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ABSTRACT

The discernment of gene expression changes at the molecular level presents great opportunities to conquer
human disease; therefore it is important that these data find use in clinical practice. Here an example is given of
how gene expression data may be used in the prediction of the severity of heart disease leading to cardiac hyper-
trophy (enlargement of heart muscle). Using a mathematical modeling approach based on cellular automata and
available temporal expression gene profiles, the rate of development of hypertrophy in cardiomyocytes was
studied. In the model, during 5% of the time transcriptional activation of genes resulted in significant increases
in heart muscle mass. For hypertrophy originating in one or a few cells, the spread of the lesion occurs as a
result of the intercellular transmission of information from the ‘seed’ cells to neighbors. Model output indi-
cated that signal transmission time correlated with net increases in cardiomyocyte mass. There was a threshold
signal time of 12 minutes, below which net mass increase was negligible. This implies that certain persons with
a tendency to short transmission times would probably not suffer heart damage even while experiencing limited
heart muscle growth, in the event of hemodynamic overload. We hypothesize that anti-hypertrophic drugs actually
reduce the transcellular signal transmission time, resulting in reduced incidence/severity of heart disease.
Keywords: angiotensin II, a-actin, anti-hypertrophic drug action, cellular automata, gene expression, left
ventricular hypertrophy, left ventricular mass increase, MHC-f, myosin light chain, TGFp.

1 INTRODUCTION
Many diseases such as cancer, cardiac hypertrophy, Alzheimer, diabetes and so on arise from genetic
changes. As only certain people contract a given disease there must be factors that initiate the onset
of the disease. Further, only in certain cases does the disease spread. The initiation and spread will
be disease dependent and the present paper shows how typically the process may work. The example
discussed here is how gene expression data may be used in the prediction of the severity of heart
disease leading to cardiac hypertrophy. The advent of large-scale differential gene expression array
technology (LSDGE) is making massive data sets available for detailed examination. These data can
be useful in clinical practice to predict disease development. We chose to model the development of
cardiac hypertrophy, the enlargement of heart muscle, using available gene expression data. Cardiac
hypertrophy, although an adaptive change that can be beneficial when limited, has many serious
consequences when uncontrolled, resulting in arrhythmias and ischemic heart disease. Specific
changes in cardiomyocytes during the development of cardiac hypertrophy include the induction of
‘immediate-early’ genes (heat shock protein genes and proto-oncogenes), changes in gene expres-
sion (re-expression of fetal genes) and increased protein synthesis [1]. The first step in the progress
towards lesion development is believed to be the transcription of a gene responding to a provocative
stimulus, producing a messenger RNA (mRNA) followed by translation into a protein or proteins.
Proteins frequently act as signal transduction molecules, transmitting signals within and between
cells. In response to mechanical stress resulting in the stretching of myocytes, signals may be gener-
ated that direct cardiomyocytes to increase their size without dividing, i.e. hypertrophy. While
originating in a few cells, this signal may eventually be transmitted through cascade amplification to
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all cells in the tissue, finally affecting the entire organ. For a complete review of the mechanosensors
and signal transduction pathways believed to participate in the development of cardiac hypertrophy,
see [1].

