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Abstract

Adaptor-tagged competitive PCR (ATAC-PCR) is an advanced form of quantitative competitive PCR, and enable
throughput analysis of gene expression. We applied this technique to the postnatal cerebellar development. Data an
terms representing reported functions revealed a correlation between gene expression and functions. We also an
cell death induced by extended polyglutamine, a model of a neurodegenerative disorder. We identified genes with e
patterns specific to the cell death, and evaluated their functions by in vitro transfection experiments.To cite this article: K. Kato,
C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

PCR compétitive avec adaptateur marqué : étude du système nerveux des mammifères.La PCR compétitive ave
adaptateur marqué est une forme avancée de PCR quantitative permettant l’analyse à haut débit de l’expression
Nous avons utilisé cette technique pour l’étude du développement postnatal du cervelet. L’analyse des données
termes représentant des fonctions décrites révèle une corrélation entre l’expression et les fonctions des gènes. N
également analysé la mort cellulaire induite par des polyglutamines étendues, un modèle de désordre neurodégéné
avons identifié des gènes ayant des profils d’expression spécifiques de la mort cellulaire et évalué leurs fonctions par tr
in vitro. Pour citer cet article : K. Kato, C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

There are several technical approaches to a gen
wide analysis of gene expression, i.e., gene exp
hed by Elsevier SAS. All rights reserved.
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sion profiling. DNA microarrays [1], the most popul
among related techniques, measures gene expre
through hybridization intensity. Another techniq
named serial analysis of gene expression (SAGE)
timates gene expression levels from the frequenc
cDNA tags generated by a complicated enzym
process [2]. However, rare messages are difficult to
quantitated by these techniques. In spite of attemp
overcome this hurdle, application to real problems w
still take some time.

RT-PCR has an apparent advantage of complem
ing the shortcomings of the above techniques. A
cent comparison of RT-PCR with DNA microarra
demonstrated a clear advantage of RT-PCR in de
ing rare messages [3]. However, RT-PCR has not b
applied to large-scale analysis because of the ted
step of constructing calibration curves and inter
standards.

Adaptor-tagged competitive PCR (ATAC-PCR) [
5], an advanced version of quantitative competit
PCR, eliminates tedious steps for construction of c
ibration curves and internal standards. Conseque
it enables high-throughput gene expression anal
comparable to DNA microarrays. For three years,
have been applying this technique to various biolo
cal and medical problems including brain developm
[6,7] and cancer classification [8–10]. Through the
works, we established ATAC-PCR as a matured g
expression profiling technique.

The vast amount of data obtained by express
profiling should give us information which cannot
obtained by conventional molecular biology. We ha
been studied biological processes in the mamma
nervous system to establish new approaches to bio
ical systems. Our primary focus is to fill the gap b
tween the genomic approach and knowledge obta
by molecular biology. We explored the relationsh
between gene expression patterns and functions in
systems: mouse postnatal cerebellar developmen
the polyglutamine-induced cell death in PC12. In
cerebellar work, we examined the usefulness of
formation in scientific literatures. In the PC12 wor
we examined the functions by in vitro transfecti
experiments with genes selected by expression
terns.
n
2. Principle of ATAC-PCR

Adaptor-tagged competitive PCR (ATAC-PCR)
an advanced form of quantitative PCR designed
large-scale analysis. Each cDNA sample is diges
with a restriction enzyme, and tagged with an ad
tor cohesive to the end. cDNA samples are liga
with different adaptors: all the adaptors share a co
mon sequence outside, and have a spacer region w
unique length. All the adaptor-tagged cDNA samp
are admixed, and amplified with an adaptor-primer a
a gene-specific primer. Amplified products are se
rated by polyacrylamide gel electrophoresis. Produ
derived from each cDNA sample are separated by
length of the spacer region, and the amount of e
product represents the relative expression level of e
gene.

Since we can use up to seven adaptors in the AT
PCR reaction, some (routinely three) are assigne
internal standards [5]. Three adaptors are attache
the same control cDNA samples. Different amou
of control cDNAs are added to the reaction m
ture. A calibration curve can be constructed from
relationship between initial inoculated amounts a
amounts of final products. With this calibration curv
relative expression levels in samples within the
namic range are accurately quantitated. In addit
from the quality of the calibration curve, we can jud
the quality of the assay itself. When 10, 3, and 1 equ
alents of a control cDNA are used as control, the
namic range of the detection is from 0.05 to 15–
equivalents. Outside this range, quantitation is not
curate. Therefore, this technique is most suited for
tecting small changes in gene expression around p
iological levels of mRNA. An example of the assay
shown in Fig. 1.

