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概要
グラフィカル連鎖モデルに基づいて、遺伝子発現プロファイルから異なった細胞状態で発現
する遺伝子群の因果関係を推定する方法を開発した。細胞周期 G1, S, G2, M 期で特徴的に発
現する 619 遺伝子の発現プロファイルデータに適用したところ、四つの異なった細胞状態で
50 群に分類された遺伝子群間の因果関係が推定され、特に、隣接する状態としない状態の細
胞との間で因果性を示す遺伝子群が異なることが推定された。
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ABSTRACT
A procedure of the chain graph modeling is designed for analyzing the expression profiles of genes
that can be classified into several blocks in a natural order.
The newly designed procedure for
graphical chain modeling was applied to 619 expression profiles of cell-cycle related genes in yeast,
which were experimentally identified to be transcribed in order of four cell-cycle phases, G1, S, G2,
and M.
By the application, 619 genes were classified into 50 clusters, and a chain graph of 50
clusters in the four blocks was constructed. One of the remarkable features is a distinctive
relationship of clusters between neighboring and non-neighboring phases.
The merits and pitfalls of
the graphical chain model are discussed in terms of the application to the field of molecular biology.

INTRODUCTION
Cell integrity and survival strongly depend on the precise coordination of the unidirectional transitions
between cell cycle stages.
Cell cycle–dependent mRNA variations have been observed for genes
involved in various cellular processes, including control of mRNA transcription [28], responsiveness
to external stimuli [29], and subcellular localization of proteins [19].
In addition, the activity of cell
cycle–regulatory proteins is required for normal DNA repair [18, 25], meiosis [15], and multicellular
development [12, 22].
These observations associated with the cell cycle make it an attractive model
for studying the genome-wide regulation of gene activity.
Indeed, microarray technology can now
provide comprehensive results for a genome, and thus reveal the novel functional and physical
organization involved in coordinating cell-cycle gene regulation [5, 21].
About 800 genes related to
cell cycle regulation were identified by using periodicity and correlation algorithms [21].
In order to infer a regulatory relationship on a genomic scale, we have recently developed an
approach to infer a regulatory network from gene expression profiles on a genomic scale, in
combination with graphical Gaussian modeling (GGM) and hierarchical clustering [14, 23].
Among
the graphical models, GGM is the simplest structure in a mathematical sense; only the inverse of the
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correlation coefficient between the variables is needed.
GGM infers only the undirected graph,
instead of the directed graph showing the causality in the Boolean and Bayesian models, and therefore,
GGM can be easily applied to a wide variety of data.
Since straightforward applications of
statistical theory to practical data fail in some cases, GGM frequently fails when applied to gene
expression profiles.
This is because the profiles frequently share similar expression patterns, which
indicate that the correlation coefficient matrix between the genes is not regular. Thus, we have
devised a procedure, named ASIAN (Automatic System for Inferring A Network), to apply GGM to
gene expression profiles, by a combination of hierarchical clustering [2, 3, 24].
First, the large
numbers of profiles are classified into groups, according to the usual analysis of profiles.
To avoid
the generation of a non-regular correlation coefficient matrix from the expression profiles, we adopt a
stopping rule for hierarchical clustering.
Then, the relationships between the clusters are inferred by
GGM.
Thus, our method provides a framework of gene regulatory relationships by inferring the
relationships between the clusters [1, 23], and provides clues toward estimating the global
relationships between genes on a genomic scale.
In this paper, we describe a procedure for analyzing expression profiles that can be naturally grouped
and ordered from prior biological knowledge, by graphical chain modeling [6, 26, 27], based on the
ASIAN procedure.
We apply our procedure to the cell-cycle related genes that can be divided into
four blocks, and describe how graphical chain modeling can be used to provide an easily interpretable
empirical analysis of the factors influencing the regulatory relationships of the cell-cycle.
In
particular, the linking of the four blocks into a chain graph is expected to provide new insights into the
direct and indirect associations between gene groups in distinct blocks.

