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Supplementary Table 1. Frequency of oncogenic KRAS, EGFR, and BRAF mutations in LUAD. 
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Supplementary Figure 1. Extent of novel oncogene by tumor suppressor genetic interactions described in the current 
manuscript. Previous studies have investigated the impact of inactivating putative tumor suppressor genes on lung tumor 
growth in similar genetically engineered models. “New” indicates that this oncogene by tumor suppressor combination has not 
been previously investigated. The number of new oncogene-by-tumor suppressor combinations analyzed in this manuscript is 
indicated at the bottom of each column (70 out of the 112 possible combinations have not been investigated previously). Many 
of the genes investigated in the oncogenic KRAS G12D-driven model have been investigated using conventional tumor 
suppressor floxed alleles as well as using Tuba-seq1, 2. All tumor suppressors analyzed in the model of EGFR-driven lung 
cancer were performed using Tuba-seq3. The tumor suppressors studied in the model of BRAF-driven lung cancer have all 
been analyzed using conventional floxed models, hence there has been no systematic cross comparison of tumor suppressor 
effects within that model. See Supplementary Fig. 12 for a summary of existing data that compared tumor suppressor effects 
across (rather than within) genetically engineered lung cancer mouse models.  
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Supplementary Figure 2. Integration of CRISPR/Cas9-mediated gene editing and tumor barcoding into genetically 
engineered mouse models enables the generation of tumors with diverse combinations of activated oncogenes and inactivated 
tumor suppressors within individual mice. A, General experimental schematic depicting the composition of the pool of 
barcoded Lenti-sgRNA/Cre vectors (Lenti-D2G28-Pool/Cre) and composition of the three-component barcode. B, Overview of 
sample processing starting from bulk lung. The addition of barcoded normalization controls at a known number allows the 
number of neoplastic cells in each tumor to be calculated (see Methods). C, Jitter plot of all barcoded tumors detected in one 
G12D;Cas9 mouse with Lenti-D2G28-Pool/Cre initiated tumors. Each dot represents a tumor, and the dot size is scaled to tumor 
size. The size of the 95th percentile and 50th percentile (median) tumor within the size distribution of tumors with each Lenti-
sgRNA/Cre vector is indicated. Metrics of total tumor burden, total tumor number, sgInert tumor number, and sgInert tumor 
burden are shown.  
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Supplementary Figure 3. KRAS G12C consistently generates lower tumor burden than KRAS G12D. A, Lung weights of 
mice transduced with the indicated titers of Lenti-D2G28-Pool/Cre. Genotype and time post-tumor initiation is indicated. Each dot 
represents a mouse, and the bar is the median. Fold difference between medians and significance calculated using a 
Wilcoxon rank sum test (p-values < number in parentheses) is shown. B, Total tumor number, total tumor burden, and sgInert 
tumor burden number of neoplastic cells in mice 9 weeks post-tumor initiation with the indicated titer of virus. Mouse 
genotypes are indicated. Each dot represents a mouse, and the bar is the median. Lines represent a linear fit through the 
origin, showing the increases in tumor number and burden are linear with titer. C, Total tumor number, total tumor burden, and 
sgInert tumor burden number of neoplastic cells in mice 15 weeks post-tumor initiation with the indicated titer of virus. Mouse 
genotypes are indicated. Each dot represents a mouse, and the bar is the median. Lines represent a linear fit through the 
origin, showing the increases in tumor number and burden are linear with titer. D, Number of large sgInert tumors greater than 
10,000 cells in size, normalized to viral titer. Mouse genotypes and time-points are indicated. Each dot represents a mouse, 
and the bar is the median. Fold difference and significance calculated using a Wilcoxon rank sum test (p-values < number in 
brackets) are shown. E, Number of tumors at or above the tumor size cutoff on the x-axis in G12D;Cas9 and G12C;Cas9 at 9 
weeks post-tumor initiation. Each transparent line represents a mouse, and the solid line is the median. F and G, The density 
function of sgInert tumor burden as a function of log(tumor size) 9 weeks (F) and 15 weeks (G) post-tumor initiation.  
