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5 ug of fragmented biotinylated RNA at 65 °C overnight. For post-
hybridization, the DNA microarray was washed twice in 0.12 M
Tris-HC1/0.12 M NaCl/0.05% Tween 20 at 65 °C for 20 min, followed
by washing in 0.12 M Tris-HC1/0.12 M NaCl for 10 min. The DNA
microarray was then labeled with streptavidin-Cy5 (GE Healthcare
Bio-Sciences, Tokyo). The fluorescent-labeled DNA microarray was
washed for 5 min four times in 0.12 M Tris-HCl/0.12 M NaCl/0.05%
Tween 20 at room temperature. Hybridization signal acquisition
was performed using a DNA microarray reader adopting multi-
beam excitation technology (Yokogawa Electric, Tokyo). The DNA
microarray was scanned at multiple exposure times ranging from
0.1 to 40 s. The intensity values with the best exposure condition
for each spot were then selected.

GeneSQUARE

The custom DNA microarray was designed using the Gene-
SQUARE Multiple Assay DNA Microarray platform. Alexa Fluor
555-labeled cDNA was prepared from total RNA cocktail (10 pg)
by ¢DNA synthesis and in vitro transcription performed using the
GeneSQUARE c¢DNA Direct Labeling System (Kurabo Industries)
according to the manufacturer’s instructions. Labeled cDNA was
purified with a MinElute PCR Purification Kit (Qiagen) and added
to hybridization buffer (5x sodium saline citrate [SSC, pH 7.0],
4x Denhardt’s solution [Sigma-Aldrich, St. Louis, MO, USA}, 1 nug
of salmon sperm DNA [Life Technologies], and 0.5% [w/v] sodium
dodecyl sulfate [SDS]). Hybridization was performed in a final vol-
ume of 8 pl per well on a GeneSQUARE Multiple Assay DNA Micro-
array (JMAC) in a hybridization chamber (Kurabo Industries) at
65 °C for 16 h in a water bath. After hybridization, the hybridized
slides were washed by the following steps: (i) immersion in 1x
SSC and 0.1% SDS solution for 5 min, (ii) immersion in 0.2x SSC
and 0.1% SDS for 5 min, (iii) immersion in 0.2x SSC and 0.1% SDS
at 55 °C for 5 min, (iv) rocking in 0.2x SSC, and (v) immersion in
0.05% SSC for 2 min. After they were dried by centrifuge, the slides
were scanned with GenePix 4000B (Molecular Devices). Fluores-
cence intensities of scanned images were quantified with GenePix
Pro 6.0 software (Molecular Devices).

S-Bio

The custom microarray was designed using the S-Bio plastic
slide platform (Sumitomo Bakelite) and oligonucleotide probes
spotted with ProbeBank { 17,13} and EC amino linker { 18]. The total
amount of RNA required can be reduced by mechanical spotting
using the GENESHOT Spotting Device (NGK Insulators, Nagoya,
Japan).

Total RNA cocktail was amplified using the MessageAmp II Bio-
tin-Enhanced Single Round aRNA Amplification Kit (Life Technolo-
gies). Briefly, the total RNA cocktail of each sample (1 pg each) was
transcribed into double-stranded T7 RNA polymerase promoter-
tagged ¢cDNA and then amplified into single-stranded biotin-
labeled aRNA by T7 polymerase. aRNA (3 pg) was fragmented at
94 °C for 15 min and hybridized on the microarray in the presence
of formamide (final concentration 10%, v/v) at 37 °C for 16 h. The
microarray was washed at room temperature for 5 min in 0.1x
SSC and 0.1% SDS, followed by another 5 min wash in 0.05x SSC
and 0.1% SDS at 43 °C. Finally, the microarray was rinsed in
0.05x SSC before drying by low-speed centrifugation. For staining,
the microarray was immersed in a phosphate-buffered saline (PBS)
solution containing 10 pg/ml streptavidin, R-phycoerythrin conju-
gate (Life Technologies), Tween 20 (0.05%, v/v), and bovine serum
albumin (2 mg/ml) for 30 min. Washing was performed to remove
the additional stain at room temperature in PBS buffer for 5 min,
followed by another wash in a similar buffer prepared separately
for 30 s. The microarray was rinsed in 0.05x SSC at room temper-
ature before drying by low-speed centrifugation.

The microarray was scanned using an Agilent DNA Microarray
platform scanner (Agilent Technologies, cat. no. G2565BA) at
photo-multiplier tube 800 in a resolution of 10 um. The intensity
values of each feature of the scanned image were quantitated using
Feature Extraction software (version 9.1, Agilent Technologies).