MATERIALS AND METHODS
Graphical Gaussian Model
The concept of conditional independence is fundamental to graphical modeling.
The conditional
independence structure of the data is characterized by a conditional independence graph.
In this
graph, each variable is represented by a vertex, and two vertices are connected by an edge if there is a
direct association between them.
In other words, two vertices are not connected if they are
conditionally independent, given all the other variables.
The construction of multivariate models based on the concept of conditional independence for
continuous variables was initiated by Dempster [8], under the name “covariance selection models”.
However, the paper did not mention the idea of using a graph to summarize the results of an analysis.
The report by Darroch, Lauritzen and Speed [7] combined the ideas of conditional independence and
log-linear models, and used the intimate connection between them to define graphical models.
Thus,
the graphical Gaussian models can be easily interpreted using the Markov properties of the associated
independence graphs.
Furthermore, the iterative algorithm for computing maximum likelihood
estimates, described by Speed and Kiiveri [20], enables us to analyze practical data.
For more
details about the rapid developments in this area, see [9, 17, 27].
Graphical Chain Model
Graphical chain model is one of the probability models for multivariate random observations whose
independence structure is captured by a graph.
A graph Γ = (V, E) consists of a set of vertices V,
representing the variables, and a set of edges E, representing the association between pairs of variables.
E is a set of ordered pairs (A, B), A, B ∈ V.
A chain graph is based on a partition of V into disjoint
subsets: V = V1 ∪ V2 ∪ …∪ VT.
The subsets are called blocks or chain components.
Edges
within blocks are undirected reflecting systematic associations and edges between blocks are arrows
pointing from blocks with lower index numbers to those with higher indices.
A graphical chain
model displays the independencies between variables conditioned on all the other variables in the
current and previous blocks.
In a graphical chain model, any direct association between two
variables in the same block is assumed to be non-causal and is represented by an undirected edge
(line) in a graph.
Any direct association between two variables from different blocks is assumed to
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be potentially causal and is represented by a directed edge (arrow).
The absence of a line or arrow
between two variables in the graph indicates that there is no direct association between the variables,
i.e. the variables are independent after controlling for all the other variables in the same and previous
blocks.
The first step when fitting a graphical chain model is to partition the variables into a number of
ordered blocks.
The variables in the first block are viewed as purely explanatory variables, whereas
the variables in the second and subsequent blocks are viewed as responses to the variables in the
preceding blocks and as explanatory variables for the variables in the succeeding blocks.
The graphical chain model is fitted in a number of stages.
First, the significant direct associations
between the variables in Block 1 are determined.
For each pair of variables the null hypothesis
when tested shows that the variables are independent given all the other variables in Block 1 and the
deviance statistics in graphical Gaussian modeling is used [9,11,27].
Second, the significant direct
associations between the variables in Block 2 and between Blocks 1 and 2 are determined.
Foe each
pair of variables the null hypothesis when tested shows that the variables are independent given all the
other variables in Blocks 1 and 2 and again the deviance statistics is used.
The fitting continues,
block by block, by determining all the significant direct associations between the variables in the
current block and between all the variables in the current and previous blocks.
The null hypothesis
is now independence given the other variables in the current and previous blocks and again the
deviance statistics is used.
All these tests were carried out at the 5% level using the deviance
statistics [9,11,27].
Application of Graphical Chain Model to Gene Expression Profiles
The block in graphical chain model simply corresponds with the phase that is defined by biological
knowledge, cell cycle phase in the present study. By the intact correspondence to graphical chain
modeling, the variable is the gene that has expression profile of numerical values.
However, since the
expression profiles often show similar patterns, the genes are highly related with one another.
Thus,
hierarchical clustering is performed for the genes within each block as a preprocessing for the graphical
chain modeling, and then, each gene cluster corresponds with the variable in the present procedure.
The
clustering, the estimation of cluster number, and the graphical Gaussian modeling are calculated by our
ASIAN web site (http://eureka.ims.u-tokyo.ac.jp/asian) [2]. The details of the procedure are as follows.
The genes within each block are grouped into some clusters.
Since the metrics and the techniques
in the clustering depend on the data and interests [13], the hierarchical clustering is performed with 15 pairs
of three metrics (correlation coefficient between profiles, Euclidian distance between profiles and Euclidian
distance between Pearson's correlation coefficients of profiles) and five techniques (Single Linkage,
Complete Linkage, UPGMA, WPGMA, and Ward's Method).
The cluster numbers are estimated in the dendrograms in four blocks, which are constructed in (a),
respectively. In estimation, the variance inflation factor is adopted as a stopping rule for expression
profiles [14]: the threshold value is set to 10.0.
In this step, we obtain clusters in each block, and the
clusters are regarded as the variables in the blocks for further analyses.
The average expression profiles are calculated according to the cluster estimation in (b).
The average
correlation coefficient matrix is calculated from them.
The graphical chain modeling is performed for the correlation coefficient matrix of the valuables that
correspond with each cluster.
In the chain modeling, the association of the variables (clusters) within
and between blocks is inferred by the graphical Gaussian modeling.
Note that the average correlation coefficient matrix in (c) is not always regular. This indicates that the
inference of association in (d) is impossible.
Thus, we perform a heuristic analysis for selecting
appropriate pairs of metric and technique in the application of graphical chain modeling. First, we
perform the graphical Gaussian modeling for the average correlation coefficient matrices in each block,
which are obtained by various pairs of metric and technique in (a) and (b), and then select the metric and
technique pair by testing whether the graphical Gaussian modeling can be performed in each block. In
the present analysis, 15 pairs of metric and technique are tested to select the suitable pair for the graphical
chain modeling.