The reproducibility of ATAC-PCR is quite high
when experiments are carefully performed, variati
of measurements are within the range of 10%. The
namic range of detection is very large. With RNA p
rified from a mammalian cultured cell line (PC12), t
range of detection was over five orders of magnitu
With the budding yeast RNA, the range of detection
similar to that obtained by real-time PCR (T. Ito, pe
sonal communication). Cost of ATAC-PCR is simil
to that of spotted micorarrays, although the spee
data production is less than one twentieth. The de
of ATAC-PCR and its calibration obtained with sy
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Fig. 1. Quantitation of the stathmin gene transcript in mouse c
bellum by multiplex ATAC-PCR. MboI-digested cDNAs were ma
from 4-day (4d), 12-day (12d), and 6-week (6w) cerebellum RN
and 6-week brain (WB). The WB cDNA was ligated to the MB-
MB-3, and MB-6 adapters, and the 4d and 12d and 6w cDNA w
ligated to MB-2, MB-3, and MB-5, respectively. The sequence
the stathmin gene-specific primer was 5′-AACCA TTCAA GTACA
GTAGC-3′ . The sequences of adaptors are available in the prot
posted at http://love2.aist-nara.ac.jp/laboratory/ATAC-PCR.htm.
(top) The electropherogram of multiplex ATAC-PCR. Each peak
dicates the intensity of the PCR products amplified from the ten-
(WB-10), three-fold (WB-3), and one-fold (WB-1) amount of th
WB cDNA, one-fold amount of the 4d (4d-1), 12d (12d-1), and
(6w-1) cDNA, respectively. (bottom) The calibration curve ma
from the intensities of the WB-10, WB-3, and WB-1 products.

thetic oligonucleotide controls will be described els
where.

There are two related techniques of ATAC-PC
One is introduced amplified fragment length polym
phism (iAFLP) [11]. The principle of iAFLP is the
same as that of ATAC-PCR except for the use of oli
dT vector-primer instead of biotin-labelled oligo-d
primer for cDNA synthesis. The other is a modu
shuffling primer [12]. With this technique, each ada
tor has a unique sequence for the primer annealing
gion, but the sequence shares the same melting
perature and has the same amplification efficiency.
competitive PCR reaction is performed with a ge
specific primer and a mixture of module-shuffli
primers with different fluorescent dyes.

3. Gene expression profiling of mouse postnatal
cerebellar development

The cerebellar cortex is a classic model system
developmental biology, and has several advantage
gene expression profiling: (1) Because the granule
occupies the majority of the cell mass, RNA purifi
from the cerebellar cortex may be regarded as
from the granule cell; (2) The postnatal developm
includes most of the events characteristic to nerv
system development such as axon elongation, cell
gration and synapse formation; (3) The developme
process is almost synchronous.

In rodents, the developmental process begins
after birth: the peak of granule cell proliferation
in the first week, and the peak of cell migrati
and axon elongation is in the second week [13]. T
morphological changes are completed in the th
week, and the slow maturation of synapses contin
until about 6 weeks [13]. We analyzed this proces
mice by gene expression profiling.

At first, 3′ end-directed cDNA libraries were con
structed using RNA purified from mouse cerebellum
4 days, 12 days and 3 weeks. More than 15,000 clo
were sequenced, and 7728 unique sequences wer
tained [14]. Then, more than 2500 genes were sele
for primer design after the order of abundance, pr
itizing known genes. The ATAC-PCR assay was p
formed using RNA purified from mouse cerebellum
2 days, 4 days, 8 days, 12 days, 3 weeks and 6 we
The control was that purified from the cerebrum
6 weeks. The sample at each time point was assa
at least twice with different calibrations, and compl
expression data were obtained with 1869 genes.

After appropriate data processing, hierarchical c
ter analysis was performed. Ward’s method with st

http://love2.aist-nara.ac.jp/laboratory/ATAC-PCR.html
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dardized data was used for the clustering algorit
Genes were classified by their developmental exp
sion patterns. Clustering was truncated at 12 c
ter levels, and a schematic representation is show
Fig. 2. These 12 clusters were classified into three
jor groups: group A characterized by elevated g
expression at the earlier stage of the developm
group B characterized by elevated gene expressio
later stages of the development, and group C with m
cellaneous expression patterns.

