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Abstract

Adaptor-tagged competitive PCR (ATAC-PCR) is an advanced form of quantitative competitive PCR, and enables high-
throughput analysis of gene expression. We applied this technique to the postnatal cerebellar development. Data analysis witl
terms representing reported functions revealed a correlation between gene expression and functions. We also analyzed tt
cell death induced by extended polyglutamine, a model of a neurodegenerative disorder. We identified genes with expressior
patterns specific to the cell death, and evaluated their functions by in vitro transfection experimeitéethisarticle: K. Kato,

C. R. Biologies 326 (2003).
0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

PCR compétitive avec adaptateur marqué : étude du systeme nerveux des mammiferéma PCR compétitive avec
adaptateur marqué est une forme avancée de PCR quantitative permettant I'analyse a haut débit de I'expression des gene
Nous avons utilisé cette technique pour I'étude du développement postnatal du cervelet. L'analyse des données avec de
termes représentant des fonctions décrites révéle une corrélation entre I'expression et les fonctions des genes. Nous avol
également analysé la mort cellulaire induite par des polyglutamines étendues, un modéle de désordre neurodégénératif. Not
avons identifié des génes ayant des profils d’expression spécifiques de la mort cellulaire et évalué leurs fonctions par transfectio
in vitro. Pour citer cet article: K. Kato, C. R. Biologies 326 (2003).
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1. Introduction

There are several technical approachesto a genome-
E-mail address: kkato@Dbs.aist-nara.ac.jp (K. Kato). wide analysis of gene expression, i.e., gene expres-
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sion profiling. DNA microarrays [1], the most popular 2. Principle of ATAC-PCR

among related techniques, measures gene expression

through hybridization intensity. Another technique  Adaptor-tagged competitive PCR (ATAC-PCR) is
named serial analysis of gene expression (SAGE) es-an advanced form of quantitative PCR designed for
timates gene expression levels from the frequency of large-scale analysis. Each cDNA sample is digested
cDNA tags generated by a complicated enzymatic with a re;tncuon enzyme, and tagged with an .adap—
process [2]. However, rare messages are difficult to be tor cohesive to the end. cDNA samples are ligated

gquantitated by these techniques. In spite of attempts to with different adaptprs: all the adaptors share_ a com-

vercome this hurdl lication to real problems will mon sequence outside, and have a spacer region with a
o.e comethis .u €, application o realproblems unique length. All the adaptor-tagged cDNA samples
still take some time.

are admixed, and amplified with an adaptor-primer and
RT-PCR has an apparent advantage of complement-, gene.-specific primer. Amplified products are sepa-

ing the shortcomings of the above techniques. A re- rated by polyacrylamide gel electrophoresis. Products
cent comparison of RT-PCR with DNA microarrays derived from each cDNA sample are separated by the
demonstrated a clear advantage of RT-PCR in detect-length of the spacer region, and the amount of each
ing rare messages [3]. However, RT-PCR has not beenproduct represents the relative expression level of each
applied to large-scale analysis because of the tediousgene.
step of constructing calibration curves and internal Since we can use up to seven adaptors in the ATAC-
standards. PCR reaction, some (routinely three) are assigned as

Adaptor-tagged competitive PCR (ATAC-PCR) [4, internal standards [5]. Three adaptors are attached to
5], an advanced version of quantitative competitive € same control cCONA samples. Different amounts
PCR, eliminates tedious steps for construction of cal- °f coztroll_tc):DNAs are adde(lj) to the reacctiu?n m')r(]'
ibration curves and internal standards. Consequently, ture.' cal ration curve can be constructed from the
. . . *relationship between initial inoculated amounts and
it enables high-throughput gene expression analysis , . . Lo

i amounts of final products. With this calibration curve,

comparable to DNA microarrays. For three years, we

. . ) i ) _ relative expression levels in samples within the dy-
have been applying this technique to various biologi- 4 mic range are accurately quantitated. In addition,