Expression Profile Data
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We use the expression profiles of 796 genes measured at 77 conditions [21], which are identified to be
related with cell cycle regulation.
In the present analysis, we regard the cell-cycle as one sequential
event of G1 phase to M phase.
Thus, we select the genes specific to each phase, by excluding the genes
that express in the intermediate stages.
For this purpose, we classify 796 genes into clusters, and then
extract the genes included in the clusters that are characterized to four phases with 1% significance level [1].
As a result, 619 genes are selected and are divided into 242 in G1 phase, 128 in S phase, 177 in G2 phase,
and 72 in M phase.

RESULTS
Clustering of Genes in Four Phases
Table 1 shows the test for 15 pairs of metrics and techniques in hierarchical clustering in the preceding
subsection (a) and (b).
In three pairs among 15 pairs, the graphical Gaussian modeling can be
successfully performed for the average correlation coefficient matrix in four phases; the pairs are Euclidean
distance between profiles and Ward’s method, Euclidean distance between correlation coefficients and
complete linkage, and Euclidean distance between correlation coefficients and Ward’s method. In other
pairs, the graphical Gaussian modeling fails because the independency between gene clusters is not
observed within each phase but between four phases. Thus, the pair of Euclidean distance between
correlation coefficients and Ward’s method seems to be suitable for the hierarchical clustering for the large
number of genes with many similar patterns in the graphical chain modeling.
Table 1 Selection of metric and technique pairs in hierarchical clustering for graphical chain modeling

Although the genes in four phases are subjected to estimate the cluster number with the common
threshold (VIF=10.0) for the stopping rule, the cluster numbers differed among the four phases by the
hierarchical clustering with the Euclidean distance between correlation coefficients and Ward’s method.
The largest and smallest numbers of clusters are the genes in S phase and those in G1 phase, respectively.

Independence Graphs for Each Step of the Analysis
An interaction graph for each step of analysis for four cell-cycle phases is shown in Fig. 1. To extract
characteristics from the graph, the following two simple rules are often helpful:
(a) any non-adjacent pairs of variables that are not joined by a single edge are conditionally independent
given the remaining variables in the current and previous blocks;
(b) a variable is independent of all the remaining variables in the current and previous blocks after
conditioning only on the variables that are adjacent (joined by a single edge) to it. Furthermore, since
the gene expression profile can describe only relationship between the transcriptional factors and their
regulating genes in a strict sense, the clusters including the transcriptional factors are selected within each
block.
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In all graphs, there are many edges between clusters, irregardless of edges within and between the phases.
In Fig.1, therefore, we focus on the clusters without the association. The association within the phases is
strong (Figs 1(a), (b), (d)) except for M phase (Fig. 1(f)).
The numbers of clusters with no edge are 1 of
6 cluster pairs in (a), 7 of 36 pairs in (b), 2 of 10 pairs in (d), and 4 of 6 pairs in (f).
Since the number of
genes in clusters including the transcription factor in M phase is relatively small to the cluster number, the
genes with the direct association of transcriptional factors may be scattered in the other clusters.
In
comparison with the association within the phases, the fraction of cluster pairs with no edge between
phases slightly increases; 11 of 36 pairs in (c), 23 of 65 in (e), and 21 of 72 in (g).
In addition, the
fractions show almost similar degrees in the respective phases. Indeed, the fractions in (e) are 6 of 20
pairs between G1 and G2 phases and 17 of 45 between S and G2, and those in (g) are 5 of 16 between G1
and M, 10 of 36 between S and M, 6 of 20 between G2 and M.
In summary, the conditional
independency of cluster pairs within phases is weaker than those between the phases, but the cluster pairs
between the phases share similar degree of conditional independency.

Fig.1 Steps of graphical chain modeling in the four cell-cycle phases. The associations between clusters including
transcription factors are drawn. The cluster is denoted by Cij: i (= 1, 2, 3, 4) corresponds to G1 phase, S phase, G2 phase,
and M phase in the natural order of the cell cycle, and j corresponds to the number of clusters including the transcription
factors shown in Table 2, in each phase. The associations within blocks are indicated by solid lines, and those between
blocks are denoted by arrows.

