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Abstract

Hematopoietic stem cells are a useful clinical tool as treatment for many diseases and conditions. However, currently significant in vitro expansion of these cells remains unattainable. In order to grow hematopoietic stem cells successfully, more has to be learned about the cellular systems involved in controlling their fate as well as how they differ from progenitor cells. New high-throughput, sensitive assays are being developed by applying microchip technology which can provide large data sets to be used to build mathematical models of these processes. These models of cell fate decisions will allow us to determine optimal conditions in which to grow hematopoietic stem cells in sufficient numbers for therapeutic applications. 

I. Hematopoietic stem cells

Hematopoietic stem cells (HSCs) are responsible for the regeneration of blood cells, and thus are the source of important functional cells (e.g. red blood cells carrying oxygen), and immune cells to combat invasive elements. As a result, there are many useful applications which could make use of HSCs, including rescuing cancer patients from the myeloablative effects of high dose chemotherapy, blood transfusions and gene therapy for people suffering from various genetic conditions such as severe combined immuno-defficiency and thalassemia [1].
Unfortunately in vitro expansion of these cells to date has been largely unsuccessful. Some initial successes have been realized by adding cytokines to mimic the in vivo stem cell niche [2], but even with complex cocktails of cytokines and other strategies, very limited expansion has been observed. To date it remains unclear what signals induce HSC proliferation, without inducing their differentiation into more specified cell types.

II. Pathways 

In order to be able to more successfully expand populations of HSCs in vitro it is important to determine the proper conditions which will result in their proliferation. Due to the complexity of cells and large number of possible inputs it has quickly become clear that a pure trial and error method cannot be applied successfully to this problem. Therefore, it is necessary to determine what is happening inside these cells to drive them to different cell fates and how to use their environment to control them. 

Through the analysis of the HSC niche and microarray experiments highlighting the differences in gene transcription patterns between stem cells and differentiated cells, a number of important signaling elements have been determined which have roles in stem cell fate decisions. The current hot targets of research include:

· the Notch pathway, a pathway involved in embryonic development activated by juxtacrine factors (attached to neighbouring cells)

· the Wnt pathway, a pathway involved in embryonic development activated by a soluble factor (Wnt) external to cells

· JAK/STAT and MAPK, pathways which are induced by certain cytokines, resulting in cell survival and cell proliferation decisions [3]
These all represent pathways which can be activated by external factors, and mediate known genetic responses through a distinct set of signaling events. However it is now becoming clear that these pathways are not the visions of simplicity that were once envisioned. Each of these pathways is regulated at many different points, and exerts control on many other pathways in the cell. As a result, it is better to analyze broader local network structure incorporating the sources of regulation around the signal transduction events rather than to simply take these pathways as is in their simple form. The Notch pathway will be given as an example to illustrate the problem of analyzing ‘simple’ pathways.

III. The Notch pathway: an example of a ‘simple’ pathway

The Notch pathway is a perfect example of how what was once seen as a simple pathway is now beginning to be seen as a complex highly regulated pathway. As depicted in Fig. 1, the Notch pathway involves expression of a Notch receptor, followed by its translocation to the cell membrane. At the cell membrane Notch can be activated by one of its ligands, inducing the Notch receptor to first sheds its extracellular domain followed by its intracellular domain, which then translocates to the nucleus where it acts as a transcription factor modulating a number of genes [4]. [image: image1.png]v
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Figure 1. The Notch pathway. Figure adapted from [5]
However, over the past couple of years many regulatory mechanisms have been found by which this pathway can be controlled other than the simple presence of Notch ligand. The first regulatory checkpoint arises from the fact that the amount of Notch on the cell surface ultimately controls the maximum level of signaling possible through this pathway. Therefore if no Notch is expressed, the cell will be completely unresponsive to Notch ligands irregardless of ligand concentration. It has been found that the amount of Notch available on the surface of the cell can be upregulated by several mechanisms including signaling through the Wnt pathway [6] and a positive feedback loop known to be important in embryo patterning, whereby the Notch intracellular domain induces the expression of further Notch receptors [7]. On the other hand levels of Notch on the cell surface can be down-regulated by both the internalization of Notch [8] and by the translocation of specific Notch ligands to the nucleus where they act as transcriptional repressors of Notch. 

Furthermore, Notch receptor can be post-translationally modified by a number of enzymes which glycosylate the extracellular domain of Notch [9]. This results in modified forms of Notch which are responsive to some specific Notch ligands and unresponsive to others. Thus the mixture of differently modified Notch expressed on the cell surface will affect the cells responsiveness to Notch ligands modulating the magnitude of the signal transduced. Ubiquitin ligases also play a role in the regulation of both Notch receptor and Notch intracellular domain, by targeting them to proteasomes for destruction, reducing the amount free to instigate signaling [10].

More recently, crosstalk between the Notch pathway, the Wnt pathway, and the MAPK pathways have been uncovered. In ex vivo systems, it has been found that Wnt in addition to its usual receptor Frizzled can also bind Notch, invoking a different transcriptional response than is observed when the Notch receptor is activated by typical Notch ligands [11]. It was also recently discovered that the activity of γ-secretase, the enzyme responsible for releasing the intracellular domain of Notch, can be regulated by inflammatory cytokines signaling through the c-Jun N-terminal  Kinase (JNK) MAPK pathway [12]. Finally, Dishevelled an important protein in the Wnt pathway which has also been found to activate JNK, binds to Notch and inhibits its signaling [13]. 