cal and medical problems including brain development ¢,om the quality of the calibration curve, we can judge
[6,7] and cancer classification [8-10]. Through these the quality of the assay itself. When 10, 3, and 1 equiv-
works, we established ATAC-PCR as a matured gene glents of a control cDNA are used as control, the dy-
expression profiling technique. namic range of the detection is from 0.05 to 15-18
The vast amount of data obtained by expression equivalents. Outside this range, quantitation is not ac-
profiling should give us information which cannot be curate. Therefore, this technique is most suited for de-
obtained by conventional molecular biology. We have tecting small changes in gene expression around phys
been studied biological processes in the mammalian iological levels of mMRNA. An example of the assay is
nervous system to establish new approaches to biolog-ShowninFig. 1. S
ical systems. Our primary focus is to fill the gap be- "€ reproducibility of ATAC-PCR is quite high:

tween the genomic approach and knowledge obtainedwhen experiments are carefully performed, variations
ithi 0 -
by molecular biology. We explored the relationships of measurements are within the range of 10%. The dy

. . . namic ran f ion is very large. With RNA pu-
between gene expression patterns and functions in two amic range of detection is very large. Wit pu

‘ ] matal bellar devel ¢ c{ified from a mammalian cultured cell line (PC12), the
sSystems. mouse posinatal cerebefiar development an ange of detection was over five orders of magnitude.

the polyglutamine-induced cell death in PC12. In the \njith the budding yeast RNA, the range of detection is
cerebellar work, we examined the usefulness of in- gimjlar to that obtained by real-time PCR (T. Ito, per-
formation in scientific literatures. In the PC12 work, sonal communication). Cost of ATAC-PCR is similar
we examined the functions by in vitro transfection to that of spotted micorarrays, although the speed of
experiments with genes selected by expression pat-data production is less than one twentieth. The details
terns. of ATAC-PCR and its calibration obtained with syn-
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Fig. 1. Quantitation of the stathmin gene transcript in mouse cere-
bellum by multiplex ATAC-PCR. Mbol-digested cDNAs were made
from 4-day (4d), 12-day (12d), and 6-week (6w) cerebellum RNAs
and 6-week brain (WB). The WB cDNA was ligated to the MB-1,
MB-3, and MB-6 adapters, and the 4d and 12d and 6w cDNA were
ligated to MB-2, MB-3, and MB-5, respectively. The sequence of
the stathmin gene-specific primer wdsMACCA TTCAA GTACA
GTAGC-3. The sequences of adaptors are available in the protocol
posted at http://love2.aist-nara.ac.jp/laboratory/ATAC-PCR.html
(top) The electropherogram of multiplex ATAC-PCR. Each peak in-
dicates the intensity of the PCR products amplified from the ten-fold
(WB-10), three-fold (WB-3), and one-fold (WB-1) amount of the
WB cDNA, one-fold amount of the 4d (4d-1), 12d (12d-1), and 6w
(6w-1) cDNA, respectively. (bottom) The calibration curve made
from the intensities of the WB-10, WB-3, and WB-1 products.

thetic oligonucleotide controls will be described else-
where.

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

3. Gene expression profiling of mouse postnatal
cerebellar development

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

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

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

After appropriate data processing, hierarchical clus-
ter analysis was performed. Ward’s method with stan-


http://love2.aist-nara.ac.jp/laboratory/ATAC-PCR.html

944

K. Kato/ C. R. Biologies 326 (2003) 941-947

dardized data was used for the clustering algorithm.

Genes were classified by their developmental expres-
sion patterns. Clustering was truncated at 12 clus-

ter levels, and a schematic representation is shown in
Fig. 2. These 12 clusters were classified into three ma-
jor groups: group A characterized by elevated gene

expression at the earlier stage of the development,
group B characterized by elevated gene expression at
later stages of the development, and group C with mis-

cellaneous expression patterns.

