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Color of Each Overlap Block

Since the statistical significance of the number of common genes between two different clusters is
represented as the height of a block, the color of a block can be used to represent other information. In
the current prototype, the CODM provides three color modes.

(a) Redundant Visualization

The first is a represenfation of the evaluation values of overlaps using a gray scale. This redundant
representation helps users comprehend the distribution of the relative evaluation values of overlaps.

(b) Similarity of Expression Patterns

The second is a representation of the similarity of expression patterns between two clusters, from red to
blue. The similarity f{T, S) of expression patterns between cluster T on TOL and cluster § on SHAM was
defined using the average of the square of the Euclidean distance between them. Assuming that Nrs is
the number of common genes in T and S, xy; and yy; are normalized expression levels of a common gene

k at time 7; on TOL and SHAM, respectively. The similarity AT, S) was defined as follows.

Nrs 12
f(T’S)=1‘K,1—ZZ(Ik;-yﬁf )

75 k=l i=l

Since {x4} and {ys} (i = 1,2,...12) satisfy Equations 1 and 2, the range of {7, §) is -1 to 1 and f{(7, 5)

can be rewritten as follows (See Appendix).
Ny 12

1
f(T.8)= N, ;gzxk;‘}’m (6)

In the CODM, the similarity AT, S) was represented as the color of the block from red (A7, $) = 1) to
blue (KT, S) = -1). Roughly speaking, red indicates that expression patterns between the two clusters are
similar and blue indicates they have a negative correlation. In addition, purple (f{7, §) = 0) indicates they

have no correlation or genes of one cluster have no changes in expression levels (ie. Vx; =0 or

VY =0)
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As mentioned above, if genes in a certain cluster based on SHAM also constitute a cluster in TOL,

but the expression level in SHAM is significantly different from that in TOL, these genes provide
potential markers for the cause of ischemic tolerance. Strong candidates will appear as tall blue or purple
blocks. CODM allows users to easily look for such blocks, with interactively controlling the thresholds.

(¢) Relationship with a Known Gene Classification

The third type of information is a representation of the relationship between overlapping genes and a
known gene classification. If statistically significant representation of genes within a particular class is
observed among the overlapping genes, the block is color-coded according to the class. The level of
statistical significance of the representation of genes within a particular class is evaluated using Equation
3, where (g) is the total number of genes that are classified by the known classification, (n,) is the
number of genes which are classified by the known classification among overlapping genes, (n3) is the
total number of genes within a class based on the known gene classification, and (%) is the observed
number of genes found in both the given overlapping genes and the given class according to the known
gene classification,

In this report, we associated overlapping genes with 8 types of transcription factors (HIF, ARNT and
EGR families), which were reported to have a relationship with ischemia (5,8,18,19). We extracted
complete sequences of 1.0 kb upstream and 0.1 kb downstream for 2,816 UniGenes among the 5,249
UniGenes corresponding to 8,737 probes on RG-U34A. The 1.1 kb sequences of the 2,816 UniGenes
were searched to determine if they correspond to the TRASFAC matrices v7.2 (11) with the threshold
set to “Minimum False Negative”. Table 1 shows the names of the transcription factors, the number of
UniGenes that correspond to each transcription factor, and the thresholds for matching. In CODM, we
color-coded overlap blocks which contain statistically meaningful number of genes with putative
transcription factor binding sites. If an overlap block represents statistical significance for multiple

transcription factors’ putative binding sites, only a single transcription factor with the highest evaluation
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value was visualized. However, the CODM allows users to click overlap blocks and browse

description messages (in a console window) for the relationships with all of the transcription factors.

3. Results and Discussion

Figures 4 shows the visualization results of the comparison between TOL and SHAM in the mode of
redundant visualization, thc‘similarity of the expression patterns, and the relationships with known gene
classifications (transcription factors). In the figure, the cut level for the distance for hierarchical
clustering was 0.74, and all overlap blocks with 2.0 or higher evaluation values are displayed as a 3D
histogram. As the figure shows, the CODM provides not only a 3D mode but also a 2D mode where
users can see a projected overhead view of the 3D mode. In the 3D mode, the statistical significance of
the overlaps between clusters and the differences in expression levels between the clusters can be
simultaneously represented, since we can use the height and color of blocks. However, it is a little
difficult to recognize the expression patterns of clusters that generate an overlapping block. For this
purpose, the 2D mode is better, although the 2D mode of CODM can visualize only a single species of
information at a time, i.e. the statistical significance of the overlaps or the differences in expression
levels between clusters, or relationships with known gene classification. Therefore, it is useful to
interactively change the mode as required. Exploration by changing the color-mode and the 2D and 3D
modes allowed us to pick up 3 potentially important overlap blocks (Figure 4). The information for these
3 overlap blocks is shown in Table 2, their gene lists are shown in the Supplement Tables, and their
expression patterns are shown in Figure 5. |

