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Abstract 43 

Clonal hematopoiesis (CH) is a phenomenon caused by expansion of white blood cells 44 

descended from a single hematopoietic stem cell. While CH can be associated with leukemia 45 

and some solid tumors, the relationship between CH and lung cancer remains largely unknown. 46 

To help clarify this relationship, we analyzed whole-exome sequencing (WES) data from 1,958 47 

lung cancer cases and controls. Potential CH mutations were identified by a set of hierarchical 48 

filtering criteria in different exonic regions, and the associations between the number of CH 49 

mutations and clinical traits were investigated. Family history of lung cancer (FHLC) may exert 50 

diverse influences on the accumulation of CH mutations in different age groups. In younger 51 

subjects, FHLC was the strongest risk factor for CH mutations. Association analysis of 52 

genome-wide genetic variants identified dozens of genetic loci associated with CH mutations, 53 

including a candidate SNP rs2298110, which may promote CH by increasing expression of a 54 

potential leukemia promoter gene OTUD3. Hundreds of potentially novel CH mutations were 55 

identified, and smoking was found to potentially shape the CH mutational signature. Genetic 56 

variants and lung cancer risk factors, especially FHLC, correlated with CH. These analyses 57 

improve our understanding of the relationship between lung cancer and CH, and future 58 

experimental studies will be necessary to corroborate the uncovered correlations. 59 

 60 

Significance 61 

Analysis of whole-exome sequencing data uncovers correlations between clonal 62 

hematopoiesis and lung cancer risk factors, identifies genetic variants correlated with clonal 63 

hematopoiesis, and highlights hundreds of potential novel clonal hematopoiesis mutations. 64 

 65 

 66 

 67 

 68 

 69 

 70 



Introduction 71 

Clonal hematopoiesis (CH), also known as clonal hematopoiesis of indeterminate potential 72 

(CHIP), is a phenomenon of asymptotic expansion of blood cells descended from a single 73 

mutated hematopoietic stem cell (HSC). In a healthy adult human, more than 500 billion 74 

mature blood cells are produced each day from only about 10-20 thousands HSCs (1,2). 75 

Hematopoietic stem or progenitor cells accumulate somatic mutations due to the increase of 76 

age, environmental exposures, or other reasons. While the majority of these somatic 77 

mutations are neutral or deleterious, some of them may contribute a competitive advantage to 78 

the host stem/progenitor cells during hematopoiesis. Consequently, a single HSC can produce 79 

a clonal population of blood cells that inherit the same set of somatic mutations.  80 

 81 

The most clear clinical correlate with CH development is aging. CH was more common in older 82 

people as somatic mutations accumulate in HSCs with increased age (3,4). The association 83 

between CH and age was first reported in the non-random X inactivation (NRXI) study: CH 84 

was observed in less than 5% of neonates and young healthy females, but 20–25% in healthy 85 

women over 60 years old (5,6). Subsequent large-scale analysis based on single nucleotide 86 

polymorphism (SNP) microarray or DNA sequencing data also observed low  CH rate in young 87 

but over 10% in people older than 65 years (7–9). Exogenous stress such as chemical/radio 88 

therapy and smoking also promotes CH mutations. In patients who had undergone 89 

chemotherapy, recurrent CH mutations were found in DNA damage related genes (10,11). 90 

Smoking was also highly related with CH mutations (8), affecting mutational signature of CH 91 

mutations (10). 92 

 93 

While CH is not considered a hematologic disease, many CH mutations occur in genes that 94 

are frequently mutated in leukemia and other type of cancers, such as DNMT3A, TET2, 95 

ASXL1, and PPM1D (8,9,12). The presence of CH mutations has been associated with the 96 

increased risk of breast, ovarian and hematologic cancer (12,13), especially the therapy-97 

induced acute leukemia (AML) (14). Lung cancer is a major cause of cancer death worldwide 98 



accounting for over 1 million deaths each year (15). While CH mutations have been found 99 

associated with several solid tumors (10,16), the connection between CH mutation and lung 100 

cancer remains largely unknown. A pan-cancer analysis found that lung cancer patients tend 101 

to harbor more CH mutations than the average level across all tumor samples; however, this 102 

might be confounded by smoking history (10). Another large-scale WGS study detected weak 103 

association between CH mutations and lung adenocarcinoma (8); while the association 104 

between CH mutations and lung adenocarcinoma showed the lowest P-value among all 105 

cancer phenotypes, it do not reach the significance cutoff (8). Despite the limited number of 106 

cases that have previously been studied, lung cancer cases share similar risk factors 107 

associated with CH mutations, for example, age and smoking. Whether these risk factors 108 

contribute to the accumulation of CH mutations equally in lung cancer patients and non-cancer 109 

controls is unclear. In addition, germline genetic variants correlated with CH mutations are 110 

found at lung cancer susceptibility genes, such as TERT (8) and TRIM59 (16), suggesting 111 

potential connections between familial lung cancer and CH mutations. However, none of the 112 

previous studies has investigated the relationship between family history of lung cancer and 113 

CH mutations. The Integrative Analysis of Lung Cancer Etiology and Risk project of the 114 

International Lung Cancer Consortium (INTEGRAL-ILCCO) project (17) provided a 115 

comprehensive dataset from lung cancer and healthy cohorts, with additional clinical 116 

information such as age, sex, smoking status and family history of lung cancer (FHLC), 117 

providing the opportunity for us to uncover the linkages between CH mutations, lung cancer 118 

and lung cancer risk factors. Here we utilized the whole-exome sequencing (WES) data from 119 

the INTEGRAL-ILCCO project to characterize the CH mutation status, its associated clinical 120 

impact in patients with Lung cancer and/or lung cancer family history, and the inherited genetic 121 

causes of CH mutation status. 122 

 123 

Materials and Methods 124 

Human subjects 125 



We utilized the clinical information, genotyping and whole-exome sequencing (WES) data from 126 