We then tried to correlate gene expression pat-
terns with their functions. Similar studies with the
budding yeast use the functional classification by the
Munich Information Center for Protein Sequences
(MIPS) [15]. It is certainly useful for cellular func-
tions, but not for the analysis of the mammalian
nervous system. Our in-house EST collection con-
tains more than 1600 known genes. To each gene, up
Bl to 4 keywords representing unique functions are at-
‘ tached. The total number of keywords is about 100
" (A keyword list is available from our WWW site,
http://love2.aist-nara.ac.jp/laboratory/download.ptml
There were 1053 known genes among the assayed
genes, and we examined the correlation between gene
functions and expression patterns using the distribu-
tion of the keywords. At the 12 cluster levels, 14 key-
words were selected as significantly enriched in spe-
cific clusters (binomial testp < 0.01) [6]. Keywords
‘cerebellum-specific’ and ‘cerebellum-dominant’ are
B3 based on the ratio of expression levels between cere-

bellum and cerebrum: ‘cerebellum-specific’ means
those whose ratio exceeds 20; ‘cerebellum-dominant’
u means whose ratio is between 10 and 20. From the

be T
-

b

el
i

B2

B4

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

A group B group  C group gene number

cancer-related 1 15
ribosomal protein 5 54
RNA synthesis 0 1 12
carbohydrate metabolism 3 0 18
brain 33 5 152
ion channel & transporter 2 1 20
synapse component 1 2 17
neurotransmitter receptor 1 0 10
oligodendroglia 0 1 8
cerebellum-dominant 8 4 67
intracellular ion transporter 1 12
total gene number 584 1869

three-group classification (A, B and C), 11 keywords 4. Gene expression profiling of cell death induced
were selected (binomial test,< 0.05) (Table 1). by polyglutamine

The correlation with gene functions was reana-
lyzed with the latest version of gene ontology (GO)

terms (June, 2003) [16]. A total of 899 GO terms .
hed he ab . Ithe molecular events during development. However,
were attached to the above 1869 genes. Statisticaly, regyits are derived from previous information, and

analysis was performed on 109 GO terms associatedfctional analysis of each gene or a group of genes
with more than 10 genes. The GO terms significantly s indispensable for a higher level of information.
enriched in group A were mainly ribosome-related, Although analysis of gene functions with animals is
i.e., RNA binding, protein biosynthesis, structure con- not an easy task, in vitro experiments with cultured
stituent of ribosome, ribosome biogenesis, cytosolic cell lines offer a plausible solution.

ribosome, and ribonucleoprotein complex (chi-square, ~ AS the first rial, we analyzed the cell death process
p < 0.05). The GO terms enriched in group B were using PC12 ceII'Ilnes expressing polygl'utamlne as a
. . L . model [17]. In this experiment, we examined whether
ion transport and ion channel activity (chi-squares

) the gene expression profiling could categorize genes
0.05). Although the GO term analysis was not as ef- working in the cell death process.
fective as the analysis by in-house keywords, the two e developed stable PC12 cell lines which ex-

methods of analysis captured similar characteristics in pressed exon 1 fragments of the HD gene with 23 or 74
the data matrix. polyglutamines driven by an inducible doxycycline-
These results clearly indicated that ribosomal pro- sensitive promoter (HD-23Q or HD-74Q, two lines
teins and cancer-related genes are highly expressec®ach). We aimed to identify early perturbations in-
in the early stage of development. Those related to dluce(fj by the mutation b%’ stugymg Expressmnhle\?—
brain functions were highly expressed in a later stage €ls 0 18_24 genes atoh, 5h, 10 ar_1d 18 n a-
. . .~ ter induction, using ATAC-PCR. At these time points,
of development or in the adult. In addition, genes in-