We then tried to correlate gene expression p
terns with their functions. Similar studies with th
budding yeast use the functional classification by
Munich Information Center for Protein Sequenc
(MIPS) [15]. It is certainly useful for cellular func
tions, but not for the analysis of the mammali
nervous system. Our in-house EST collection c
tains more than 1600 known genes. To each gene
to 4 keywords representing unique functions are
tached. The total number of keywords is about 1
(A keyword list is available from our WWW site
http://love2.aist-nara.ac.jp/laboratory/download.htm).
There were 1053 known genes among the assa
genes, and we examined the correlation between
functions and expression patterns using the distr
tion of the keywords. At the 12 cluster levels, 14 ke
words were selected as significantly enriched in s
cific clusters (binomial test,p < 0.01) [6]. Keywords
‘cerebellum-specific’ and ‘cerebellum-dominant’ a
based on the ratio of expression levels between c
bellum and cerebrum: ‘cerebellum-specific’ mea
those whose ratio exceeds 20; ‘cerebellum-domin
means whose ratio is between 10 and 20. From

Fig. 2. Cluster analysis of 1869 genes using their expressio
standardized to z-score, i.e., converted to zero mean and
variance, and schematically represented. Each row shows
expression pattern of each gene, and columns represent time p
after birth: 2 days after birth (1), 4 days (2), 8 days (3), 12 d
(4), 3 weeks (5), and 6 weeks (6). Expression levels are indicate
color, with scale shown in the right-bottom corner: dark red, yell
and dark green represent high, middle, and low expression le
respectively. Four clusters, A1-A4 are characterized by elev
expression at the early stages (from 2 days to 8 days) and de
five clusters, B1-B5, are characterized by low expression a
early stage followed by elevated expression at later stages (fro
days to 6 weeks); three clusters, C1-C3, are characterized by
complicated patterns.

http://love2.aist-nara.ac.jp/laboratory/download.html
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Table 1
Functional categories enriched in specific groups of gene expression patterns
during mouse cerebellar development. Each figure represents the number of genes
belonging to each group and each functional category. Dark shade indicates
statistically significant enrichment. Light shade indicates statistically significant
rare cases
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three-group classification (A, B and C), 11 keywor
were selected (binomial test,p < 0.05) (Table 1).

The correlation with gene functions was rean
lyzed with the latest version of gene ontology (G
terms (June, 2003) [16]. A total of 899 GO term
were attached to the above 1869 genes. Statis
analysis was performed on 109 GO terms associ
with more than 10 genes. The GO terms significan
enriched in group A were mainly ribosome-relate
i.e., RNA binding, protein biosynthesis, structure co
stituent of ribosome, ribosome biogenesis, cytos
ribosome, and ribonucleoprotein complex (chi-squa
p < 0.05). The GO terms enriched in group B we
ion transport and ion channel activity (chi-square,p <

0.05). Although the GO term analysis was not as
fective as the analysis by in-house keywords, the
methods of analysis captured similar characteristic
the data matrix.

These results clearly indicated that ribosomal p
teins and cancer-related genes are highly expre
in the early stage of development. Those related
brain functions were highly expressed in a later st
of development or in the adult. In addition, genes
volved in carbohydrate metabolism and RNA synt
sis were elevated at a later stage of development.
results well agreed with the anatomical and physiol
ical states at each developmental stage.
4. Gene expression profiling of cell death induced
by polyglutamine

By interpreting the gene expression profile w
literature information, we obtained an overview
the molecular events during development. Howe
the results are derived from previous information, a
functional analysis of each gene or a group of ge
is indispensable for a higher level of informatio
Although analysis of gene functions with animals
not an easy task, in vitro experiments with cultur
cell lines offer a plausible solution.

As the first trial, we analyzed the cell death proc
using PC12 cell lines expressing polyglutamine a
model [17]. In this experiment, we examined wheth
the gene expression profiling could categorize ge
working in the cell death process.

