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Summary

During the past decade measurements of cell-to-cell variability have gained large
momentum fueled by improvements in single molecule imaging technologies.
Concurrently, theory dealing with heterogeneity and stochastic phenomena has
been developed characterizing the mechanisms that create variability and ways in
which noise is transferred within a biological reaction network, as well as generating
hypotheses on beneficial or detrimental effects of variability for populations of cells.
A few studies also investigate how the observation of variability could be used to
determine underlying molecular mechanisms or networks.

Although mechanisms for noise generation and noise transmission along links of
a reaction network are relatively well understood, the latter remains a challenging
problem because for any biological system under investigation it is unknown how
many processes contribute to the observed variability and often many of the
contributing processes are understood only at a very coarse-grained level.

The aim of this thesis is to develop stochastic models that can deal with
this uncertainty on different levels. In chapters 3 and 4 we quantify the
variability of transcript numbers per cell using single molecule RNA FISH. For
both the mammalian and yeast transcripts studied the average mRNA numbers are
proportional to cell size, indicating that some of the observed variability derives from
the growth process. However, the wide spread of transcript number distributions
also for subsets of cells with similar size shows that there must be additional sources
of heterogeneity.

Chapter 7 contains a rigorous mathematical framework describing a dissection
of the total observed variability into growth related processes as well as contributions
from biochemical reactions and their regulation. Although this framework does not
necessitate time-resolved measurements of variability, it does require that the age of
cells can be determined. Due to the large spread in the distributions of cell volumes
at cell birth and at division for both mammalian and yeast cells, the transcript
number variability observed in the smRNA FISH data cannot be further decomposed
than calculating the cell-size dependent variability.

In addition to the uncertainty of the number and identity of the processes
contributing to variability between isogenic cells, usually the reaction network of
interest itself is only known at a low level of detail. Chapters 5 and 6 explore
the use of queueing theory to address this problem in the context of a model
for transcription initiation. Population level experiments have identified a large
number of proteins and protein complexes that are required to bind to DNA in
order to initiate transcription. Moreover, in eukaryotes the chromatin state of the
gene often needs to be modified (histone modifications and nucleosome remodeling)
before transcription can occur. But there is far too little information to create a
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detailed kinetic model that includes the binding of all these protein complexes to the
promoter region. For many of the protein complexes neither the manner of assembly
is known (whether proteins of a complex bind to DNA in a sequential or in random
order), nor the exact association and dissociation rates. A common solution to this
complexity is to use a reduced model that has one state permissive for transcription
and one non-permissive state. Chapter 5 presents a model with intermediate
complexity, where protein complex formation reactions, histone modifications, and
nucleosome remodeling are coarse grained into a single step that is then described
with a non-exponential waiting time. Analytical solutions for the moments of the
transcript number distribution for such a gene switch model with non-exponential
waiting times can be obtained from queuing theory. Application of this model
to single molecule FISH data from the literature reveals that transcript number
distributions can be fit with broad ranges of parameters and that burst statistics
like the average fraction of time that a gene is in the transcriptionally permissive
state, the average burst size, and its variance cannot be inferred from such data.

This fitting problem could be improved by using a multi-color FISH strategy
as described in chapter 6. From simulated data and preliminary experimental
results it can be concluded that multiple FISH probe sets targeting different regions
of the same mRNA could yield the information necessary to more accurately infer
transcription dynamics.

The use of queueing theory applied to stochastic biological models is a versatile
tool to describe coarse-grained models. The theory of stochastic processes, in
particular Markov arrival processes and phase-type renewal processes is very well
suited to model waiting times and their correlations relevant to many biological
systems. These processes can then be used as inputs for queueing systems that
allow to calculate statistics of interest for comparison with experimental data like the
moments of copy number distributions or their auto- and cross-correlation functions.
Extrinsic noise can be modeled in a similar manner through the noise and correlation
it induces in the synthesis rate of molecules.

Currently, mostly zero and first order reactions can be mapped to existing
queueing systems, while second order reactions would require mapping to a type
of queue that is less well characterized yet. I see this as an opportunity for future
research in queueing theory.

Many of the theoretical results obtained in this thesis indicated that the amount
of information that can be obtained about the processes underlying observed cell-
to-cell variability from static snapshot measurements as obtained with smFISH
experiments is rather limited in comparison to time-resolved measurements. This
could also be integrated with the queueing description of stochastic models since
many of the relevant queues have a solution for at least the steady state correlation
functions and for some queues even the transient solutions are known analytically.