Enlargement of the left ventricle of the heart with a resultant increase in heart muscle mass, which
can be due to hemodynamic overload, is known as left ventricular hypertrophy (LVH). The expres-
sion or release of several growth factors and hormones within myocytes comprising the heart muscle
wall is known to be involved indirectly in cardiac hypertrophy, among them angiotensin II (Ang II),
endothelin I and transforming growth factor B (TGF-P) [2]. Since 1934, increases in blood pressure
have been known to occur as a result of the release of the hormone Ang II [3] in humans, and Ang II
produces myocyte enlargement within the left ventricle [4]. Ang II stimulates myocytes by binding
to its cognate (G-protein coupled) receptors on myocyte plasmalemma surfaces and initiating signal
cascades within the cells. Myocytes have intimate cell—cell contact with one another and possess gap
junctions consisting of intercalated discs (desmosomes) capable of passing signals rapidly from cell
to cell. Electrical coupling through gap junctions synchronizes the contractions of heart muscle
cells. The myocytes are in sheets approximately parallel to the inside surface of the ventricle wall for
a considerable distance into the myocardium [5] forming a functional syncytium [6]. The electrical
signals propagate rapidly in the parallel direction by cell-cell communication through the gap junc-
tions, while in the direction normal to the sheets of cells, electrical signals are transmitted by ionic
conduction. In lieu of specific knowledge concerning the transmission of mRNA-generated signals,
the latter are here assumed to follow paths similar to the electrical signals. Myocyte contractile pro-
teins, cardiac muscle thin actin and thick myosin filaments are arranged in orderly arrays of myofibrils
forming contractile sarcomeres and generating a striated appearance. The sarcomeres are covered by
the membranous sarcolemma and surrounded by a membranous network, the sacroplasmic reticu-
lum that abuts a transverse T-tubule network. The latter is composed of structural proteins formed
from invaginations of the plasma membrane. Action potentials resulting in muscle contraction are
transmitted via the T-tubule network to the sarcoplasmic reticulum, where opening of Ca®* release
channels is triggered [2].

Ang II influences the cell by interacting with receptors on the myocyte surface, leading to an
increase in the number of contractile protein units, and thus an increase in sarcomere length. This
results in an increase in cell size, which occurs without division, and brings about an increase in left
ventricular mass (LVM), one of the few measurable quantities involved with the early stages of the
disease. Drugs known as angiotensin receptor blockers prevent the development of the disease by
allosteric inhibition, docking at different sites on the receptor than does Ang II.

Left ventricular hypertrophy has been linked to upregulation of expression of certain fetal genes
[7, 8]. The study of this process, termed ‘gene reprogramming’, has been mainly based on experi-
ments with small animals. The period of development of cardiac hypertrophy in laboratory animals
may or may not be equivalent to that in humans, which occurs over many years [9]. In humans, the
available data have been generally limited to end-stage heart failure (as stated above), and thus there
is some uncertainty as to which genes are the most significant in the early development of hypertrophy
in humans.

In order to model the development of LVH, one must know the particular genes involved and the
amount of involvement of each of those genes. A survey of several genes whose upregulation is
known to be associated with cardiac hypertrophy provides some values. B-myosin heavy chain
(B-MHC) was shown to be upregulated [10] in 30% of cases, myosin binding protein-C in 20%,
cardiac troponin T in 20% and cardiac o-actin in < 5%.

There are many unknowns during LVH. The chemistry and molecular mechanism involved in
the increase in myocyte mass has not been determined. At the inner surface of the heart wall, the
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endocardium, the myocytes are oriented parallel to the wall, with little room for expansion in a
lengthwise direction. The interstitial fluid occupies approximately 30% of the interstitial volume at
the endocardium [5] and the volume decreases across the myocardium. Following the assertions
presented in [11] the myocytes will likely expand mainly in the lateral direction. Expansion along
the myocyte length would increase the stresses in the wall and cause hypertrophy more quickly. The
increase in mass of the four proteins mentioned above is assumed to occur in a particular order. To
allow the inner components to increase in size, the sarcoplasmic reticulum must expand first. Again,
following the assertions concerning embryonic development [11], the genes responsible for mem-
brane development are assumed to be upregulated initially, while the genes involved with other
processes will remain dormant. Other genes will be upregulated as required to increase the mass of
the sarcolemma, T-tubules and finally the whole myocyte. A sequential upregulation in the involved
components is postulated. The values found [7-9, 12] represent those measured at the end stages of
disease progression and probably only indicate that these genes have been involved in gene repro-
gramming at some earlier time. For example, the upregulation of cardiac a-actin is found to occur in
only 5% of occasions at late stages. If it were responsible for the increase in the outer membrane, it
would have been more highly upregulated in the early stages, but downregulated to normal levels
before the final stage.

