-mer), are also used universally and at a small
quantity; thus they are not necessary to be synthesized
for every set of target genes cither. For an assay by
qPCR, on the other hand, 300 sets of DNA strands for
the PCR primer pair (typically 30-mer) should be newly
synthesized for every set of target genes. Therefore, the
cost of the newly synthesized DNA strands for
GEP-DEAN is almost 1.5x as high as that for qPCR.
The GEP-DEAN assay further needs universally used
DNA strands; however, their running costs are negligible
compared to the cost of newly-synthesized DNA strands.
Next, we compare the cost of enzymatic reactions for

Pace 10 or 11

PCR. For a GEP-DEAN assay, the cost of PCR is negli-
gible because the encoding products and their DCN
regions for 300 target genes are amplified all at once.
For a qPCR assay, in contrast, the cost of PCR is extreme-
ly high because the number of reactions for the real time
PCR is as large as 1500 (300 for sample, 1200 for con-
struction of 300 standard curves using 4 serially diluted
templates). Therefore, as for the running cost, the
GEP-DEAN method is concluded to have an advantage
over the qPCR method. As for the total cost including the
full cost for the synthesis of universally used DNA
strands, the conclusion would be highly dependent on
the available cost of DNA synthesis and that of enzymes
for PCR.

The GEP-DEAN method is able to analyze almost any
kind of target DNA strands accurately, so that it can
also be applied to alternative splicing or copy number
variance analysis. Moreover, this method can be adapted
for direct RNA measurements if RNA-templated ligation
is employed at the encoding step. Therefore, GEP-DEAN
has potential for direct simultaneous measurement of
non-coding RNAs and messenger RNAs.
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Supplementary Data are available at NAR Online.
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