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Supplementary Figure 4. Relative tumor size percentiles enable quantification of effects of Cas9-mediated tumor suppressor 
inactivation on tumor growth. A, Schematic representation of the calculation of relative tumor size (neoplastic cell number 
relative to sgInert) using simulated sgInert and sgPten tumor size distributions as an example. For all tumors above a defined 
tumor size (# of neoplastic cells) cutoff (1000 cell cutoff is shown), the size (# of neoplastic cells) of the 50th percentile 
(median) tumor within the sgPten tumor size distribution divided by the size of the 50th percentile tumor within the sgInert 
tumor size distribution is used to calculate the sgPten 50th percentile relative tumor size. Relative tumor size can be calculated 
using the same procedure for any matching percentile (the 95th percentile is also shown) tumor in the sg[TumorSuppressor] 
versus sgInert tumor size distributions. Note that this data from KrasG12D:Cas9 mice is from a repeat study (corresponding to 
Group 3 in Supplementary Fig. 5a,b) which is distinct from that shown in Fig. 2a. B,C, Relative size (neoplastic cells) of the 
tumor at the indicated percentiles of the tumor size distributions for barcoded Lenti-sgRNA/Cre vectors targeting each gene, 
relative to the size of the sgInert tumor at the same percentile in G12D mice (b) and G12D;Cas9 mice. D, Relative size 
(neoplastic cells) of the tumor at the indicated percentiles of the tumor size distributions for barcoded sgInert tumors in 
G12D;Cas9 mice (Cas9Positive) relative to the size of the sgInert tumor at the same percentile in G12D mice (Cas9-negative). 
The study groups used here correspond to the groups with the same labels in Supplementary Fig. 5a,b. All groups from that 
list that had a corresponding Cas9-negative group were included. 
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Supplementary Figure 5. Tumor suppressor effects are highly reproducible across studies and sgRNAs targeting the same 
gene. A, Replicate studies and groups used to assess the reproducibility of the impact of inactivating tumor suppressors on 
lung cancer growth in G12D;Cas9 (top) and G12C;Cas9 (bottom) mice. Mouse number and viral titers are shown for each 
group. B and C. 95th percentile Relative tumor sizes (relative to sgInert) for each of the 11 G12D;Cas9 study groups (B) and 4 
G12C;Cas9 study groups (C). Each point represents tumors initiated with the same Lenti-sgRNA/Cre vector and the bars are 
the 95th percent confidence intervals. Grey line indicates equal effect. Pearson r is indicated. Note that 3 pairs of groups (1 and 
2; 6 and 7; 10 and 11) in panel “A” are replicate groups of mice within the same study, while all other listed Groups are from 
distinct, independent studies initiated at different times. D. 95th percentile relative tumor sizes (relative to sgInert) for 2 distinct 
sgRNAs targeting the same gene in 34 G12D;Cas9 mice. Guide 1 (x-axis) represents the sgRNA used in the main experiment. 
sgRNAs performance was tested using a different, but equivalent lentivector than was used in the main experiment (see E for 
comparison). Each point represents tumors initiated with the same Lenti-sgRNA/Cre vector and the bars are the 95th percent 
confidence intervals. Black dotted line indicates equal effect. Pearson r is indicated. E. 95th percentile relative tumor sizes 
(relative to sgInert) for the sgRNA used in the main experiment on 2 different plasmid backbones in G12D;Cas9 mice. pLL3.3 
is the backbone used in the main experiment. Each point represents the tumors initiated with one Lenti-sgRNA/Cre vector and 
the bars are the 95th percent confidence intervals. Black dotted line indicates equal effect. Pearson r is indicated.  
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Supplementary Figure 6. Tumor suppressor effects are reproducible across different timepoints and studies. A and B, 
Relative size (neoplastic cells) of the tumor at the indicated percentiles of the tumor size distributions for barcoded Lenti-
sgRNA/Cre vectors targeting each gene, relative to the size of the sgInert tumor at the same percentile, in G12C;Cas9 mice 
(A) and G12D;Cas9 mice (B) at 9 weeks after tumor initiation. 95% confidence intervals are shown. C-E. Relative size of the 
tumor at the 95th percentile of the tumor size distributions in the indicated genotypes of mice at the indicated times after tumor 
initiation. Each dot represents the tumors initiated from one Lenti-sgRNA/Cre vector and the bars are the 95th percent 
confidence intervals. Genes where the 95% CI excluded no effect in both of the two groups are shown in color. Black dotted 
line indicates equal effect. Spearman rank-order correlation (ρ) and Pearson correlation (r) are indicated.  
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Supplementary Figure 7. Oncogenic BRAF and EGFR drive the formation of lung tumors with differently shaped size 
distributions in vivo. A and B, Lung weights of mice transduced with the indicated titers of Lenti-D2G28-Pool/Cre in Braf;Cas9 (A) 
and Egfr;Cas9 (B) at 15 weeks post-tumor initiation. Each dot represents a mouse, and the bar is the median. C and D. 