The cells stimulated by increased Ang II expression transmit information to other cells either
through the intercalated discs that join the ends of the cells or through the lateral membranes and
across the interstitial fluid that surrounds the cells. There are branches between the sheets of myo-
cytes, but these will be ignored in the present simplified model. The development of the first model
of cellular automata is credited to John von Neumann in the late 1940s [13]. A recent description of
the method as presented in [11] will be used. As found therein, the results are obtained using a few
simple rules and are independent of many of the otherwise seemingly complex assumptions.

2 METHOD

The first step was the modeling of selected gene expression changes within the cell. The time over
which gene expression data are available is usually limited. In order to estimate the changes in
mRNA transcript levels over times longer than those measured to date, a system of equations was
created. There are many possible techniques for modeling gene expression time series data. It was
decided to treat this series as a linear dynamical system (LDS). The observed values of gene
expression levels and other known variables, at various times, are used to calculate the constants
that apply to the estimation process. There may be other unknown genes that influence the time
development of the system, as addressed below. An LDS system [14] can be described by the
following equations:

X, =Ax, +Bu, +w, (1)
G,=Cx, +v, 2

The values of x, are the mRNA transcript levels at time ¢. The values of , are those of unknown
mRNA transcripts, which are not those of the specified genes but are believed to influence the result.
The values of x, are used to calculate the matrices A, B, C, D and u, using Kalman filtering [15]. The
values of the transcript levels at later times (g,) can be calculated using eqns (1) and (2). As there is
a certain level of noise in all measurements, state variable noise w, and output noises v, were included
in the model. These are zero-mean random vectors. The matrix A is the transition state matrix B is
the input to the state matrix, and C is the state-to-observation matrix. The matrices A, B and C are
derived using Kalman filtering [15] and the gene expression data. Once the matrices are determined,
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estimates concerning the future development of the system can be made. The method has been
previously described [14, 16].

The next events to occur are those molecular processes known to be involved with the initiation
of relevant protein translation within the myocyte. Most of the research on the molecular mecha-
nisms of hypertrophy has been undertaken on neonatal rats and is poorly understood [9]. As an
example of the potential drawbacks associated with the use of neonatal rats, Ang II activates the gene
p705° kinase; however p705¢ kinase was not found to be involved in gene reprogramming. Ang II
stimulated c-fos and c-jun in this system but not in adult rat hearts [9]. Therefore, such data must be
interpreted with caution.

Last of all, a model network for the transfer of information from cell to cell is required. The initial
signal is received via the receptors on the surface of the cells. The fraction of receptors that are occu-
pied during the early portion of diastole can be calculated using a combination of Monte Carlo and
molecular dynamics methods [17]. Thus, for a specified level of Ang Il mRNA, the expected number
of receptors occupied can be calculated. Using the methods of cellular automata, the development of
hypertrophy can then be followed. This requires the development of rules based on the methods in
[11]. The cells and interstitial spaces are represented in the computer by cell boxes aligned on a two-
dimensional grid. The state of each cell is altered by the conditions of its surrounding cells at the
previous iteration, to simulate the transmission of a signal through the cell tissue. The five states and
transitions are as shown in Fig. 1.

3 RESULTS

The two-dimensional model used here has one axis (referred to as the horizontal axis) along the endo-
cardium and the vertical axis penetrates into the myocardium, normal to the endocardium. In order to
establish the probability functions for the application of the network solutions, it is necessary to derive
the probability of a myocyte being stimulated by Ang II. It is known that the level of Ang II in the blood
of healthy individuals is about 5 fmol/mg [18, 19]. The number of receptors measured is approximately
7.75 fmol/mg [20], and the volume of a myocyte 20 x 10? zm? [21]. Thus, the number of receptors on
one side of a myocyte is 5 x 10°, assuming a roughly cuboidal shape. It is known that at the normal
level of Ang II in a healthy human heart, hypertrophy usually does not occur. Using the techniques
described in [11], the fraction of receptors occupied on each myocyte throughout diastole was calcu-
lated. It is assumed that Ang II molecules bound to the receptors during diastole mechanically
dissociate during systole. This is because the myocardium is squeezed tightly during the later part of
the diastolic and systolic phases. Therefore, mechanical pressure is believed to contribute to the physi-
cal dissociation of Ang II ligands from their receptors. Only about 0.4 seconds of a normal heartbeat is,
therefore, available for binding of the Ang II ligands to their receptors.