Construction of Graphical Chain Model
The chain graph presented in Fig. 2 shows the direct and indirect associations of each cluster in the four
phases.
The chain graph in Fig. 2 is constructed first by combining the graphs in Fig. 1. However,
since there are many edges and drawing them all on one chain graph would produce a mess or `spaghetti'
pattern which would be difficult to read, the variables in Fig. 2 have been rearranged. The cluster pairs
in different blocks with partial correlation coefficient of more than 0.3 are selected. The arrows are
drawn between the thus selected clusters only in different phases. For example, since four clusters (C1,1,
C1,2, C1,3, and C1,6) in G1 phase and 9 clusters (C2,6, C2,7, C2,11, C2,12, C2,13, C2,14, C2,15, C2,17,
and C2,18) in S phase contain the transcription factors, the arrows are drawn from the clusters in G1 phase
to those in S phase when the partial correlation coefficient is more than 0.3 in the graphical chain modeling.
The direct association shows a similar degree between neighboring phases and between
non-neighboring phases. For example, the numbers of direct associations of clusters are 3 and 4 between
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G1 and S phases and between S and G2 phases, while those are 3 and 6 between G1 and G2 phases and
between S and M phases. A remarkable association is found in M phase; the association between M and
the other phases seems stronger than that between other pairs of phases.
Indeed, the numbers of cluster
associations are 6 and 7 between G1 and M phases and between G2 and M phases. This may be related
with the fact that G1, S, and G2 phases are regarded as the interphase for the cell division in M phase. In
other words, the gene groups in the three phases of G1, S, and G2 may be coordinately regulated to final
event of cell division in M phase.
Apart from the number of association, a striking feature emerges by focusing the cluster association in
neighboring and non-neighboring phases.
Between G1 and S phases, the associations are found between
the clusters C1,3 and C1,6 and the clusters C2,7, C2,14, and C2,15, while the associations between G1 and
G2 phases are found between the clusters C1,1 and C1,2 and the clusters C3,7 and C3,8. Thus, the
clusters in G1 phase are separate in terms of the association between neighboring phase (C1,3 and C1,6)
and between non-neighboring phase (C1,1 and C1,2).
The separation of clusters is also found in the
clusters of S phase, with only one exception (C2,14); the association between neighboring phase (G2
phase) is found in the clusters C2,6, C2,13, C2,15, and C2,18, and that between non neighboring phase (M
phase) is in C2,7, C2,11 C2,12, and C2,17. Although the total associations between the neighboring and
non-neighboring phases are similar, the cluster pattern with the association is distinct between them.

Fig.2 Graphical chain model of regulatory relationships in the cell-cycle. The associations between clusters including
transcription factors and showing a partial correlation coefficient of more than 0.3 are drawn by arrows, according to the cell
cycle order, G1, S, G2, and M, from the top to the bottom.
The associations between neighboring blocks and those between
non-neighboring blocks are indicated by solid and broken arrows, respectively.

DISCUSSION
There are two major advantages of using the graphical chain model in analyzing gene expression profile
data.
First, all the results can be displayed in a simple mathematical graph. From this graph the
structure of the associations for the whole system under study can be ascertained very easily.
Thus, a
chain graph is a very powerful tool for displaying the results of the analysis, since it is more straightforward
to read than results presented in some tables. Second, using graphical chain models, the variables are
partitioned into several blocks.
This enables us to carry out analyses for each block and to assess the
associations between all the variables in the study. The linking of these blocks into a chain graph then
gives direct and indirect pathways between any variable and its potential determinants.
In this paper we examined the direct associations between gene clusters in four cell-cycle phases.
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The present study reveals the different patterns of conditional independency in the clusters between four
cell cycle phases.
In particular, the total association between the four phases maintains at similar degree,
but the separate cluster association is found between the neighboring and non-neighboring phases. These
results will require considerably more analysis for a definitive resolution, but the graphical chain modeling
approach provides new perspectives on the cell cycle regulation. Furthermore, these observations can not
be reduced by only standard analyses of gene expression profiles such as the clustering, indicating that the
graphical chain modeling is a useful tool for analyzing the expression profile data.
It is well known that many phenomena are observed, which the biological events occur sequentially by
coordinated regulation of some gene groups, such as the differentiation and the development.
In addition,
the gene expression profiles are frequently monitored as the time series data. According to the biological
knowledge and the time intervals, the expression profiles can be grouped into some blocks. Although
the definition of blocks in some cases depends on the biological knowledge with some ambiguity and there
are many intermediate stages between distinctive biological phenomena, the inductive modification of the
graphical chain modeling approach from the analyzed results may overwhelm the difficulty on the
biological ambiguity, and it provides new insights on the various phenomena by coordinated gene
regulation in the filed of molecular biology.
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