: . the cells show no appreciable death or mitochondr-
volved in carbohydrate metabolism and RNA synthe- impairment. In order to identify genes showing

sis were elevated at a later stage of development. Thechanges which were likely to be due to the polyglu-
results well agreed with the anatomical and physiolog- tamine expansion, we selected genes whose expres-
ical states at each developmental stage. sion levels exhibited similar significant changes in

By interpreting the gene expression profile with
literature information, we obtained an overview of
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a non-neuranal cell (COS7) b ncuronal cell (SK-N-SH)
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Fig. 3. Effects of over-expression of various genes on polyglutamine-induced cell death in both non-neuronal and neuronal cells. (a)

pEGFP-HD74Q was cotransfected into COS7 cells with an empty vector or with expression vectors carrying one of the selected eleven genes
After 48 h, cells were fixed and nuclei stained with DAPI and the proportions of dead cells were determined. Bars show the odds ratios (ORs)
and 95% confidence intervals for two independent experiments in triplicate wells, relative to an OR of 1 for cells expressing the empty vector

and the Huntingtin construct. (b) Genes that showed significant protection in COS7 cells were tested in SK-N-SH cells as described in (a)
*p <0.05 **p <0.001, ***p < 0.0001.

both HD-74Q cell lines but no significant changes in searchers should select a technique for their purpose.
both HD-23Q cell lines. This selection process should Although not described in detail here, one of the merits
have eliminated gene expression changes due to cel-of ATAC-PCR is the small amount and quality of RNA
lular effects of dox, activation of the promoter sys-  required for the reaction, which is about one hundredth
tem, and cellular and genetic difference between in- of RNA required for microarrays, and is not suscepti-
dividual cell lines. A total of 126 genes, including 69 pje to RNA degradation. Therefore, this technique is
known genes, exhibited statistically significant alter- yqt suited for clinical samples. For biological prob-
ations in the HD-74Q cell lines but no changes in the | s it s still uncertain whether ATAC-PCR has ad-
HtE')I-'tZ'BQt Imes(.j VIVet testle d Iltl Of_ the_se(zj gendes 1;?(; thfr']r vantages over other techniques.
abriities to modulate polygiutamine-induced ceti dea From the first report on hierarchical cluster analy-
in transiently-transfected cell models (Fig. 3). Five . . .
sis of gene expression patterns [18], gene expression
genes [glucose transporter 1 (Glutl), phosphofructok- atterns have been analvzed in correlation with gene
inase muscle isozyme (Pfkm), prostate glutathione-f . |_\|/ thi ylf’ dl ¢ | ! hWI 9 b
S-transferase 2 (Gstm2), RNA binding motif protein unctions. However, this kind of analysis has prob-
lems. Because there are too many terms or keywords

3 (Rbm3), KRAB-A interacting protein 1 (Krip-1)] ' . ‘ i __
significantly suppressed cell death in both neuronal representing functional categories, the identified cor-

precursor and non-neuronal cell lines, suggesting that rélation may be selected by chance. A more serious
these transcriptional changes were relevant to the cell Problem is that there are no good statistical evalua-
death pathway. The results indicated that gene expres-tion methods for conventional cluster analysis such as
sion profiling could categorize genes participating in hierarchicalk-means, and SOM. Because most stud-
the cell death under a careful experimental design. ies use these methods, expression patterns identified
by clusters are without statistical evaluation. Model-
based cluster analysis offers grouping of genes with
5. Discussion statistical assessment [9], but such grouping is usu-
ally conservative, and may not identify small clusters
Unlike for DNA sequencing, there are no stan- Wwith biological importance. Consequently, this type of
dard techniques for gene expression profiling. Each analysis may give hypothesis or suggestions for fur-
technique has its own merits and demerits, and re- ther studies, not a clear answer. In spite of these lim-
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itations, as demonstrated in our example, the analysis [7] S. Saito, R. Matoba, N. Ueno, K. Matsubara, K. Kato,

is useful to overview the data matrix. Comparison of gene expression profiling during postnatal
In the above PC12 experiment, we selected genes dGe"e'OPmegt(g;g;UlS;dig;ate gyrus and cerebellum, Physiol.