In addition to these pathways, there are many more regulatory mechanisms which control Notch signaling which are not listed here. The cumulative result of these complex interactions allows Notch to mediate different responses in different types of cells, where different regulatory systems exist. As an example, in certain tissues Notch has been found to be tumorigenic if overexpressed, while in others loss of Notch signaling results in uncontrolled cell growth [14]. Therefore using the Notch pathway alone as a model to predict cell fate would not be productive. The large number of regulatory mechanisms which control Notch signaling including crosstalk with other important pathways, such as Wnt and MAPK, which are also important in the determination of cell fate, demonstrate the importance of considering larger systems and incorporating more information into current models. Therefore it is quite apparent that modeling efforts must expand to encompass all factors which are important in cell fate determination, not just single pathways.

IV. Systems biology approach

The application of systems biology to solve a problem requires two main activities, the gathering of large data sets and the organization of that data into meaningful structures.

A. Gathering Data

In order to define the networks within the cell, experiments need to be done to determine interactions between signaling elements and the magnitude of these interactions. Currently determination of possible interactions between proteins are being determined by high throughput yeast 2 hybrid assays. These assays use the transcriptional machinery in yeast cells to determine if two proteins interact. If there is an interaction, transcription of a reporter gene will occur resulting in a phenotypic change such as a colour change, whereas if no interaction takes place transcription of the reporter gene will not occur. This method can determine thousands of potential binding partners in a reasonably short time, however, false positives are a large problem and the assay does not detect multi-protein complexes (i.e. interactions between more than two proteins) and does not account for post translational modifications. Another popular method is the pull down method. This involves adding a tag to a protein of interest, so that when the cell is lysed, that protein will stick to specially coated beads along with any proteins which are attached to it, which can be precipitated. Once the beads are separated from the cell lysates the proteins on the beads can be determined by mass spectroscopy. To determine the magnitudes of these interactions, we must determine all the relevant kinetic parameters. These assays generally involve overexpression and purification of enzyme and substrate, followed by standard kinetics experiments between the two purified moieties. 

In the interest of determining what factors are responsible for maintaining HSC potential, additional data must be gathered. The differences in signaling activity in the cellular network must be determined which are responsible for HSC behaviour and the specific actions which result in loss of stem cell potentiality. This effort is complicated due to the general paucity of HSCs in living systems, and the inherent stochastic heterogeneity of cells. In this situation, data should be gathered on a single cell basis if possible.

Currently there are a limited number of techniques that analyze single cells. One such technique is Flow cytometry which allows the characterization of cells, by passing a stream of single cells by a detector, where fluorescent moieties in or bound to cells are excited by a laser. By using fluorescently labeled antibodies it is possible to determine characteristics of the cell, such as receptor expression or presence of certain proteins inside the cell. Capillary electrophoresis (CE) is another technique used to analyze single cells. CE can be used to separate different types of cells, or components of a single cell (e.g. proteins, DNA) in pL volumes in the lumen of a capillary. Variations of this system are currently being applied to the determination of enzyme kinetics in single cells [15], and further applications are being developed. Real time RT-PCR a procedure involving the amplification of mRNA signal in the presence of double stranded DNA binding dye allows for fast quantification of small amounts of mRNA [16]. Some of the most promising up-coming technologies will make use of microchips. With advances in microfabrication and microfluidics, more and more molecular biology techniques are being transformed into microchip based assays which are faster, cheaper and require smaller sample volumes. Protein levels, enzyme activity and protein interactions with other proteins, nucleic acid or oligosaccharides can be determined through newly developed types of protein microarray [17].

Microfabrication is also being used to create ways to track stem cell fate. Arrays of up to 10000 microwells can be created on glass slides, where each microwell can hold single cells and their progeny, allowing the tracking of cell fate decisions in thousands of stem cells in parallel [18]. 

B. Meaningful organization of data

In order to apply the information contained in the large data sets achieved using high-throughput experiments to determine specific cell outcomes, the data must be organized and fitted to a model. A logical first step towards creating a model, is to create a network composed of nodes which can represent components of the network (e.g. proteins, genes, etc…) and edges representing interactions (e.g. activation, repression etc…) which connect the nodes. Next, the parameters must be determined for these interactions. This will require concentration data, reaction kinetics, diffusion rates and binding constants. Unfortunately, it is often unfeasible to determine these parameters, even for small networks. In such cases, models with simplifying assumptions, or in some cases, probabilistic models may be more appropriate. Several different types of models can be constructed in this manner to describe the data including Boolean networks and Bayesian networks. Due to the magnitude of components in the full cellular network, it is important to start with smaller subnetworks, then piece them together. Since several pathways are already characterized, they represent good starting points to expand around. Based on interaction data elements can be added to the network, and eventually separate pathways can be added to the model as modules, as the links between the pathways become known. The eventual goal in modeling HSC cell fate decisions would be to connect important signal pathways involved in HSC fate with genes which mediate cell cycle (e.g. cyclin dependent kinases) and elements which mediate the effects of differentiation (e.g. DNA methylating enzymes) all into a cohesive network. Once all of these elements are together in a single model it will be possible to hypothesize stem cell fate based on environmental conditions.

V. Conclusions

Low levels of success in expanding HSC populations, due to the complexity of the system controlling cell fate decisions, are showing the need for a more system-wide understanding of these processes. As both high throughput data gathering and sophisticated modeling techniques are applied to the set of pathways that are responsible for HSC fate, attempts to control cell fate will become more directed and increasingly fruitful. Advances in our ability to expand HSCs in vitro, will lead to increased successes in the outcome of many current medical therapies
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