As stated above, we assumed that there are four issues for a comparison of clustering results: changes
in the composition of the cluster sets, changes in the expression patterns, relationships with other l-cnown

gene information, and threshold problems. The CODM enables us to address these issues as follows.
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Changes in the composition of the cluster sets

As shown in Figures 4a and 4b, the CODM can intuitively visualize changes in the composition of the
cluster sets as 3D histograms. That is, the dissimilarity of the expression level under SHAM divides each
cluster on TOL into specific sub-clusters and these sub-clusters are displayed along the Y-axis. In the
same manner, the relationships between each cluster of SHAM and all of the clusters of TOL are
displayed on the X-axis. If a clustering analysis is conducted for the merged data of TOL and SHAM,
these sub-clusters would be scattered and it would be difficult to intuitively observe the relationships of
the compositions of the cluster sets.

Changes in the expression pattern

A comparison of the dynamic changes of gene expression level across time under various conditions
provides a useful tool for interpreting complex biological processes. However, there are generally many
false candidate genes whose expression patterns between two different conditions are different purely by
chance. For the comparison between TOL and SHAM, only 357 probes (of the 3,363 selected probes)
had 0.8 or higher correlation coefficient values of expression pattern between the two conditions. On the
other hand, 756 probes had negative correlation coefficient values. As stated above, the difference of
macroscopic phenomena that the conditions exﬁibit results from the difference of expression of not a
single gene, but of multiple genes. Therefore, it is quite important to search for genes whose expression
patterns changed in a similar fashion between different conditions. Figures 4c and 4d show that the
CODM can simultaneously depict the statistical significance of the overlaps between clusters and the
differences in their expression patterns. In this mode, tall blocks colored blue or purple, such as block B
and C, would be good candidates, since their similarity of expression patterns were negative (-0.28 and
-0.23), while the two clusters under different conditions share a statistically meaningful number of
common genes (E = 53.3 and E = 34.8). Note that, the objective of the CODM is to identify such
potentially important pairs of clusters from massive combinations. To further understand the

significance of the expression patterns., it would be a desirable approach to combine CODM with other
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visualization tools for line graphical view of expression patters, as shown in Figure 5. The expression

of genes in TOL in block B was up-regulated, compared to SHAM, at early-stage, i.e. 1h, 3h, and 12h,
On the other hand, the expression of genes in TOL in block C was down-regulated, compared to SHAM,
at early-stage, i.e. 1h, and 3h. Once again, CODM enabled us to easily detect candidate genes of this

type.

Integration with other known gene information

In gene expression analysis, interpretation and validation of the results should be performed in the
context of what is already known about the genes being analyzed. CODM allows us to associate the
results with other such gene information and narrow down candidates. Figures 4e and 4f show the
relationships between 8 types of transcription factors (HIF, ARNT and EGR families —see Table 1),
which were reported to have a relationship with ischemia (5,8,18,19). In the figures, overlap blocks with
2.0 or higher evaluation values for the representation of genes with putative transcription factor binding
sites were color-coded. Table 2 shows that overlap blocks A, B, and C implied relationship with the
transcription factors (E>2.0). This example illustrates the utility of representing relationships with other
known gene associated information by use of the color of overlap blocks, although it may be difficult to
extract biological conclusions due to the limited number of genes with the putative binding sites in the
overlap blocks. If binding-site information from more genes becomes available, more detailed analysis
of resuﬁs will be possible. Furthermore, representation of relationships with other known gene
classifications should provide us with deeper insights.

Threshold problems

Arbitrary selection of thresholds involves a risk of overlooking important genes. In a comparison of
cluster sets on gene expression profiles, there are four types of thresholds: 1) a threshold for generating
clusters for each condition; 2) a threshold for evaluating the number of common genes that two clusters

share; 3) a threshold for evaluating the differences in the expression patterns between two clusters; and
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4) a threshold for evaluating the relationship with other known gene information. The CODM reduces

the number of thresholds and allows users to interactively change the thresholds as follows.