. v
Healthy Stimulated Transmitting I Transmitting Inactive
Myocyte Myocyte Myocyte to Stimulate State
Others

— 3 Transition after time period
—-—-—3  Maultiple configurable time based transitions
------- == Transition after event

Figure 1: Transition states for stimulated myocytes.
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If the chemistry and biological mechanisms involved with different gene upregulations were
known, the effect of the various gene expression changes on the appropriate tissues could be deter-
mined. At present these mechanisms are unknown, therefore for this particular problem, four genes
that are known to be involved have been selected. Myosin is required during the cellular mechanics
of contraction and growth, and a possible relation between the three genes (for derivation see below)
would be as shown in Fig. 2a. The unknown inputs were chosen for the ith time step as:

u(i) = 2 + random number 3)

Thus the strength of the input increases with time. Due to the nature of the probability functions
involved with the calculation, the results are different each time the program is run.

Running the program 100 times yields a typical result as shown in Fig. 2a. This represents a typi-
cal disease end-stage event, as myosin is upregulated and contributes structurally and mechanically
to cell enlargement, as previously mentioned. Upregulation occurs within the first 100 time steps and
different genes are upregulated in different runs. After a short time period, all transcript levels assume
a constant value. Usually when there is little change in expression of a gene, the signal is very noisy
as shown in Fig. 2a. The effect on gene reprogramming is determined, depending on how long the
unknown inputs are allowed to operate. Thus the ‘unknown inputs’ are regulatory factors within the
cell that can stimulate transmission.

However, on about 5% of occasions the change in the genes is as shown in Fig. 2b. Here gene
expression varies in a specific direction over time, approaching a very high or very low value, rather
than displaying a random variation that has approximately the same average value during the course
of the run. These cases would therefore be expected to display sufficient changes in gene expression
magnitude to initiate LVH. In addition the changes have a smaller variation due to noise, and are
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Figure 2: (a) Graph showing typical time variation of gene expression signal intensities when the
unknown inputs are as shown in eqn (1). (b) Time variation of gene expression signal
intensity during 5% of all iterations run.
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larger in magnitude versus time than the typical results shown in Fig. 2a. The expression changes
indicated in Fig. 2b may represent the driving forces of hypertrophic change in cardiac myocytes.
Thus, in about 95% of instances, successful receptor binding of Ang II may not alter gene expression
or protein structure within neighboring, signaled cardiomyocytes.

Calculations using the rules of cellular automata are performed to model the progress of the dis-
ease, after the initiation of gene reprogramming. Initially each cell, P, with i = row, j = column, is
healthy. It will transition to the ‘stimulated’ state either by a random stimulus as follows:

.4
l

Pi h = Pmn lom_infection_rate (4)
e dom-infection-12te 5tal_rows*
or by a transmission from its neighbors as shown in eqn (5).
3 i (HorizontalTransRate(T(,._lY_,.) + T(Mj) )+ VerticalTransRate(TGYj_,) + T(i,j+1> ) )
G =

total_rows>

where T(iJ) indicates whether the cell is transmitting (state 1) or not (state 0) at the previous turn. After
a user-specified time period, a cell moves automatically from stimulated to transmitting, i.e. it may
begin to send its signal to its neighbors. In this model, it will transmit for a specified time period after
which it will transition either back to quiescent, or if it successfully stimulates a neighboring cell, it will
become ‘terminal’. The latter is representative of a state where no further transitions are possible.

