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Cataract is a dynamical process of lens opacity formation involving many inter- and
intracellular regulations, as well as metabolic genes and transcription factors. Using
a series of microarray-derived mRNA profiles for human cataractogenesis (Hawse et
al. Mol. Vision 2003, 9, 515-537), we develop a promoter-based system-theoretic
modeling to demonstrate model-driven prediction of gene expression levels and to
identify the role of critical cis-acting elements. In this study, 14 key mRNA expression
data from the structural and pathological molecules of age-related cataract samples
are used. The first seven genes consist of structural molecules, and the second half of
genes are composed of heat shock proteins, filensin, and glutathione peroxidase 3.
The presented result demonstrates that mRNA expression levels of structural proteins
such as crystallins can be successfully predicted from 5′ flanking regulatory DNA
sequences. In addition, predicted gene expression levels of heat shock protein, β-tubulin,
and RA-crystallin accurately estimate the stimulatory or inhibitory role of distributed
cis-acting elements, i.e., c-Myc, GATA-1, GR, NE-E, and Pit-1. Although it is difficult
to predict the overall gene expression levels in cataract samples, the present study
shows the potential use of promoter-based modeling and prediction of the gene
expression levels for age-related cataract.

Introduction
Cataract is the most common cause of blindness
worldwide. It is in general associated with the breakdown
of a lens architecture (1). Further, it is well-known as a
complex pathological process featuring the abnormal
modification of crystallins and extracellular matrices
leading to opacity of the lens (2, 3). Although age-related
cataract is widely prevalent, most advances have been
made in the genetic studies of cataract formation (4).
Recently, the development of microarray technology
enables us to detect genes that show significant changes
in their gene expressions when normal and cataractous
classes of samples are being compared. Although the
spectrum of genes has been revealed, the detailed relationship between genes and their role for cataract is
nevertheless largely unknown (5). However, the identification of genes differentially regulated for age-related
cataract formation provides an important insight into
molecular mechanisms of cataract. For instance, the
function of crystallins as a chaperone has been recently
reported, whereas the specific function of R-crystallin and
β2-crystallin is not yet completely known (3, 6, 7).
Despite the enormous volumes of experimental microarray mRNA data, their practical utilization is still
limited by the repeated confirmation through the conventional cell and molecular biology approaches. How* To whom correspondence should be addressed. Tel: +82-2887-2650. Fax: +82-2-887-2692. E-mail: ckh-sb@snu.ac.kr.
† School of Electrical Engineering and Computer Science.
‡ College of Medicine and Korea Bio-MAX Institute.
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ever, recent studies have shown that high throughput
empirical microarray mRNA data can lead to useful
mathematical modeling, and the predicted model can
further generate testable hypotheses of biological systems
(8-10). These studies have also shown the implementation of system-theoretic modeling of gene expression
levels in conjuction with the microarray data featuring
an intracellular and interconnected gene network responsible for the states of complex biological systems. It
is now widely accepted that a theoretical modeling
approach can provide a useful insight into the massive
empirical data by formulating a verifiable hypothesis for
biological systems (11, 12).
In this study, a promoter-based system-theoretic approach is employed to predict the gene expression levels
in age-related cataract samples. Using the microarraybased mRNA expression profiles reported by Hawse et
al. (13), we focus on 14 documented genes of lens
architecture and pathology, including major structural
proteins RA-crystallin and β2-crystallin. The proposed
approach can also predict the stimulatory or inhibitory
role by the combination of cis-acting elements that have
been assumed to most dominantly regulate the mRNA
expression levels (8, 14).