L . . . enomics - .

by statlsfucal crlterla_rather than clustering. We_ Care- 191k wao, R. Matoba, N. Ueno, A. Ando, Y. Miyoshi, K. Mat-

fully designed experiments to select changes in gene ~~ gypara, S. Noguchi, K. Kato, Molecular classification of pri-

expression only due to extended polyglutamine, and mary breast tumors possessing distinct prognostic properties,

to eliminate those based on other factors. Eight out of Human Mol. Genet. 11 (2002) 199-206.

eleven genes with expression patterns specific to the [°1 S-Muro, I. Takemasa, S. Oba, R. Matoba, N. Ueno, M. Maruy-

cell death process, exhibited functional activities for ;‘z‘/lm,"\j‘/l R. Yamashita, M. Sekimoto, H. Yamamoto, S. Nakamor,

. . . Monden, S. Ishii, K. Kato, Identification of expressed genes

and against the cell death process. The high rate of linked to the malignancy of human colorectal carcinoma by

finding functional genes suggests that such expression  parametric clustering of quantitative expression data, Genome

patterns are likely to be functionally correlated with Biol. 4 (2003) R21.

the cell death. The main concern of this work is that [10] Y. Kurokawa, R. Matoba, |. Takemasa, S. Nakamori, M. Tsujie,

. oy H. Nagano, K. Dono, K. Umeshita, M. Sakon, N. Ueno, H. Ki-
the numbe_r of analyzed genes is too small for statisti ta, S. Oba, S. Ishii, K. Kato, M. Monden, Molecular features
cal evaluation.

of non-B, non-C hepatocellular carcinoma: a PCR-array gene

Recently, two techniques for high-throughput cell expression profiling study, J. Hepatol., in press.
transfection have appeared. One is reverse transfectior{11] S. Kawamoto, T. Ohnishi, H. Kita, O. Chisaka, K. Okubo,
[19] and the other is cell transfection array [20] us- Expression Profiling by iAFLP: A PCR-Based Method for

ing atelocollagen. These two techniques enable large- ~ Genome-Wide Gene Expression Profiling, Genome Res. 9
9 9 q 9 (1999) 1305-1312.

scale experiments of overexpression or Suppression of(; 5 ¢ yematsu, J. Nishida, K. Okano, F. Miura, T. Ito, Y. Sakaki,

genes (by SiRNA)- These teChniqU'eS enable e>.<peri- H. Kambara, Multiplex polymerase chain reaction (PCR) with

mental analysis of the gene expression and function of color-tagged module-shuffling primers for comparing gene

genes, overcoming the limitations of small-scale stud- expression levels in various cells, Nucleic Acids Res. 29 (2001)
e84.

ies. As commented recently Nature [21], the ma-

iority of microarray data analvsis is not statisticall [13] J. Altman, S.A. Bayer, Development of the Cerebellar System:
J Yy . y Y o ; Yy In Relation to its Evolution, Structure, and Functions, CRC

appropriate, and may have flaws. This implies that Press, Boca Raton, FL, 1996.

we need experimental methods to evaluate and utilize [14] R. Matoba, K. Kato, S. Saito, C. Kurooka, C. Maruyama,

results obtained by gene expression profiling. High- Y. Sakakibara, K. Matsubara, Gene expression in mouse

throughput functional analysis should be one of the cerebellum during its development, Gene 241 (2000) 125-131.

. [15] S. Tavazoie, J.D. Hughes, M.J. Campbell, R.J. Cho,

best methods for this pUrpose. G.M. Church, Systematic determination of genetic network ar-
chitecture, Nature Genet. 22 (1999) 281-285.

[16] The Gene Ontology Consortium. Creating the gene ontology
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