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            Abstract
Recent research has highlighted a strong correlation between tissue-specific cancer risk and the lifetime number of tissue-specific stem-cell divisions. Whether such correlation implies a high unavoidable intrinsic cancer risk has become a key public health debate with the dissemination of the â€˜bad luckâ€™ hypothesis. Here we provide evidence that intrinsic risk factors contribute only modestly (less than ~10â€“30% of lifetime risk) to cancer development. First, we demonstrate that the correlation between stem-cell division and cancer risk does not distinguish between the effects of intrinsic and extrinsic factors. We then show that intrinsic risk is better estimated by the lower bound risk controlling for total stem-cell divisions. Finally, we show that the rates of endogenous mutation accumulation by intrinsic processes are not sufficient to account for the observed cancer risks. Collectively, we conclude that cancer risk is heavily influenced by extrinsic factors. These results are important for strategizing cancer prevention, research and public health.
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                    Figure 1: Schematic showing how intrinsic processes and extrinsic factors relate to cancer risks through stem-cell division.[image: ]


Figure 2: Correlation analysis of stem-cell division and cancer risk does not distinguish contribution of extrinsic versus intrinsic factors to cancer risk.[image: ]


Figure 3: Estimation of the proportion of lifetime cancer risk that is not due entirely to â€˜bad luckâ€™.[image: ]


Figure 4: Theoretical lifetime intrinsic risks (tLIR) for cancers based on different number of hits (k) required for cancer onset.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Examples of increased cancer incidence trends from 1973â€“2012 in SEER data.
The cancer types include melanoma, thyroid cancer, kidney cancer, liver cancer, small intestine cancer, testicular cancer, non-Hodgkin lymphoma (NHL), anal and anorectal cancer and thymus cancer. The horizontal dashed lines indicate the historical minimal incidence. The vertical solid lines indicate the most recent year. The numbers represent the minimal percentage of extrinsic risk. The cervix uteri cancer, gallbladder cancer and oesophageal cancer are examples with declining or consistent incidence trend. The incidence rate is per 100,000 people.


Extended Data Figure 2 Sensitivity analysis of different mutation rates on tLIR when the number of hits (k) required is 3.
a, b, Theoretical intrinsic lifetime risks (tLIR) for cancers have been calculated based on five different mutation rates: râ€‰=â€‰1â€‰Ã—â€‰10âˆ’10, 1â€‰Ã—â€‰10âˆ’9, 1â€‰Ã—â€‰10âˆ’8, 1â€‰Ã—â€‰10âˆ’7, 1â€‰Ã—â€‰10âˆ’6. The red dashed lines are the â€˜intrinsicâ€™ risk lines based on the observed data following the same estimation mechanism as the intrinsic risk line in Fig. 3a. The green (a) and blue (b) dashed lines are the â€˜intrinsicâ€™ risk lines estimated based on total reported stem-cell numbers and total homeostatic tissue cells, respectively.


Extended Data Figure 3 Sensitivity analysis of different mutation rates on tLIR when the number of hits (k) required is 4.
a, b, Theoretical intrinsic lifetime risks (tLIR) for cancers have been calculated based on five different mutation rates: râ€‰=â€‰1â€‰Ã—â€‰10âˆ’10, 1â€‰Ã—â€‰10âˆ’9, 1â€‰Ã—â€‰10âˆ’8, 1â€‰Ã—â€‰10âˆ’7, 1â€‰Ã—â€‰10âˆ’6. The red dashed lines are the â€˜intrinsicâ€™ risk lines based on the observed data following the same estimation mechanism as the intrinsic risk line in Fig. 3a. The green (a) and blue (b) dashed lines are the â€˜intrinsicâ€™ risk lines estimated based on total reported stem-cell numbers and total homeostatic tissue cells, respectively.


Extended Data Figure 4 Intrinsic cancer risk modelling.
Part 1 of 2: propagation diagram of driver gene mutation states between generations in one stem cell, from which the stem-cell mutation transition probabilities from one generation to the next are computed.


Extended Data Figure 5 Intrinsic cancer risk modelling.
Part 2 of 2: schema of stem-cell divisions and driver gene mutations, from which the theoretical lifetime intrinsic risks (tLIR) for cancer due to k driver gene mutations are computed. Each coloured circle represents the mutation of a new driver gene in the given stem cell (yellow, first mutation; green, second mutation; red, third mutation). If the mutation of 3 designated driver genes would induce a cancerous stem cell (kâ€‰=â€‰3), then this diagram shows a cancer occurrence as the second stem cell in the last generation (generation n) that has accumulated all 3 driver gene mutations.


Extended Data Table 1 Robustness analysis on total stem-cell divisions and cell divisions estimates in Fig. 3Full size table


Extended Data Table 2 Epidemiological studies on the extrinsic risks of various cancersFull size table


Extended Data Table 3 Percentages of intrinsic versus extrinsic MS with known and unknown causes in different cancer typesFull size table


Extended Data Table 4 Percentages of extrinsic risks based on the reported stem-cell estimates and total homeostatic tissue cells, as shown in Fig. 4Full size table
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Recent analyses have suggested that for some cancers, the intrinsic behaviour of tissue stem cells may be responsible for malignant transformation and cancer progression, raising the question of the influence that extrinsic factors may have on tumorigenesis. Yusuf Hannun and colleagues provide evidence that stem cell dynamic-related intrinsic risk factors contribute only marginally to cancer development and are not a major factor in the observed cancer risk. This new analysis indicates that tumour progress is influenced by extrinsic factors, and highlights the importance of taking them into account in cancer prevention.
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