Materials and Methods
Definition of mRNA Expression Ratios. The microarray-based mRNA expression profiles of the selected
genes, involved in the human age-related cataract, are
obtained from the data published by Hawse et al. (13).
The logarithmic fold changes in mRNA levels are deter-
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mined for 14 genes, whose 5′-end flanking DNA sequence
is identifiable from the GenBank (NIH, Maryland). The
positive or negative logarithmic ratio indicates upregulation or down-regulation compared to the normal
lens, respectively.
Samples. The mRNA expression levels of seven structural molecules including crystallin-βB1, -βB2, -βA4, -RA,
-βB, β-tubulin, keratin 19, and amyloid-β peptide (APP)
are obtained from the study by Hawse et al. The 5′-end
upstream regulatory region is used for the modeling. The
accession numbers were U09951 (crystallin βB1), U22455
(crystallin βB2), U18260 (crystallin βA4), J00375 (crystallin RA), Z22573 (crystallin γB), AF417567 (β-tubulin),
AF089865 (keratin 19), and AF067971 (amyloid-β peptide). Cis-acting elements such as GR, NF-E2, Pit-1,
GATA-1, NF-E, Pit-1, c-Myc, et al. are considered.
We also focus on 7 genes such as heat shock proteins,
filensin, glutathione peroxidase 3, and serine-threonine
kinase. The accession numbers are AB010375 (filensin),
X83230 (heat shock protein 90β), AF139178 (heat shock
protein 70.2), X04009 (heat shock protein 27), AY552097
(glutathione peroxidase 3), and U01337 (serine-threonine
kinase).
Formulation of a Promoter-Based Linear Model.
The logarithmic mRNA ratios for the 14 selected genes
are estimated using a promoter matrix H (n,m) where n
is the number of genes, and m is the number of putative
cis-acting elements selected from the software SIGSCAN
(Advance Biosciences Computing Center, University of
Minnesota, MN). The promoter-based linear model has
two inputs of “mRNA expression data” and “information
on cis-acting DNA regulatory elements”. The linear model
is designed such that it minimizes the mismatch between
the experimental mRNA levels and the predicted mRNA
levels. The present mathematical formulation allow us
to highlight the merits and limitations of linear approximation in analyzing complex eukaryotic transcriptional regulations.
With the understanding that DNA cis-acting regulatory elements can be regulated with precision, we introduced a linear least-squares model. Based on the 5′flanking regulatory elements in the promoter, we counted
the number of cis-acting elements for each gene. Then,
we experimentally modeled the observed mRNA levels
using a weighted sum of the frequency of the selected
cis-acting elements. Employing the estimation theory in
systems science (14), the ratio of mRNA expression levels
and a state vector can be modeled by
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where z denotes the logarithmic ratio of mRNA expression levels, x indicates the state vector representing
contribution of the individual cis-acting element to the
measured mRNA levels, H (n,m) is a promoter matrix
with an element hij representing the number of frequencies of the jth cis-acting element appeared in the 5′-end
flanking DNA sequence of the ith gene, and HA (m,m) is
a m×m promoter-associated diagonal matrix whose jth
diagonal component weighs a contribution of the jth cisacting element to the measured transcript levels. A
positive or negative value in the element of x indicates
the a stimulatory or inhibitory effect on z, respectively.

Figure 1. Schematic diagram of the proposed system-theoretic
gene expression prediction. System-theoretic prediction of gene
expression levels using logarithmic ratios of known mRNA
expression levels in human age-related cataract samples.
Table 1. Selected genes for promoter-based modeling
genes

origin

sizes

heat shock protein 90β
heat shock protein 70.2
heat shock protein 27
β-tubulin
keratin 19
amyloid-β peptide
filensin
glutathione peroxidase 3
serine-threonine kinase
crystallin βB1
crystallin βB2
crystallin βA4
crystallin RA
crystallin γB

Gallus
Sus scrofa
Drosophila melanogaster
Crypthecodinium cohnii
Rattus norvegicus
Macaca mulatta
Mus musculus
Homo sapiens
human
Gallus
Mus musculus
Gallus
mouse
Mus musculus

3069
460
581
517
1407
5850
2248
1340
1380
2350
600
2160
440
650

Estimation of the Temporal State of Cis-Acting
Elements. The state of x was estimated using an inverse
matrix:

x ) (HTAHTHHA)-1HTAHTz

(2)

To evaluate the effectiveness of the selected cis-acting
elements on the mRNA expression, the eigenvalue and
the eigenvector of the matrix A ) HTAHTHHA were
analyzed. For a linear equation, there exists a scalar λ
and a vector y such that Ay ) λy holds where λ is called
an eigenvalue and y is called an eigenvector corresponding to λ.
Regulatory Network with the Predicted CisActing Elements. The stimulatory or inhibitory role of
the model-predicted cis-acting elements is illustrated in
a regulatory network for the 14 selected genes as a
genomic cis-regulatory logic. A linkage map between the
known cis-acting elements and the predicted cis-acting
elements are drawn based on a sequence similarity.
Matrix operations such as multiplication, transposition,
and inversion as well as the computation of eigenvectors
and eigenvalues were conducted using MATLAB (version
6, The Math Works Inc.)

Results
Selection of Genes. To examine the promoter-based
modeling of gene expression levels, 14 mRNA microarray
data of logarithmic fold changes in age-related cataract
samples are used. Those are mainly composed of crystallins, a major structural molecule of the lens, intracellular signaling molecules, matrix proteins, and others.
The selected genes are listed in Table 1.
Determination of the Promoter Matrix H. A
schematic procedure of promoter-based modeling is illustrated in Figure 1. The candidates for potential cisacting elements were identified using the software SIGSCAN (University of Minnesota, MN), as described in
Materials and Methods. To determine the promoter-based
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Figure 2. Classification of genes according to the transcription factor binding motifs of the selected genes for 250-bp promoters.
Using the putative cis-acting elements on 250-bp upstream DNA sequences, the data sets are divided into the transcript levels of
structural molecules and intracellular proteins.