We developed stable PC12 cell lines which e
pressed exon 1 fragments of the HD gene with 23 o
polyglutamines driven by an inducible doxycyclin
sensitive promoter (HD-23Q or HD-74Q, two line
each). We aimed to identify early perturbations
duced by the mutation by studying expression l
els of 1824 genes at 0 h, 5 h, 10 h and 18 h
ter induction, using ATAC-PCR. At these time poin
the cells show no appreciable death or mitochon
ial impairment. In order to identify genes showi
changes which were likely to be due to the polyg
tamine expansion, we selected genes whose ex
sion levels exhibited similar significant changes
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bed in (a)
Fig. 3. Effects of over-expression of various genes on polyglutamine-induced cell death in both non-neuronal and neuronal
pEGFP-HD74Q was cotransfected into COS7 cells with an empty vector or with expression vectors carrying one of the selected ele
After 48 h, cells were fixed and nuclei stained with DAPI and the proportions of dead cells were determined. Bars show the odds rat
and 95% confidence intervals for two independent experiments in triplicate wells, relative to an OR of 1 for cells expressing the emp
and the Huntingtin construct. (b) Genes that showed significant protection in COS7 cells were tested in SK-N-SH cells as descri
∗p < 0.05, ∗∗p < 0.001, ∗∗∗p < 0.0001.
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both HD-74Q cell lines but no significant changes
both HD-23Q cell lines. This selection process sho
have eliminated gene expression changes due to
lular effects of dox, activation of the promoter sy
tem, and cellular and genetic difference between
dividual cell lines. A total of 126 genes, including 6
known genes, exhibited statistically significant alt
ations in the HD-74Q cell lines but no changes in
HD-23Q lines. We tested 11 of these genes for th
abilities to modulate polyglutamine-induced cell de
in transiently-transfected cell models (Fig. 3). Fi
genes [glucose transporter 1 (Glut1), phosphofruc
inase muscle isozyme (Pfkm), prostate glutathio
S-transferase 2 (Gstm2), RNA binding motif prote
3 (Rbm3), KRAB-A interacting protein 1 (Krip-1)
significantly suppressed cell death in both neuro
precursor and non-neuronal cell lines, suggesting
these transcriptional changes were relevant to the
death pathway. The results indicated that gene exp
sion profiling could categorize genes participating
the cell death under a careful experimental design.

5. Discussion

Unlike for DNA sequencing, there are no sta
dard techniques for gene expression profiling. E
technique has its own merits and demerits, and
searchers should select a technique for their purp
Although not described in detail here, one of the me
of ATAC-PCR is the small amount and quality of RN
required for the reaction, which is about one hundre
of RNA required for microarrays, and is not suscep
ble to RNA degradation. Therefore, this technique
most suited for clinical samples. For biological pro
lems, it is still uncertain whether ATAC-PCR has a
vantages over other techniques.

From the first report on hierarchical cluster ana
sis of gene expression patterns [18], gene expres
patterns have been analyzed in correlation with g
functions. However, this kind of analysis has pro
lems. Because there are too many terms or keyw
representing functional categories, the identified c
relation may be selected by chance. A more ser
problem is that there are no good statistical eva
tion methods for conventional cluster analysis such
hierarchical,k-means, and SOM. Because most st
ies use these methods, expression patterns iden
by clusters are without statistical evaluation. Mod
based cluster analysis offers grouping of genes w
statistical assessment [9], but such grouping is u
ally conservative, and may not identify small clust
with biological importance. Consequently, this type
analysis may give hypothesis or suggestions for
ther studies, not a clear answer. In spite of these
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itations, as demonstrated in our example, the ana
is useful to overview the data matrix.

In the above PC12 experiment, we selected ge
by statistical criteria rather than clustering. We ca
fully designed experiments to select changes in g
expression only due to extended polyglutamine,
to eliminate those based on other factors. Eight ou
eleven genes with expression patterns specific to
cell death process, exhibited functional activities
and against the cell death process. The high rat
finding functional genes suggests that such expres
patterns are likely to be functionally correlated w
the cell death. The main concern of this work is th
the number of analyzed genes is too small for stat
cal evaluation.

Recently, two techniques for high-throughput c
transfection have appeared. One is reverse transfe
[19] and the other is cell transfection array [20] u
ing atelocollagen. These two techniques enable la
scale experiments of overexpression or suppressio
genes (by siRNA). These techniques enable exp
mental analysis of the gene expression and functio
genes, overcoming the limitations of small-scale st
ies. As commented recently inNature [21], the ma-
jority of microarray data analysis is not statistica
appropriate, and may have flaws. This implies t
we need experimental methods to evaluate and ut
results obtained by gene expression profiling. Hi
throughput functional analysis should be one of
best methods for this purpose.
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