Number of tumors at or above the tumor size cutoff on the x-axis in Braf;Cas9 (C) and Egfr;Cas9 (D) at 15 weeks post-tumor 
initiation. Each transparent line represents a mouse, and the solid line is the median.  



 Blair, Juan et al., pg. 10 

Supplementary Figure 8. Effect of tumor suppressor inactivation is dependent on oncogenic context. A-C, Relative size of 
the tumor at the 95th percentile of the tumor size distributions in the indicated genotypes of mice at the indicated times after 
tumor initiation. Each dot represents the tumors initiated from one Lenti-sgRNA/Cre vector and the bars are the 95th percent 
confidence intervals. Genes where the 95% CI excluded no effect are shown in color. Black dotted line indicates equal effect. 
Spearman rank-order correlation (ρ) and Pearson correlation (r) are indicated. D-I, Relative size of the tumor at the indicated 
percentiles (legend in D) of the tumor size distributions for Lenti-sgRNA/Cre vectors targeting Nf1 (D), Pten (E), p53 (F), Lkb1 
(G), Setd2 (H), and Kmt2d (I) in tumors in the indicated genotypes of mice.  
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Supplementary Figure 9. Relative tumor number measurements enable quantification of effects of Cas9-mediated tumor 
suppressor inactivation on tumor number. A, Schematic representation of the calculation of relative tumor number (normalized 
to tumor number in Cas9negative mice and to sgInert) using simulated sgInert and sgPten tumor size distributions as an 
example. To calculate the sgPten relative tumor number: for all tumors above the tumor size cutoff, the ratio of the number of 
sgPten tumors to sgInert tumors in the G12D;Cas9 mice is divided by the ratio of the number of sgPten tumors to sgInert 
tumors in the G12D mice. Note that the ratio of sgPten tumors to sgInert tumors in the G12D mice reflects the relative titers of 
Lenti-sgPten/Cre to Lenti-sgInert/Cre in the virus pool, not a biological effect of Pten inactivation, as all guides are inert in 
Cas9negative mice. B-E, Description of the mouse genotypes used to calculate relative tumor numbers for G12C;Cas9 (B), 
G12D;Cas9 (C), Braf;Cas9 (D), and Egfr;Cas9 (E) in Fig. 5A-D.  
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Supplementary Figure 10. Relative tumor number measurements vary across oncogenes. A-F, Relative tumor number in 
indicated genotypes of mice at 15 weeks after tumor initiation. Each dot represents the tumors initiated from one Lenti-
sgRNA/Cre vector and the bars are the 95th percent confidence intervals. The black dotted line indicates equal effect. 
Spearman rank-order correlation (ρ) and Pearson correlation (r) are indicated.  
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Supplementary Figure 11. Co-mutation rates in KRAS- and BRAF-driven lung adenocarcinoma are more correlated with 
exon length than causal effects, suggesting human frequencies in these contexts are driven primarily by passenger mutations. 
A and B, Correlation of relative tumor size at the 95th percentile to co-mutation rate of each gene tested in our model with 
KRAS (A) and BRAF (B) in LUAD patients. CMTR2 was the only gene tested in our model that was not present in the MSK-
IMPACT468 panel and therefore not included here. Spearman rank-order correlation (ρ) and Pearson correlation (r) are 
indicated. C, Correlation of exon length to co-mutation rate of each gene tested in our model with KRAS in LUAD patients. 
Error bars show the 95% binomial confidence interval.TP53, LKB1, KEAP1, RBM10, and CDKN2A were determined to be 
outliers. After removal of outliers: dotted line shows linear fit to the log-transformed exon length and log-transformed co-
mutation rate; yellow region highlights 3x on either size of the fit, spearman rank-order correlation (ρ) and Pearson correlation 
(r) are indicated. D, Correlation of co-mutation rate with BRAF in LUAD with co-mutation rate with KRAS in LUAD patients. 
Spearman rank-order correlation (ρ) and Pearson correlation (r) are indicated.  
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Supplementary Figure 12. Extent of novel intra- and inter-oncogene comparisons of tumor suppressor effects described in 
the current manuscript. A, Previous data investigating the impact of inactivating putative tumor suppressor genes on tumor 
growth within and across oncogenic contexts in quantitative in vivo models3, 4. B, Data from the present study investigating the 
impact of inactivating putative tumor suppressor genes on tumor growth within and across oncogenic contexts. 
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