A Multi-Scale Model of Stem Cell and Crypt Dynamics in Carcinogenesis
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The birth and death of proliferative units, such as intestinal crypts, in a tissue are determined by the underlying stem cell population dynamics in each crypt. Neoplasms develop through the accumulation of mutations in stem cells or cells that acquire stem cell properties. However, the effects of somatic mutations depends not only on the probability that a random mutation is beneficial or deleterious to the cell, but also on the feedback mechanisms that maintain stem cell and crypt homeostasis. To explore the dynamics of carcinogenesis in such a system, we modeled a precancerous crypt structured tissue crossing the scales from stem cells to the tissue and explored the effects of wounding, mutation rate, the proportion of beneficial to deleterious mutations, and stem cell population size on the development of cancer. We implemented an agent-based simulation of a small section of crypt structured tissue and defined cancer as the uncontrolled proliferation of these stem cells.  Stem cells stochastically acquire beneficial and deleterious mutations that affect stem cell division and apoptosis rates.  Stem cells can also suffer mutations that increase their mutation rate (the “mutator phenotype”).  Crypts normally maintain a stable stem cell population through feedback effects on stem cell division and apoptosis.  We found that it is unusual to develop cancer when the majority of mutations are deleterious, assuming a homeostatic population of 5 stem cells per crypt. This suggests that most non-neutral mutations in the human genome are not deleterious for the cell. Wounding tends not to increase the development of cancer in this model.  While the mutator phenotype is essential to cancer development, increased mutation rates affect cancer development only when the ratio of deleterious to beneficial mutations is low.  Our results show that the number of stem cells per crypt has the largest effect on the chance of developing cancer, where larger stem cell populations increase that chance significantly.