Figure 3. Map of cis-acting elements for RA-crystallin, filensin, and amyloid-β peptide. Distribution of cis-acting motifs on 250-bp
upstream sequences where GR, NF-1, c-Myc, Sp1, LF-A1, etc. were represented, respectively.

matrix H, we mainly focused on 5′-end flanking DNA
sequences of selected genes. The selected cis-acting
elements from 5-bp DNA sequences were 5′-TGACTCA3′ (AP1), 5′-CCACC-3′ (CAC-binding_pro), 5′-CAGAG-3′
(GR), 5′-GCCA-3′ (NF-1), 5′-TGCAC-3′ (SP1), and 5′GATTTC-3′ (H4TF-1). The number of putative cis-acting
elements in the regulatory DNA region of the selected
genes is shown in Figure 2. In addition, the selected
promoter matrix H featuring Figure 4A is shown in Table
2.
Modeling of mRNA Gene Expression Levels. Using the putative cis-acting elements on 5′ flanking DNA
sequences (Figure 3), the expression level of each gene
pair (i.e., reference vs unknown) is derived from the
measured expression level in logarithmic mRNA expression ratios. In both measured and predicted gene expression levels, the positive or negative value suggests upregulation or down-regulation with respect to the expression
levels of normal lenses, respectively (Figure 4).
In promoter-based modeling, two major modeling factors implemented are the size of regulatory DNA regions
and the number of genes. We predict the mRNA levels

of selected genes from the mRNA levels of counterpart
genes. The predicted patterns of the mRNA expression
levels are illustrated for the selected genes (Figure 4).
Nine out of 10 cases are properly predicted, whereas the
case of crystalline beta B2 is slightly off. Interestingly,
the size of a promoter does not necessarily guarantee
successful prediction of the gene expression level (Figure
5A). However, the number of genes used for promoter
matrix H is well fitted by successful prediction of gene
expression levels (Figure 5B).
State Estimation of the Predicted Cis-Acting
Elements. The temporal alteration of the state variable
x, which represents the contribution of the predicted cisacting elements, is plotted in Figure 6. The level of zero
indicates no contribution, whereas the positive or negative values suggest the stimulatory or inhibitory roles,
respectively. The temporal levels change significantly
from the normal to the cataractous lenses. For crystallin
RA, six out of 18 cis-acting elements (GR, LF-A1, NF-1,
NF-E, NF-E2, and SP1) are predicted to play the stimulatory role at all time points, while three cis-acting
elements (CP1, myogenin, TBP) are predicted to have no
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Figure 4. Comparison of the measured mRNA and the predicted mRNA levels. Ten genes are grouped into two categories. The
measured and the predicted expression levels of each gene are shown by the gray colored lines for predicted expression whereas the
bottom black indicates the measured expression. In addition, the positive or negative values illustrate the alteration of mRNA
expression levels.
Table 2. Promoter matrix H for Figure 4A
cis-acting element
gene
Hsp90β
Hsp70.2
Hsp27
β-tubulin
keratin 19

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14.
0
2
1
1
0

0
0
0
1
0

0
0
0
1
0

0
0
1
0
0

2
0
0
2
2

1
1
3
4
5

0
1
0
1
2

2
7
1
6
8

2
0
0
0
5

1
1
3
0
0

0
1
0
0
0

3
0
3
1
1

0
5
2
1
0

0
1
0
0
0

contribution at all. Similarly, for Hsp 27, 10 out of 17
cis-acting elements (R-CBF, CAC-binding_pro, c-Myb,
c-Myc, F2F, GR, NF-1, NF-1/L, NF-E2, Pit-1, and Sp1)
are predicted to play a negative role at all time points,
while two cis-acting elements (NF-2, TGF3) were modeled
to have a stimulatory role in the gene expression level.

