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    Abstracts
Abstract for Scientists While decades of cancer research have firmly established multiple “hallmarks of cancer” 1,2, cancer’s genomic landscape remains to be fully understood. Particularly, the phenomenon of aneuploidy – gains and losses of large genomic regions, i.e. whole chromosomes or chromosome arms – and why most cancer cells are aneuploid remains enigmatic 3. This is despite the achievements of cytogenomics and whole genome sequencing which have successfully pinpointed focal amplifications and focal deletions as well as point mutations affecting numerous genes involved in carcinogenesis. A characteristic of many different cancers is the deregulation of the homeostasis of trace elements, such as copper (Cu), zinc (Zn) and iron (Fe). Concentrations of copper are markedly increased in cancer tissue and the blood plasma of cancer patients, while zinc levels are typically decreased 4–9. Here we discuss the hypothesis that the disruption of trace element homeostasis and the phenomenon of aneuploidy might be linked. Our tentative analysis of genomic data from diverse tumor types mainly from The Cancer Genome Atlas (TCGA) project suggests that gains and losses of metal transporter genes occur frequently and correlate well with transporter gene expression levels. Hereby they may confer a cancer-driving selective growth advantage at early and possibly also later stages during cancer development. This idea is consistent with recent observations in yeast, which suggest that through chromosomal gains and losses cells can adapt quickly to new carbon sources 10, nutrient starvation 11 as well as to copper toxicity 12. In human cancer development, candidate driving events may include, among others, the gains of zinc transporter genes SLC39A1 and SLC39A4 on chromosome arms 1q and 8q, respectively, and the losses of zinc transporter genes SLC30A5, SLC39A14 and SLC39A6 on 5q, 8p and 18q. The recurrent gain of 3q might be associated with the iron transporter gene TFRC and the loss of 13q with the copper transporter gene ATP7B. By altering cellular trace element homeostasis (especially fluctuations in labile and total zinc) such events might contribute to the initiation of the malignant transformation. Consistently, it has been shown that zinc affects a number of the observed hallmark characteristics including DNA repair, inflammation and apoptosis. We term this model the “aneuploidy metal transporter cancer” (AMTC) hypothesis. While the AMTC hypothesis does not contradict the cancer-promoting role of point and focal mutations in established tumor suppressor genes and oncogenes (e.g. MYC, MYCN, TP53, PIK3CA, BRCA1, ERBB2), it seems possible that some of these mutations may be a response to the prior disruption of trace element homeostasis. We suggest a number of approaches for how this hypothesis could be tested experimentally and briefly touch on possible implications for cancer etiology, metastasis, drug resistance and therapy.

Abstract for Kids We humans are made up of many very small building blocks, which are called cells. These cells can be seen with a microscope and they know how to grow and what to do from the information on the DNA of their chromosomes. Sometimes, if this information is messed up, a cell can go crazy and start to grow without control, even in places of the body where it should not. This process is called cancer, a terrible disease that makes people very sick. Scientists do not understand exactly what causes cells to go crazy, so it would be good to find out. Many years ago, scientists observed that chromosomes in these cancer cells are missing or doubled but could not find an explanation for it. More recently, scientists have detected that precious metals to our bodies, which are not gold and silver, but zinc, iron and copper, are not found in the right amounts in these crazy cancer cells. There seems to be not enough zinc and iron but too much copper, and again, scientists do not really understand why. So there are many unanswered questions about these crazy cancer cells and in this article, we describe a pretty simple idea on how chromosome numbers and the metals might be connected: we think that the missing or doubled chromosomes produce less or more transporters of zinc, iron and copper. As a result, cancer cells end up with little zinc and too much copper and these changes contribute to their out-of-control growth. If this idea were true, many people would be excited about it. But first this idea needs to be investigated more deeply in the laboratory, on the computer and in the hospitals. Therefore, we put it out on the internet so that other people can also think about and work on our idea. Now there are plenty of ways to do exciting experiments and with the results, we will hopefully understand much better why cancer cells go crazy and how doctors could improve their therapies to help patients in the future.