1) Threshold for generating clusters for each condition

Since conventional hierarchical clustering does not focus on sub-clusters that are included in other
clusters, there is a risk that the important sub-clusters could be overlooked. In the CODM, overlaps of
genes between any two clusters of TOL and SHAM are statistically evaluated, even if they are included
in other clusters. In addition, the CODM allows users to interactively change the cut level, in order to
reduce the risk that a small overlap block may be hidden in a large block (Figure 6). Therefore, by
considering the homogeneity of clusters and the relationships with other known gene information, the
user should be able to find the important genes displayed as blocks.

2) Threshold for evaluating the number of common genes shared by two clusters.

In CODM, the statistical significance of the number of common genes between two different clusters is
represented as the height of a Block, and statistical significance of the overlap of all combinations of
clusters are displayed as a 3D histogram at the same time. Therefore, without the selection of an
arbitrary threshold, the distribution of the statistical significance of the overlap is effectively displayed.
Although (to reduce the rendering load) Figure 4 shows only overlap blocks with 2.0 or higher
evaluation values of the overlap, users can interactively change this value.

3) Threshold for evaluating the differences in the expression patterns between two clusters

CODM represents the differences in the expression patterns between two clusters by the color of the
blocks ranging froml red to blue. Therefore, the distribution of differences in the expression patterns of
all combinations of clusters is displayed at the same time, without any selection of an arbitrary
threshold.

4) Threshold for evaluating the relationships with other known gene information.
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Although only overlap blocks with 2.0 or higher evaluation values for the representation of genes with

putative transcription factor binding sites were color-coded in Figures 4e and 4f, users can interactively
change this value.
4. Conclusion

In this report we described the characteristics of the Cluster Overlap Distribution Map (CODM)
method, a visualization tool for comparing clustering results of gene expression profiles under two
different conditions. In CODM, the utilization of three-dimensional space and color allows us to
intuitively visualize changes in the composition of cluster sets, changes in the expression patterns of
genes between the two conditions, and the relationships with a known gene classification such as
transcription factors, Comparison of dynamic changes of gene expression levels across time -under
different conditions is required in a wide variety of fields of gene expression analysis, including
toxicogenomics and pharmacogenomics. Since CODM integrates and simultaneously visnalizes various

types of information across clustering results, it can be applied to various analyses in these fields.
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Appendix Similarity f(T,S)

Nes 12
2

f(T §)= 1~N—22(xk. Yu)’

T8 ksl i=l

l“wzﬁ{Z(xh + Yy ) szhyfu

TZSkl i=l

-1———2{1 S 2reye) G Y 4y =1 )

TS k=1 i=1
Nrs 12

_Zzthykl
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(2) The similarity f{T, S) satisfies the following inequality:
-1< f(T,85)<1

Proof.
Since f(T,S)<1 is obvious, we only need to prove—1< f(7T,S). We begin by showing that

2
g=)2xy 2-1

i=1

where

12 1 2
Y+ =1
We consider the Lagrangian function

L= Z'ny,+l{2(x +yH-1)

where 4 1is a Lagrange undetermined multiplier. By taking the derivative, we convert the constrained

optimization problem into an unconstrained problem as follows:

Lo 9y +22x=0 (i=1..12)
ax;

—Q£=2x,.+2/1 y, =0 i=1..12)

12
%—Z(x +y,) 1=0
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The solutions of this problem are

B x =y (i=12,.,12), A=~1 ===> g has the maximum value 1
or

(i) x=-y, (i=12,..,12), =1 ===> g has the minimum value -1

Therefore,

Nps 12

1
fT,8)= _‘_Z szkiykr'
Ny
Nys

.
Nps o
=-1

2

(-1)
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Table 1. Transcription factors linked to ischemia

transcription # of
factgr UniGenes thresholds
VSAHRARNT_01 540 0.92
[VSAHRARNT 02 4 0.91
V$HIF1_Q3 955 0.55
V$HIF1_Q5 507 0.87
V$EGRI1_01 143 0.87
V$EGR2_01 92 0.89
V$EGR3_01 26 0.93
VSNGFIC_01 143 0.88

In CODM, changes in the composition of the cluster sets and changes in the expression patterns between
different conditions were associated with 8 types of transcription factors (HIF, ARNT and EGR
families), which are all known to mediate response to ischemia. We extracted UniGenes which contain
putative binding sites for the transcription factors, and correspond to probes on RG-U34A (Affymetrix,
Santa Clara, CA). This table shows the names of the transcription factors, the number of UniGenes and

the thresholds for matching.
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Table 2, Information about 3 overlap blocks