Associated with each cell is a counter, and state variables for the previous and next states. During
each iteration, every cell is checked to determine its transitions, based upon its counter for time-
based transitions or its neighbors’ previous states. There is a bias factor included in the calculation
of the transmission and random stimulation. The latter two are biased in favor of transitions (signals)
towards the myocytes near the endocardium. To evaluate the probabilistic transitions, a pseudoran-
dom number is generated from a uniform distribution and compared to the appropriate probability
threshold. If the random value is less than the probability, then the event is considered to have occurred
and the next state variable is set with the counter. Applying these rules and evaluating the expressions
over time, eventually a stable state is reached. Hence the increase in left ventricular mass was found to
be mainly a function of the time a cell was allowed to transmit. The values used were:

Initial seed = 0.35

Probability of transmission into the myocardium = 0.1
Probability of transmission parallel to the endocardium = 0.01
Probability of random stimulation = 1.0e-06

Period before transmission = 5 time steps

Period between endocardium stimulation = 10 time steps.

From these initial values, it is calculated that in order to create a significant change in LVM within
a year, the time steps would need to be at least approximately 12 minutes long. If the period between
successful transmissions at the layer of cells closest to the endocardium was reduced, then this layer
became effectively ‘sealed’ and the infection was not transmitted further into subsequent layers of
myocardiocytes. Fig. 3 shows percentage increase in LVM after the transmission scenario has been
operative for one year, for time steps from zero to 80.

It can be seen that when the transmitting times are less than 12 minutes, a negligible increase in
LVM occurs. However, if the cells are allowed to transmit for a greater length of time, the increase
in LVM will be significant.
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Figure 3: A snapshot showing the predicted percentage increase in left ventricular mass (y-axis)
after one year using various time steps (x-axis). It can be seen that for time steps of
12 minutes or greater, the increase in LVM rises steeply, possibly contributing to the
development of LVH.

4 DISCUSSION

The current study indicates that LVH may have a gene expression-associated stochastic basis, linked
to the transmission time of cell-cell signaling. Since it is known that a reduction in the levels of
Ang II can be achieved by blocking the transformation of the Ang II precursor into Ang II by using
angiotensin converting enzyme inhibitors (ACEs), it may be supposed that if ACE inhibitors are not
used, an increase in Ang II may occur in patients that eventually develop LVH. The greater the ambi-
ent amount of Ang II within the cells, the greater will be the likelihood of gene upregulation, as in
Fig. 2b. The latter, being associated with signal transduction, might permit increased cell—cell signal
transmission time, increasing the effective time step of the model. As regards the determination
of a 12-minute or greater signal threshold, it may be relevant that [22] it has been shown that cells
grow for 12 minutes followed by 12 minutes of rest. In the case of cells signaling for greater than
12 minutes, a disruption of the cell’s normal growth cycle could ensue, and this last could have a
dysregulatory effect on other cellular homeostatic mechanisms, including those relating to gene
expression control.

Based on model output, the probability that an increase in Ang II will result in significant gene
upregulation is relatively small. The upregulation is dependent on the inputs, which are different
from person to person due to phenotypic variation. This may explain the fact that Ang II could
increase for a period of time, while not resulting in physical damage to the heart. If the system did
not respond this way, the incidence of heart damage would be larger than is actually found in the
general population. In addition, it presents a plausible explanation for why some patients with hemo-
dynamic overload do not suffer heart damage, i.e. even if the genes are upregulated significantly,
heart damage will not occur if the transmission time between cells is below a critical value.
It is hypothesized that the ACE drugs work not only by receptor blocking, but also by reducing the
transmission time below the critical 12-minute limit.
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The usefulness of constructing a hypothesis to fit known facts without the required experimental
results has many examples in science, a notable one being on the variation in the permeability of
axon membranes [23]. Fully eight years before their discovery, Hodgkin and Huxley proposed
the existence of voltage-gated ion channels, based solely upon modeling results obtained using
available observations.

Not only must gene upregulation be studied, however in addition, the effect of the foregoing on
cell structural changes and growth, and eventual cell—cell signaling is of vital importance. We believe
the transmission time of the gene expression signal from cell to cell will prove to be crucial in the
use of this information to change treatment outcomes clinically [24]. To this end, in the future,
physiologic function testing or genetic profiling may be combined with gene expression data in
order to make use of LSDGE technology in the clinical setting.
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