NimbleGen

The custom microarray was designed using the NimbleGen
platform (Roche NimbleGen). Total RNA cocktail (0.5 pg) was used
as a starting material to prepare double-stranded cDNA using a
SuperScript Double-Stranded ¢DNA Synthesis Kit (Life Technolo-
gies). cDNA was labeled using the random priming method with
Cy3-labeled random nonamer primers and Klenow DNA polymer-
ase at 37 °C for 2 h using a NimbleGen One-Color DNA Labeling
Kit (Roche NimbleGen.). The Cy3-labeled cDNA (4 ng) was hybrid-
ized to the DNA microarray using a NimbleGen Hybridization Kit
(Roche NimbleGen) for 17 h at 42 °C. The microarray platform
slides were washed and scanned with a NimbleGen MS200 micro-
array platform scanner (Roche NimbleGen).

Next-generation sequencer GAII

The RNA samples with standard RNA were prepared with an
mRNA-Seq Sample Prep Kit (Illumina, San Diego, CA, USA). A 75-
base single run was performed on the next-generation sequencer
using a Single-Read Cluster Generation Kit (version 4) and TruSeq
SBS v5-GA (Illumina GAIl) with two samples. The read sequences
were aligned against the human genome and the standard RNA
sequences using a BLAST program (htip://blast.nchinimnih.gov/
Blast.cgi) 1191

Tagman RT-PCR

A High-Capacity cDNA Reverse Transcription Kit (Life Technolo-
gies) was used for cDNA synthesis. The messenger RNA (mRNA)
level was monitored with the 7500 Fast Real-Time PCR System
(Life Technologies) and TagMan Fast Universal PCR Master Mix
(Life Technologies) following the manufacturer’s instructions. Tag-
Man primer probes for standard combination number 183 except
external standard 1000_4 were custom designed as follows:
500_2, 500_4, 1000_3, 500_1.

In addition, Tagman primer probes for ACTB (TagMan Probe ID:
Hs03023880_g1), B2M (TagMan Probe ID: Hs00984239_m1), GAP-
DH (TagMan Probe ID: Hs99999905_m1), GUSB (TaqMan Probe ID:
Hs99999908_m1), HPRT1 (TagMan Probe ID: Hs99999909_m1),
PGK1 (TagMan Probe ID: Hs00943178_g1), PPIA (TagMan Probe
ID: Hs99999904_m1), RPLPO (TagMan Probe ID: Hs99999902_m1),
TBP (TagMan Probe ID: Hs00920497_m1), and YWHAZ (TagMan
Probe ID: Hs01122451_m1) were purchased (Life Technologies).
The RNA copy numbers were normalized to those of internal ACTB.

Results
Signal correction

In DNA microarray analyses, signal intensities may vary signif-
icantly between different platforms, even if measuring the same
sample, making it difficult to compare cross-platform data sets.
Therefore, signal normalization using internal standards was per-
formed to account for this variation. Specifically, correction was
performed by dividing the values obtained by subtracting back-
ground levels and by the median values of positive controls (Eq.
(1):

[500-1 -Pl}signal-BG
|ACTB,B2M,GAPDH, GUSB, HPRT1,PGK1,PPIA,RPLPO, TBP, YWHAZ] ’

median

)
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[geneX]g.,1.5c = Background (BG) subtracted signal intensity of gene X probe

[geneA, B, C,..

] median

Background levels were calculated using a standard procedure for
each microarray. In this correction procedure, 10 positive con-
trols—ACTB, B2M, GAPDH, GUSB, HPRT1, PGK1, PPIA, RPLPO, TBP,
and YWHAZ—were treated as internal standards. Although only a
single RNA standard is used in typical chemical analyses, in DNA
microarray platforms, where expression of the positive control
results in considerably different signal intensities between plat-
forms, multiple positive controls based on a large number of quan-
tification targets are required. Their median value is then used for
making corrections.

Confirmation of concentration dependency

First, confirmation was sought as to whether or not each micro-
array demonstrates concentration dependency. Here, a linear eval-
uation was conducted on four types of probe for each of 10 types of
standard in order to select suitable combinations (1000_1-5,
500_1-5). The concentration of the standards ranged from 10 to
100,000 zmol, and serial dilutions were prepared in 10-fold incre-
ments. Measurements were repeated at least two times on the
same solution.