Discussion
The purpose of microarray technology is to detect genes
that show significant changes in their expression levels
when two classes of samples are being compared. In this
paper, we have presented a 5′-flanking DNA sequence
based model with parameters for the promoter matrix,
the overall level of gene expression, and the change of
expression levels across the human cataractous samples.
We have presented and applied our modeling in the

context of gene expressions measured by microarray
technology (13, 15, 16). We have successfully dealt with
the vast amount of data generated logistically to predict
the gene expression profiling associated with the particular ocular disease cataract and to show the potential
benefits in ophthalmic research (16).
A pool of 5′-flanking DNA sequences of structural and
molecular genes have been used as modeling library to
predict mRNA expression levels of age-related cataract
and to analyze the role of cis-acting elements corresponding to its regulated genes. The presented results have
demonstrated the feasibility of predicting the mRNA
expression levels of structural genes from molecular
genes or vice versa and identifying the role of putative
cis-acting elements from the estimated eigenvalue and
eigenvector of 5′-flanking pooled DNA sequences (Figure
6).
Although the presented system-theoretic modeling
approach has shown an interesting similarity to the work
of Qian et al. (10), there is one fundamental difference
between the current work and Qian’s work regarding the
formulation of a promoter matrix for the estimation of
the measurement variable (i.e., mRNA expression level).
A bias-free simple sequential determination of the 5′flanking DNA sequences of the promoter matrix seems

1036

Biotechnol. Prog., 2005, Vol. 21, No. 4

Figure 5. Effect of a promoter size and the number of genes
for predicted mRNA expression levels. 5′-Flanking regulatory
regions of 250-, 500-, and 1000-bp length are evaluated. The
vertical line indicates the percentage of the predicted vs
measured value for the selected genes. A transcript level of “n”
genes is plotted on the x-axis, and the percentage of predicted/
measured is plotted on the y-axis.

to surpass the performance of Qian’s complex linear
square estimated modeling. However, it is also noteworthy to point out the interspecies variation and correlation among the genes for the successful prediction of
mRNA expression levels (Figure 5).
In this study, the selected genes are equally distributed
among the gene classes of the oxidoreductase, structural
molecule, chaperone, heat shock protein, and the ligand
binding. All of the selected genes are known to have a
significant role in biological and molecular functioning
during cataractogenesis (17). Furthermore, the selected
genes can be the representative of the overall expression
in the lens since they constitute the major gene classes
of the lens (13, 17).
As previously demonstrated in Materials and Methods,
the combination of cis-acting elements (i.e., eigenvectors)
and the associated values (i.e., eigenvalues) results in the
predicted role of cis-acting elements. In particular, the
positive values of GR, NF-1, and SP1 in the primary
eigenvector for crystallin RA suggest a stimulatory effect
of transcriptions as shown in Figure 6B. Moreover, a
stimulatory role of the glucocorticoid receptor (GR), which
is theoretically identified by the 250-bp model, experimentally well accords with the recent study as demonstrated by Jobling et al. (7).
In general, temporal or transient alteration of gene
expressions is governed by the limited number of transcription factors closely related to a given cis-element of
a specific gene. It is intriguing to notice that TBP does

Figure 6. Estimated role of cis-acting elements. The predicted
role of active cis-elements for heat shock protein 27, crystalline
RA, and β-tubulin is demonstrated. The vertical axis ranges from
-10 (strong inhibitory) to +10 (strong stimulatory).

Biotechnol. Prog., 2005, Vol. 21, No. 4

not contribute to the RA-crystallin gene expression
(Figure 6B) since TBP has been usually considered as
one of the essential and general transcription factors.
However, previous studies by Sax et al. have also
demonstrated that the ability of the RA-crystallin promoter to function in the absence of TBP is mainly due to
the role of other proteins such as Sp1, which bound on
the RA-crystallin promoter (18). Furthermore, the role
of transcription factor SP1, which has been previously
reported to play a critical role in lens differentiation and
cataractogenesis, is in accord with the predicted role for
hsp 27, β-tubulin, and RA-crystallin (Figure 6B) (19-21).
Although the accurate identification of 5′ flanking DNA
regulatory sequences still remains as a future challenge,
we have shown the significance of systems biological
approach in terms of predicting gene expression levels
(10, 12, 22). The previous result of expressed sequence
tag analysis (23) of the human lens showed that the most
abundant transcripts in the unnormalized adult human
lens library is dominated by the chaperone, structural
molecule, and oxidation related transcripts, which is in
accord with the result of the present study. However,
further experimental confirmation of the model-driven
prediction using such as electrophoretic mobility shift
assay (EMSA) and reverse transcriptase-polymerase
chain reaction (RT-PCR) remains as an important ingredient to strengthen the system-theoretic approach as
proposed in this study. Moreover, the comparison of the
proposed predictive model with other research groups
remains as a further study.
In conclusion, the proposed promoter-based systemtheoretic approach has shown the successful prediction
of the gene expression levels and the role of cis-acting
elements in age-related cataract. This system-theoretic
approach is further applicable to normal lens developmental processes based on an extensive interplay between the dry-lab modeling and the wet-lab high throughput microarray mRNA data.
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