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Supplementary Information 

 

Included here are additional details, Figs. S1-S4 and Tables S1 and S2, in support of the main text. 

 

Estimated number of hits 

Figures S1-S3 show the h-hit model that best fits the actual distribution of somatic mutations for 17 

cancer types with at least 200 samples in the cancer genome atlas (TCGA). These results are summarized 

in Table S1. Table S1 also shows the results from using only 80% of the available samples. The estimated 

number of hits is the same, indicating that the model is robust. We also show that the model is robust to 

model parameters. Changing the value of G, the number of possible mutations, by a factor of 8, changes 

the estimate for only one of the cancer types (Table S2). 

 

Calculation of 95% confidence interval for number of hits 

The confidence interval (CI) for the number of hits, shown in Table 1 of the main text, is based on Wald’s 

CI. The range of values for h are the hits for which the root mean square difference (RMSD) is within the 

range 𝑠 ± 1.96 𝑠 /√𝑁, where s is the minimum RMSD, 1.96 is the Wald test statistic for 95% CI, and N 

is the number of samples. The range of hits that fall within the 95% CI are shown in Fig. S4. 

 

Calculation p-value for correlation coefficient 

The p-value for the Pearson’s correlation coefficients shown in Fig. 2 of the main text are calculated as 

𝑝 = 𝑇 (
𝑟√𝑁−2

√1−𝑟2
), where p is the p-value, r is Pearson’s correlation coefficient, N is the number of samples, 

and T is the percentage points (probability) function for the 2-tailed student t-distribution.  

 

Mechanistic model 

To further test the robustness of the our probabilistic model, we implemented and compared our results to 

a mechanistic model (Fig. S5). The model consists of three cell types representing the hierarchical 

organization of stem, progenitor and differentiated cells incorporating characteristics of newer 

mechanistic models [2-6]. Each of these cell types can contain up to M oncogenic mutations, represented 

by the 3(M+1) cell subtypes as shown in Fig. S5. Ni
j is the number of cells of type j 

(j=(s)tem/(p)rogenitor/(d)ifferentiated cells) with i = 0 to M mutations. The model incorporates four types 

of cellular transitions with rates ri
k , where k=ss/pp/dd represents stem/progenitor/differentiated cell 

divisions, k=sp/pd represents stem/progenitor cell differentiation into progenitor/differentiated cells, k=d- 

represents cell death, and k=sm/pm/dm represents an oncogenic mutation to 
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stem/progenitor/differentiated cells. The following set of equations determine the population of cell 

subtypes shown in Fig. S5: 

 𝑑𝑁𝑠
𝑖

𝑑𝑡
= 𝑟𝑠𝑠

𝑖 𝑁𝑠
𝑖 − 𝑟𝑠𝑝

𝑖 𝑁𝑠
𝑖 − 𝑟𝑠𝑚

𝑖 𝑁𝑠
𝑖                                                    for 𝑖 = 0 

(1) 

 𝑑𝑁𝑠
𝑖

𝑑𝑡
= 𝑟𝑠𝑠

𝑖 𝑁𝑠
𝑖 + 𝑟𝑠𝑚

𝑖−1𝑁𝑠
𝑖−1 − 𝑟𝑠𝑝

𝑖 𝑁𝑠
𝑖 − 𝑟𝑠𝑚

𝑖 𝑁𝑠
𝑖                              for 𝑖 > 0 

(2) 

 𝑑𝑁𝑝
𝑖

𝑑𝑡
= 𝑟𝑝𝑝

𝑖 𝑁𝑝
𝑖 + 𝑟𝑠𝑝

𝑖 𝑁𝑠
𝑖 − 𝑟𝑝𝑑

𝑖 𝑁𝑝
𝑖 − 𝑟𝑝𝑚

𝑖 𝑁𝑝
𝑖                                   for 𝑖 = 0 

(3) 

 𝑑𝑁𝑝
𝑖

𝑑𝑡
= 𝑟𝑝𝑝

𝑖 𝑁𝑝
𝑖 + 𝑟𝑠𝑝

𝑖 𝑁𝑠
𝑖 + 𝑟𝑝𝑚

𝑖−1𝑁𝑝
𝑖−1 − 𝑟𝑝𝑑

𝑖 𝑁𝑝
𝑖 − 𝑟𝑝𝑚

𝑖 𝑁𝑝
𝑖             for 𝑖 > 0 

(4) 

 𝑑𝑁𝑑
𝑖

𝑑𝑡
= 𝑟𝑑𝑑

𝑖 𝑁𝑑
𝑖 + 𝑟𝑝𝑑

𝑖 𝑁𝑝
𝑖 − 𝑟𝑑−

𝑖 𝑁𝑑
𝑖 − 𝑟𝑑𝑚

𝑖 𝑁𝑑
𝑖                                  for 𝑖 = 0 

(5) 

 𝑑𝑁𝑑
𝑖

𝑑𝑡
= 𝑟𝑑𝑑

𝑖 𝑁𝑑
𝑖 + 𝑟𝑝𝑑

𝑖 𝑁𝑝
𝑖 + 𝑟𝑑𝑚

𝑖−1𝑁𝑑
𝑖−1 − 𝑟𝑑−

𝑖 𝑁𝑑
𝑖 − 𝑟𝑑𝑚

𝑖 𝑁𝑑
𝑖           for 𝑖 > 0 

(6) 