Signal intensities obtained by hybridization using each DNA
microarray platform were corrected using the median values of
the positive controls (Eq. {1}). The relationship between those val-
ues and RNA concentration was plotted, linear regression was per-
formed for each of the standards and probes (P1-P4), and their
slopes and correlation coefficients were calculated. An example
indicating the concentration dependency of standard substance
candidate 500_1 is shown in Fig. 3.

Although no correlation was observed between concentration
increases in the standards and the corrected signal values at a
low amount (10zmol), by selecting a higher amount (1 nmol)
range correlation coefficients of 0.97 and above were obtained,
thereby confirming concentration dependency. The observation
of a direct association between signal and concentration strongly
suggests that our probes are detecting our external RNA standards
specifically.

Selection of standard substance candidate—probe combinations

The most linear concentration ranges were selected and linear
regression was performed for each standard, each platform, and
each probe using the results described in the previous section.
Next, the slopes and correlation coefficients were extracted for
those ranges. Microarray data were summarized for each probe,
and average values for slopes and correlation coefficients were
determined as shown in Table 1 and Suppiementary Table $4 for
all data:

[Py — [P1,P2,P3, P4y, | @)
{[P1,P2,P3,P4],5, — [P1,P2,P3, P, } « 0.7413"

P1-PL-X]

slope *

P1,P2,P3,P4]25% : 25% quintile of [P1],,q, [P2]ave; [P3]ave a0 [P4]pe
P1,P2,P3,P4]75% : 75% quintile of [P1]a,q, [P2]ae; [P3]ave a0 [P4]xe

= median of BG subtracted signal intensities of gene A, B, C,...

probe

Next, Zscores were calculated for each standard-probe combina-
tion (Eq.{2}), and combinations of standard and probe were selected
by extracting and excluding outlier probes (probes having scores
>2). In other words, those probes that demonstrated bias were
excluded from the P1 to P4 probes prepared for each standard.

Considering Z score and average and standard deviation of slope
in each platform, the selected combinations of standard and probes
consisted of the following nine types: 1000_2_P2, 1000_2_P3,
1000_3_P3, 1000_4_P2, 500_1_P2, 500_1_P3, 500_1_P4,
500_2_P4, and 500_4_P2.

Approach used to prepare calibration curves

Calibration curves indicate the relationship between signal and
concentration as a result of preparing serially diluted standard
solutions and measuring those solutions under the same condi-
tions as samples.

DNA microarray platforms are characterized by being able to
acquire a large amount of data using a single microarray. Thus,
we devised a method in which mixtures of multiple standards
were used and calibration curves were produced using a single
DNA microarray by changing the concentration level of each. A
graphical representation of this approach is indicated in Fig. 4. In
general, although standards are prepared by sequentially diluting
one type of standard to produce a single quantification target, in
this study five different types of standard (RNA standards E1-E5)
were prepared while changing their respective concentration lev-
els. This results in a “relative” quantification of expression level
instead of an “absolute” quantification.

Analysis of calibration curves

Combinations of the nine types of standard-probe combina-
tions selected (see “Selection of standard substance candidate-
probe combinations” section above) and at five concentration lev-
els (10, 100, 1000, 10,000, and 100,000 zmol) were prepared based
on the approach depicted in Fig. 4, and combinations having the
lowest levels of error between linearity and microarray were
selected.

Corrected values for the nine types of standard-probe pairs
were calculated for each of the microarray platforms A to F and
plotted. In those plots, a line corresponding to a slope of 1 and a
line passing near the center of each concentration were drawn.
In cases where all six microarray platforms fell between these
two lines, the data for those microarray platforms were used and
points falling outside these lines were excluded. A round-robin
system was used until a standard probe pair that met the above
criteria was found. A total of 186 combinations were evaluated.

Signals were corrected as defined above for each microarray
platform A to F, for each combination of standard-probe pair,
and for each concentration level, and linear regression was
performed. Those combinations that demonstrated an average

I : slope of probe P1 in platform X extracted for the most linear concentration ranges
[P1],, : Average slope of [P1-PL-Algqp., [P1-PL-Blgq,e, [P1-PL-Clyp, [P1-PL-D]
[
[

slope’ [P] 'pL—E]slopw {Pl _PL'F]slope
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Fig.3. Procedures for selecting standard substance candidate~-probe combinations using Z scores. The relationship between normalized signal intensities and RNA
concentration of standard substance candidate 500_1 was plotted. Linear regression was performed for each of the standards and probes (P1-P4), and their slopes and

correlation coefficients were calculated.

Table 1
Averages of slopes and correlation coefficients of six microarray platforms for P1 of
standard substance candidate 500_1.

