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Figure 6.3: Schematic of kinetic model for quantifying platelet calcium regulation with mecha-
nisms for store-operated calcium entry. (Inset) We will measure agonist-induced Ca2+ release in
the presence of varying concentrations of extracellular Ca2+ (blue area).

was recently related to luminal Ca2+ concentration in human Jurkat leukaemic T cells [136]. These

kinetic measurements will be used to supply an inward calcium current into the cytosol of the

platelet model as calcium in the platelet internal stores is depleted.

6.2.3 Future Work : A signal processing model to predict apoptotic re-

sponse

Cellular signaling networks may be probed experimentally by changing molecular “inputs” (e.g.,

the concentration of an activating ligand) and recording molecular outputs (e.g., a change in gene

expression). The obvious challenge is to determine the processing “logic” [20] that occurs in be-

tween these experimental endpoints. Accomplishing this goal in a laboratory would require the

spatial and temporal measurement of all of the molecular participants in a signaling response—a

task that is clearly intractable using current methods of experimental analysis. An alternative

strategy is to develop a computer simulation of the signaling system of interest, hoping that the

simulation is accurate enough to reasonably approximate the true behavior of the system. Using an

accurate simulation of signaling, one may harness the powerful analytical capability of numerical

methods to slow down, speed up, perturb, calculate and analyze the quantitative elements in these

systems, affording extended knowledge about how individual molecules interact to produce a signal.

Various modeling strategies have been used to predict cellular responses to molecular signaling. Or-

dinary differential equation models [38] provide excellent mechanistic detail but require extensive

knowledge of network topology and kinetic rate parameters. “Data-driven” approaches [74] such
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as clustering, principal component analysis, and partial least squares regression can derive use-

ful biological insights from large data sets [71] but do not incorporate information about network

topology. Alternatively, artificial neural networks (NNs) offer a flexible framework for modeling

cellular signal networks and contain both topological and time-dependent features. We recently

trained a recurrent NN model to learn the platelet calcium response to all pair-wise combinations

of 6 platelet agonists at 3 doses (Figure 6.4A-B).

To determine whether a NN model can predict cytokine-induced apoptotic response and inden-

tify important functional interactions within the signaling network, we can train a collection of

recurrent NN models to predict existing time-course measurements [72] of 19 apoptotic proteins

in response to 3 molecular stimuli (tumor necrosis factor, epidermal growth factor, and insulin).

By generating a large number of random network topologies, we will search for common features

that appear in most of the high-scoring network structures (Figure 6.4C). A similar technique,

Bayesian network inference [122], was used to reconstruct causal influences in human primary T

cell signaling [136]. Our choice of using a recurrent NN, however, is novel and offers two important

advantages over Bayesian methods in that it allows cyclical structures (e.g., negative feedback)

and time-dependence in the model. This aim will provide a time-dependent model of cell survival

responses (e.g., nuclear fragmentation) to 3 cytokines and identify gross features of the network

that processes these molecular signals. To quantify the network response to perturbation, the inter-

action of pharmacological agents with the NN will be modeled by performing a sensitivity analysis

on the “consensus” NN structures identified in the training step. For example, by eliminating a

single node or edge in the apoptotic network, one can examine the network’s survival response and
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thereby quantify the impact of each perturbation to the NN. This analysis will identify specific

components of the network that may be targeted for rational drug design.

6.2.4 Future Work : Predicting global regulators of transcription in

“oncogene-addicted” cell lines

Mutations that affect cell signaling can cause differences in basal gene expression [14]. For example,

mutations in the tyrosine kinase domain of EGFR (e.g., EGFRL834R) can cause distinct patterns

of gene expression [26] and are associated with sensitivity to tyrosine kinase inhibitors (TKIs) [35].

Statistical methods such as principal component analysis have been used to identify disrupted

signaling pathways based solely on expression signatures [173]. While this approach is useful for

placing mutant cells into previously known categories, there are currently no methods for predicting

the signaling mechanisms that regulate transcription based on entirely new gene expression profiles.

Such a method could be used to identify the upstream events that cause these differential expression

signatures and predict novel drug targets.

Here, statistical and graph-theoretical methods can be used to predict upstream signaling events

that cause changes in global gene expression for TKI-sensitive cell lines (e.g., H3255 with EGFRL834R).

To identify programs of transcription factor (TF) regulation, we can extend a simple approach [167]

in which the abundances of known binding motifs in the upstream sequence of differentially ex-

pressed genes are used to determine a probable set of transcription factors responsible for generating

the observed expression profile (Figure 6.5A). Focusing on a set of TKI-sensitive cell lines [35], we

will incorporate a confidence score for each differentially expressed gene to weight the estimation

of enriched TF binding sites. This Bayesian approach will afford a more powerful prediction of TF

activation by incorporating all of the information obtained from microarray analysis. Specifically,

we will calculate for each TF the probability that it is overrepresented in the data set:

Prob(Hi|D) =
(πiProb(D|Hi)∑

jπjProb(D|Hj)
(6.1)

The probability that TFi binding sites are overrepresented (Hi) in the data is weighted by πi, a

confidence value for each gene that contains binding sites for TFi . Predictions are validated by TF

protein arrays (Figure 6.5B). This aim will provide a ranked list of TFs that are similarly regulated

in a pool of TKI-sensitive cell lines.

To predict upstream transcriptional regulators, publically available databases of protein-protein

interactions (e.g., IntAct [84]) will be used to construct an in silico signaling network (a directed

graph) that also includes the TFs identified in the previous step. Subnetwork structures within the
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full graph are identified that most likely explain the calculated changes TF activities (Figure 6.5C).

Beginning with the TF nodes, a recursive algorithm performs a breadth-first search along neighbor-

ing edges and assigns a score to each node based on the consistency between the known interaction

(activating or inhibiting) and the TF activity. Predictions are validated by RNAi [20].

6.3 Future Outlook

Systems biology—the discipline of integrating complex data sets to understand and discover the

molecular basis of emergent properites of biological systems—is nearly a decade old but still in a

nascent state. To truly advance our understanding of complex cellular systems and derive high-

impact clinical applications using this approach, the field requires a new suite of computational

tools and creative experimental strategies. The single greatest asset of all computational methods

is the ability to perform simple arithmetic in a very short period of time. Thus, to the extent

that signaling networks can be represented as a series of elementary calculations that describe the

dynamics of the system (e.g., ODEs that describe catalytic steps in an enzyme pathway), numerical

methods offer a technological benefit that is not directly accesible to the unaided human brain. The

grand challenge for systems biologists, however, will be to more clearly define which problems to

solve, how they may be cast in mathemtical terms, and—most importantly—how to interpret the

solutions. The work presented in this dissertation illustrates how novel computational strategies

can be used to derive meaningful insight from two mammalian signaling systems with important

clinical implications. At the very least, these analyses may serve as a starting point for future

investigation of signaling systems from a computational systems perspective.
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