 

We identified four cancer types – colon, lung, and stomach adenocarcinoma, and thyroid carcinoma - for 

which we were able to find the following parameters in the literature. The number of stem cells (Ns
0), the 

number of differentiated cells (Nd
0) and the rate of stem cell division (rss

i) for all four cancer types from 

Tomasetti, Li and Vogelstein (2017) [7]. The differentiated cell renewal rate (rd-
i) for lung and stomach 

from Flindt (2006) [8], for colorectal epithelial cells from Bertalaffy and Nagy (1961) [9], and for thyroid 

from Coclet et. al. (1989) [10]. Since the corresponding information for progenitor cells were not 

available, we assumed Np
0 = Nd

0 and rpd
i = rsp

i. The values for rsp
i, rpp

i, and rdd
i were set to ensure cellular 

homeostasis. The oncogenic mutation rate (rsm
i = rpm

i = rdm
i = rmut) from Nunney and Muir (2015) [11]. The 

parameter values used are listed in Table S3. The population of each cell subtype as a function of time 

was estimated by a fixed time step (dt=0.0001 years) deterministic simulation using the above equations. 

The estimated probability of cancer incidence by age and number of hits was then compared to a UK 

population study of cancer incidence [1], to estimate the number of hits required for oncogenesis. For the 

parameters used, we estimated the number of hits to be three for all four cancer types (Fig. S6). This 

estimate matches the estimate from our probabilistic model for colon and lung adenocarcinoma, and is 

within the 95% confidence interval estimate for stomach cancer (Table 1 of the main text). However, our 

model is sensitive to the value of oncogenic mutation rate, and the literature contains a wide range of 

value for this parameter, from 10-8 to 10-3 [11-14]. Since the set of possible cancer driver genes is diverse, 

with different sizes, different CpG content, and different oncogenic mutations within them, the oncogenic 

mutation rate is likely to vary by cancer type. Using a different set of oncogenic mutation rates, the 

estimated number of hits for this mechanistic model match the estimates for the probabilistic model 

(Table S3, Fig. S7).  
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Figure S1. Number of hits estimated by the multi-combination multi-hit model depends on 

the distinct distribution of somatic mutations, Fig 1 of 3. (a)-(f) Six of seventeen cancer 

types with at least 200 matched tumor and blood derived normal samples, with two-three 

hits. 
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Figure S2. Number of hits estimated by the multi-combination multi-hit model depends on the distinct distribution 

of somatic mutations, Fig 2 of 3. (a)-(f) Six of seventeen cancer types with at least 200 matched tumor and blood 

derived normal samples, with four-five hits. 
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Figure S3. Number of hits estimated by the multi-combination multi-hit model depends on the distinct distribution 

of somatic mutations, Fig 3 of 3. (a)-(e) Five of seventeen cancer types with at least 200 matched tumor and blood 

derived normal samples, with six-eight hits. 
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Table S1. Results are robust for sample size greater than 200. For sample size greater than 200, there is no difference in 

number of hits between results for all samples and randomly selected 80% of samples, and the number of combinations is 

different in only three cases. Although there are no differences in the number of hits for 100-200 samples, the RMSD in many 

cases is large, due to significant discontinuity in the distribution. 
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Table S2. Results are robust for different values of G, the number of possible mutations. The estimated number of hits are the 

same when G is 8 times the value used for the results shown in Tables 1 and S1, except for uterine carcinosarcoma (UCS). 
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Figure S4. Calculation of 95% confidence interval (CI) for the number of hits. The red line represents the RMSD 

value for 95% CI. The range of values for the 95% CI are calculated as describe in the SI. The TCGA codes for the 

cancer types are shown in Table S2.  
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Figure S5. Mechanistic model of tumor growth. 
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Table S3. Parameters for mechanistic model of tumor growth. 

Parameter Colon Adeno-

carcinoma 

Lung Adeno-

carcinoma 

Stomach Adeno-

carcinoma 

Thyroid Carcinoma 

Ns
0 2.00E+08 1.22E+09 1.00E+08 6.50E+07 

Nd
0 3.00E+10 4.34E+11 1.70E+10 2.00E+10 

Np
0 3.00E+10 4.34E+11 1.70E+10 2.00E+10 

rsp 73 0.07 36 0.087 

rpd 73 0.07 36 0.087 

rd- 45.625 45.625 121.67 0.087 

rss 73 0.07 36 0.087 

rpp 72.50 0.0698 35.80 0.0867 

rdd 27.40 45.555 85.70 0.000336 

rmut 8.30E-06 8.30E-06 8.30E-06 8.30E-06 

Estimated # hits 3 3 3 3 

     

Alternate value for rmut 8.30E-06 8.30E-06 5.00E-04 5.00E-04 

Estimated # hits 3 3 5 5 

 

 

 

 

  

Figure S6. Cancer incidence probability estimated by mechanistic model and from a recent UK population study data [1]. (a)-

(d) Results for four cancer types for which key model parameters were found in the literature. See Table S3. 
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