5

RNA Probe name  Platform RNA Slope  r*
(log10 (zmol))
Max Min

500_1 500_1_P1 3D-Gene 5 2 1.020 0.998
Agilent 5 2 0.965 0.999

GeneSQUARE 4 1 1.032 0.996

Genopal 5 3 0.769  0.972

NimbleGen 4 1 0.884  0.993

S-Bio 5 1 0.777 0.994

Average 0.908 0.992

SD 0.117 0.010

Z score 1429  1.587

500.1_P2 3D-Gene 5 2 1.047  0.999
Agilent 5 2 0935 0995

GeneSQUARE 4 1 1.071  0.998

Genopal 5 3 0.993  0.999

NimbleGen 5 2 0.881 0915

S-Bio 5 2 0.722 0.996

Average 0.941 0.984

Sb 0.128 0.034

Z score 2137  1.189

500_1_P3 3D-Gene 5 2 1.026 0.999
Agilent 5 2 0.993  0.992

GeneSQUARE 5 2 0.883 0999

Genopal 5 3 0.977  1.000

NimbleGen 5 2 0908 0929

S-Bio 5 2 0.723  0.997

Average 0.918 0.986

SD 0.110  0.028

Z score 0.305 0.437

500_1_P4 3D-Gene 5 2 1.023 0.998
Agilent 5 2 1.002  1.000

GeneSQUARE 5 2 0.888 0.997

Genopal 5 3 0.981 0.998

NimbleGen 5 2 0.889 0942

S-Bio 5 1 0.763  0.997

Average 0.924  0.989

SD 0.098  0.023

Z score 0.305 0.437

Note: SD, standard deviation.

slope of microarray platforms A to F of 0.8 or higher, an average
correlation coefficient of 0.95 or higher, and variability in the cor-
relation coefficients of microarray platforms A to F of 5% or less
were selected.

RNA Standard E2

RNA Standard E3

RNA Standard E5

Normalized signal (log10)

O RNA Standard E4

RNA Standard E1

10 100 1,000

RNA (zmol)

10,000 100,000

Fig.4. Approach used to prepare calibration curves: Evaluation of assay linearity at
input levels for spike-in RNAs to the microarray platform. Linearity was assessed
based on a five-point dilution series, ranging four orders of magnitude, of the spiked
external RNA E1 to RNA E5. Each dilution series was measured, and the linearity of
each of the 186 combinations was estimated by calculating the A round-robin
system. The standard probe combination was determined to the extent that
linearity was obtained.

Next, the variability of the signal correction values at each con-
centration was determined, and those combinations for which the
variability between microarray platforms was 25% or less at three
or more of the five concentration levels were selected (nos. 16, 33,
and 183). The selected combinations are shown in Suppiementary
Table $5. A reproducibility experiment was conducted to confirm
whether or not linearity is reproducible (Supplementary Table S6).

Best combination of probe sets for standard RNAs

Next, the standard combination numbers 16, 33, and 183 were
added to HURR and HBRR, and microarray expression analyses
were conducted using each platform. Standard combination
number 183 demonstrated the best concentration linearity and
reproducibility among all six platforms (¥ig. 5). This consisted of
the standard-probe combinations of 500_2_P4, 500_4_P2,



Cross-platform calibration by RNA standards/H. Akiyama et al. /Anal. Biochem. 472 (2015) 75-83 81

1000_3_P3, 500_1_P3, and 1000_4_P2. Thus, the use of this combi-
nation of standard substances and probes can ensure data compat-
ibility between DNA microarray platforms. Although the dynamic
range of compatibility varies according to each platform, it is
thought to be at least three orders of magnitude.

Digital expression profiling (RNA-Seq)

Next, an RNA-Seq expression analysis was conducted using the
model GAIl manufactured by Illumina on the standard RNA combi-
nation number 183. The results were then compared with expres-
sion data obtained with DNA microarray in order to investigate the
correlation with next-generation sequencers. In addition, RT-PCR
was performed by using TagMan primer probes for standard com-
bination number 183. The results demonstrate a close correlation
with respect to dynamic range, linearity, and the like (Fig. £). We
suggest that these results indicate that the use of standards can
be expanded not only to include compatibility between DNA
microarray platforms but also to evaluate the data obtained using
next-generation sequencers.