Overlap [# of UniGenes in|# of UniGenes in Unigezigo(?vl:lcza :tion similarity | Binding-sites of transcription factors :
block | cluster of TOL | cluster of SHAM value) AT.S) # of genes (evaluation value)
A 156 147 54(E=46.9) 0.42 VSAHRARNT 01: 14 (E=2.10)
B 190 132 60 (E=53.3) -0.28 VSEGRI_01:6(E=201)
C 99 207 43 (E=34.8) -0.23 VEHIF1_Q3: 11 (E=2.33)

Exploration with CODM allowed us to pick up 3 potentially important overlap blocks. This table shows
the information for these 3 overlap blocks. The “# of UniGenes in cluster of TOL(/SHAM)” is the
number of UniGenes which correspond to probes included in a cluster of TOL(/SHAM). The “# of
common UniGenes (evaluation value)” is the number of common genes shared between the clusters of
TOL and SHAM and its statistical evaluation value. The “similarity f (T, S)” is the similarity of the
expression patterns between the clusters of TOL and SHAM. The range of similarity f (T, S) is
—1(dissimilar} to 1(similar). The “Binding-sites of transcription factors” shows the name of putative
binding-sites of transcription factors, the number of common genes that share the same binding-sites,
and the statistical evaluation value of the number of common genes with the same binding-sites, if the

evaluation value is 2.0 or higher.
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Figures and Figure Legends

Figure 1. Hierarchical clustering of TOL and SHAM

We obtained time series ({Oh, 1h, 3h, 12h, 24h, 48h} x 2) microarray data from rats with induced
ischemic tolerance (tolerant rats: TOL) and rats with sham operation (sham rats: SHAM). In the
analysis, we used these datasets as 12 time-points ({0Oa, Ob, la, 1b, 3a, 3b, ...., 48a, 48b} = {T3} (i =
1,2,...,12)) datasets on TOL and SHAM, respectively. After preprocessing and normalization,
hierarchical clustering analysis based on Euclidian distances was then performed for each dataset

independently.
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Figure 2. Overlap Block of Two Clusters

The dendrogram of TOL is mapped to the X-axis and that of SHAM is mapped to the Y-axis. Then, for

the area (R;) determined by a cluster on the X-axis (X)) and a cluster on the Y-axis (¥}), a block whose
. height represents E(g, n., ny;, k;) (statistical evaluation values of the overlaps between X; and a ¥},) is

displayed, where (g) is the total number of genes, (n.) is the number of genes in (X;), (ny) is the number

of genes in (¥}), and (k) is the number of overlap genes between (X;) and (Y)).
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Figure 3. Relationships of Two Blocks

In CODM, all of the clusters are dealt with equally, regardless of their difference levels (i.e. their
homogeneity). Even if they are included in other clusters, all of the statistical significance of the number
of common genes between clusters is simultaneously visualized. Figure 3 shows that there is a risk that a
small overlap blocks may be hidden in a large block. Assume that the clusters X; and Y, are included in
X; and Y,, respectively. Then, if the evaluation value Ej, is less than Ej,, the small block By, will be

hidden within the large block By, (Figure 3a).
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Figure 4. Visualizations for Comparison of Clustering Results of TOL and SHAM
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This figure shows visualization results of the comparisons between TOL and SHAM in the mode of

redundant visualization (Figures 4a and 4b), similarity of the expression patterns (Figures 4¢ and 4d),
and the relationships with transcription factors (Figures 4e and 4f). In these figures, the cut level of the
distance for hierarchical clustering was 0.74, and all of the overlap blocks with 2.0 or higher evaluation
values are displayed as 3D histograms. As the figures show, the CODM provides not only a 3D mode
(Figures 4b, 4d, and 4f) but also a 2D mode (Figures 4a, 4c, and 4e) where users can see a projected
overhead view of the 3D mode.

In the mode showing the relationships with the transcription factors (Figures 4e and 4f), we considered
the relationships with 8 types of transcription factors (HIF, ARNT and EGR families), which are known
to mediate response to ischemia. In these figures, only overlap blocks with 2.0 or higher evaluation
values of the number of genes with putative transcription factor binding sites were color-coded. Where
an overlap block represents statistical significance for multiple transcription factors’ putative binding
sites, only the transcription factor with the highest evaluation value was visualized.

Exploration through changing the color-mode and the 2D&3D mode allowed us to pick up 3 potentially
important overlap blocks which represented high evaluation values of the number of genes with the

binding-sites (E > 2.0).
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Figure 5, Expression Patterns of genes in the 3 overlap blocks
These figures show the expression patterns of common genes for the 3 overlap blocks which were
picked up through exploration with CODM (Figure 4). The “Expression Patterns of Cluster T; (/S)” (i =

a,b,c) are the expression patterns of the common genes of the overlap block i in TOL(/SHAM).

—151—