Abstract for Adults One hundred years ago, it was suggested that cancer is a disease of the chromosomes, based on the observations that whole chromosomes or chromosome arms are missing or duplicated in the genomes of cells in a tumor. This phenomenon is called “aneuploidy” and is observed in most types of cancer, including breast, lung, prostate, brain and other cancers. However, it is not clear which genes could be responsible for this observation or if this phenomenon is only a side effect of cancer without importance, so it is important to find out. A second observation from basic research is that concentrations of several micronutrients, especially of the trace elements zinc, copper and iron are changed in tumor cells. In this article, we speculate that aneuploidy is the reason for these changes and that together, these two phenomena are responsible for some of the famous hallmarks or characteristics that are known from cancer cells: fast growth, escape from destruction by the immune system and poor DNA repair. This idea is new and has not been tested yet. We name it the “aneuploidy metal transporter cancer” (AMTC) hypothesis. To test our idea we used a wealth of information that was shared by international projects such as the Human Genome Project or the Cancer Genome Atlas Project. Indeed, we find that many zinc, iron and copper transporter genes in the genome are affected by aneuploidy. While a healthy cell has two copies of each gene, some tumor cells have only one or three copies of these genes. Furthermore, the amounts of protein and the activities of these metal transporters seem to correlate with these gene copy numbers, at least we see that the intermediate molecules and protein precursors called messenger RNA correlate well. Hence, we found that the public data is compatible with our suggested link between metal transporters and cancer. Furthermore, we identified hundreds of studies on zinc biology, evolutionary biology, genome and cancer research that also seem compatible. For example, cancer risk increases in the elderly population as well as in obese people, it also increases after certain bacterial or viral infections and through alcohol consumption. Consistent with the AMTC hypothesis and in particular, the idea that external changes in zinc concentrations in an organ or tissue may kick off the earliest steps of tumor development, all of these risk factors have been correlated with changes in zinc or other trace elements. However, since additional experiments to test the AMTC hypothesis have not yet been performed, direct evidence for our hypothesis is still missing. We hope, however, that our idea will promote further research with the goal to better understand cancer – as a first step towards its prevention and the development of improved anti-cancer therapies in the future.


	Abbreviations:	Amplification
	Genetic alteration resulting in the duplication or amplification of a genomic region; can cause gene dosage effects. Amplifications of whole chromosomes result in aneuploidy.
	Aneuploidy
	Numerical chromosomal aberration characterized by any deviation from normal chromosome number, i.e. having extra or missing chromosomes or chromosome arms; antonym to euploidy. Aneuploidy can cause gene dosage effects.
	Chromosomal aberration
	Any irregularity or abnormality of chromosome structure or number. Structural chromosomal aberrations include amplifications, translocations, inversions, deletions and insertions; numerical chromosomal aberrations result in aneuploidy.
	Chromosomal gain
	Genetic alteration resulting in the duplication of a large chromosomal region or of an entire chromosome.
	Chromosomal loss
	Genetic alteration resulting in the deletion of a large chromosomal region or of an entire chromosome. Leads to loss of heterozygosity.
	Chromothripsis
	Genetic alteration that is characterized by the acquisition of massive and complex genomic rearrangements in a single catastrophic event involving the almost simultaneous fragmentation and reassembly of chromosomes.
	Clonal evolution
	A process of Darwinian natural selection, by which cancer cells change their genotype and phenotype over time through a reiterative process of genetic diversification, clonal expansion and clonal selection.
	Driver gene
	Gene that, when mutated, provides a selective growth advantage and promotes cancer development.
	Driver mutation
	Cancer-specific genetic alteration of a driver gene that results in a selective growth advantage and facilitates cancer development.
	Euploidy
	State of normal chromosome number, i.e. an integral multiple of the haploid number of chromosomes.
	Focal amplification
	Amplifications that, as opposed to amplifications of whole chromosomes or chromosome arms, affect relatively small regions of genomic DNA.
	Focal deletion
	Homozygous deletion that, as opposed to deletion of whole chromosomes or chromosome arms, affect relatively small regions of genomic DNA.
	Gene dosage effect
	Condition in which altered gene copy number correlates with gene function, i.e. an increase in gene dosage causes higher levels of gene product and increased function, whereas a decrease in gene dosage causes lower levels of gene product and reduced function.
	Haploinsufficiency
	A specific gene dosage effect in which a single copy of a particular gene is insufficient to support the function normally provided by the two alleles in a diploid genome.
	Homeostasis of trace elements
	A process that maintains the concentrations of trace elements stable and in balance to interior and exterior influences.
	Homozygous deletion
	Deletion of both copies at a specific genomic locus in a diploid genome.
	Loss of heterozygosity (LOH)
	Loss of one copy at a specific genomic locus in a diploid genome (hemizygous loss). LOH can cause gene dosage effects and result in complete loss of gene function if the second, remaining allele is mutated. Tumor suppressor genes are often affected by loss of heterozygosity.
	Oncogene
	Gene that, when abnormally activated by mutation confers a selective growth advantage and promotes cancer development.
	Passenger gene
	Gene that is frequently mutated in cancer cells without providing a selective growth advantage.
	Passenger mutation
	Cancer-specific genetic alteration of a passenger gene or cancer gene that does not result in a selective growth advantage.
	Point mutation
	Mutational event of a single DNA base substitution.
	Positive selection
	Process by which one phenotype is favored over another phenotype, i.e. profits from a growth advantage, and thus is selected for.
	Somatic copy-number alterations (SCNA)
	SCNAs can be divided into arm-level SCNAs (chromosomal gains and losses) and focal SCNAs (focal amplifications and deletions).
	Translocation
	Chromosomal aberration that is characterized by a rearrangement of segments between non-homologous chromosomes.
	Triplosensitivity
	A specific gene dosage effect in which three copies of a particular gene lead to aberrant gene function.
	Tumor suppressor gene
	Gene that, when abnormally inactivated by mutation, confers a selective growth advantage and promotes cancer development.
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