Results of quantitative PCR comparisons

Quantitative PCR was conducted on four RNA external stan-
dards (500.2, 500_4, 1000_3, and 500_1) and 10 types of genes
(ACTB, B2M, GAPDH, GUSB, HPRT1, PGK1, PPIA, RPLPO, TBP, and
YWHAZ) for each of the HURR and HBRR samples to which a stan-

dard combination number 183 was added. Expression ratios for
each sample were calculated using the ddCt method. When these
results were compared with the expression ratio data obtained
by three DNA microarray platforms and next-generation sequen-
cer, significant correlations were observed for each DNA micro-
array platform and next-generation sequencer (Fig. 7). We
conclude that we are able to obtain equivalent data across micro-
array platforms for both standard and real-time applications pro-
vided that the expression level is above a certain threshold level.

Discussion

Attempts to compare DNA microarray data across platforms
have been made in the past, and data compatibility has been main-
tained by comparing expression fluctuation ratios. Signal intensity
is not generally considered to be comparable directly across plat-
forms due to differences in various factors such as the target prep-
aration method, probe sequence, and detection method.

In this study, we were able to select standard-probe combina-
tions that can be used across multiple platforms by developing
methods for optimizing both the standard and the detection probe.
When detection signal intensities from each platform were cor-
rected using our RNA standards, the correlation with quantitative
RT-PCR, considered to be the “gold standard,” was shown to
improve. We suggest that a calibration method based on our stan-
dards is effective and can contribute to improvements in data reli-
ability. Moreover, due to the high level of correlation in signal

#183/HURR
RNA Normalized Signal (Log10) .
Probe | 1 0G10) | 3D-Gene | Agient | GAIl [C"SUAR|yimpiegen| sBi0 | M min ave °
500_2 4 5 0.628 0.714 0.664 0.308 0.182 0.841 0.841 0.182 0.556 0.255
500 4 2 4 -0.368 -0.036 -0.437 -0.684 -0.390 0.178 0.178 -0.684 -0.289 0.309
1000 3 3 3 -1.204 -1.684 -1.333 -1.567 -0.927 -0.711 -0.711 -1.684 -1.238 0.372
500_1_3 2 -2.347 -2.024 -2.410 -2.785 -2.275 -1.607 -1.607 -2.785 -2.241 0.397
1000 4 2 1 -2.903 -2.751 -3.586 -3.433 -2.884 -2.209 -2.209 -3.586 -2.961 0.497
#183/HBRR
RNA Normalized Signal (Log10) .
Probe | (L0G10) | 3D-Gene | Agient | GAl |SOUARINimbeGen] B0 | M mn ave ’
5002 4 5 0.931 1.191 0.562 0.782 0.471 1.058 1.191 0.471 0.832 0.281
500_4 2 4 0.019 0.466 -0.504 -0.251 -0.071 0.356 0.466 -0.504 0.002 0.365
1000_3_3 3 -0.828 -1.126 -1.366 -1.157 -0.637 -0.485 -0.485 -1.366 -0.933 0.339
500_1_3 2 -2.003 -1.532 -2.359 -2.572 -1.868 -1.370 -1.370 -2.572 -1.951 0.464
1000_4 2 1 -2.593 -2.268 -3.262 -3.047 -2.537 -2.392 -2.268 -3.262 -2.683 0.388
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Fig.5. Linearity and reproducibility among all six microarray platforms of standard combination number 183. Among the three combinations, number 183 demonstrated the
best concentration linearity and reproducibility (lowest standard deviation value) in all six platforms.
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intensity, the use of this calibration method makes it possible to
directly compare detection across platforms.

Because this calibration method was also effective with next-
generation sequencers employing different detection principles,
we further suggest that our calibration method can be applied to
various gene expression analysis techniques. In addition, we sug-
gest that the standard selection method and calibration method
we have developed is effective for detection methods other than
DNA microarray platforms.

The Affymetrix DNA microarray was not assessed in this study
because it is not possible to produce a custom microarray with this
platform. The current pace of progress in the field of genetic diag-
nostics has resulted in DNA microarray platforms being increas-
ingly used in patient management such as MammaPrint in breast
cancer prognosis prediction. The calibration method we have
developed enables evaluation of intra-run, inter-run, and cross-
platform DNA microarray detection data, thereby making it possi-
ble to improve and maintain reliability [20-221.

In conclusion, we suggest that our set of validated nucleotide
standards will enable direct comparison of data produced using
multiple DNA microarray platforms provided with identical clinical
samples, thereby ensuring the compatibility of detection results,
inter-laboratory communication, and diagnoses. Moreover,
because external RNA standards enable identification of failed
steps during the assay process, it is possible to improve reliability
and ensure compatibility between data sets, suggesting that simi-
lar results can be obtained in clinical diagnostic testing indepen-
dent of the specific platform used.
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