1958 samples in the INTEGRAL-ILCCO study (17). The study was approved by the 127 

institutional review board of all sites accruing participants. The INTEGRAL-ILCCO project 128 

includes a total of 1059 lung cancer cases and 899 controls from four sites: Harvard School 129 

of Public Health (HSPH), International Agency for Research on Cancer (IARC), University of 130 

Liverpool, and Mount Sinai Hospital and Princess Margaret Hospital (MSH-PMH) in Toronto 131 

(Table S1) (17). Everyone in this study had not been treated prior to blood drawing. Lung 132 

cancer subjects which were early onset lung cancer patients, with family history or with 133 

available tissues were preferred. Subjects without lung cancer diagnosis were defined as 134 

controls. Clinical information included sex, age, smoking history and family history of lung 135 

cancer (FHLC) (Table S1). Lung cancer samples were more likely to be smokers and 136 

associated with higher pack-years than controls (P < 0.0001), and were more likely to have 137 

FHLC (Fig. S1). 138 

 139 

Genotyping and WES sequencing  140 

Genotyping, WES sequencing and data processing were described by the previous study (17). 141 

Briefly, for the SNP array genotype data, DNA extracted from peripheral white blood cells was 142 

genotyped using the Human610-Quad BeadChip (Illumina, San Diego, CA), with low quality 143 

SNPs removed. For WES data, paired-ended 125bp WES was performed using the Agilent 144 

SureSelect v5 kit with additional custom capture targeted at known LC-GWAS regions. 145 

Sequence reads were mapped to the human reference GRCh37/hg19 using the Burrows-146 

Wheeler Aligner. Potential PCR duplicates were filtered in subsequent analysis. Samples with 147 

abnormal heterozygosity rate, sex discordance, <95% completion rates, and unexpected 148 

relatedness (identity-by-state > 10%) were discarded. The median on-target coverage of all 149 

the samples was ~51x, with only less than 3% of on-target bases having a depth less than 150 

10x. We also called SNPs from WES data using the GATK HaplotypeCaller pipeline. For both 151 

SNP array data and WES SNP calling results, we applied a chi-square Hardy-Weinberg 152 

equilibrium (HWE) test to remove SNPs which significantly deviated from HWE. For each SNP, 153 



we tested the significance in lung cancer patients and controls separately. The SNPs with a 154 

p-value larger than 5e-8 in both lung cancer patients and controls were retained for further 155 

analysis. 156 

 157 

Identification of clonal hematopoiesis (CH) mutations 158 

We designed a set of hierarchical filtering criteria to optimize the sensitivity and accuracy for 159 

CH mutation detection. We only kept bases with quality score >30 and processed aligned bam 160 

files with mpileup command of samtools to detect as many potential CH mutations as possible. 161 

We implemented a binomial error model to improve CH calling as described previously (18). 162 

Briefly, we estimated the mean sequencing error rate (0.032%) from duplicated reads by 163 

dividing the number unmatched bases with total bases, and then we used a binomial model 164 

to test whether the detected mutated reads were actually due to sequencing error. The 165 

following criteria were used to retain mutations: 1) Sites with coverage >=20; 2) Variant allele 166 

fraction (VAF) <35%; 3) binomial model FDR-adjusted p-value<0.001; 4) sites were reported 167 

in Catalogue of Somatic Mutations in Cancer (COSMIC) version 92 (19). 168 

 169 

Previous research has highlighted 34 leukemia/lymphoma related genes (ASXL1, CBL, 170 

DNMT3A, GNAS, JAK2, NRAS, SF3B1, TP53, U2AF1, BCOR, PPM1D, TET2, IDH1, IDH2, 171 

SRSF2, RUNX1, SH2B3, ZRSR2, STAT3, KRAS, MYD88, ATM, CALR, CEBPA, ETV6, EZH2, 172 

FLT3, KIT, MPL, NPM1, STAG2, WT1, SETD2, CREBBP) (10) as frequently associated with 173 

CH. More than 70% of reported CH mutations were reported in these genes (20). Thus, we 174 

considered any mutations located in those genes were likely to be true CH mutations. We 175 

relaxed the FDR cutoff to 0.01 on the previously reported mutations (20) to detect more 176 

potential mutated samples. For novel CH mutations we removed any sites that overlap with 177 

dbSNP v151 (21) to eliminate noise from as many potential SNPs as possible. 178 

 179 

We then applied more strict filtering criteria to genomic regions other than the 34 known CH-180 

related genes to detect potential novel CH mutations. Due to the close relationship between 181 



CH, leukemia, and other types of cancer, functionally important CH mutations may also occur 182 

in other cancer genes. We further filtered CH mutations in 689 COSMIC cancer genes (19) 183 

(excluding 34 leukemia genes) under the following criteria: 1) keep mutations with at least 5 184 

reads supported the alternate allele; 2) keep mutations with VAF no more than 0.1; 3) if 185 

mutations had not been previously reported then remove sites that overlap with dbSNP v151. 186 

For the other genomic regions, we applied stricter filtering criteria to ensure the accuracy of 187 

CH identification. Only the mutations with 1) reads supported the alternate allele >=10; 2) 188 

VAF<0.1; 3) not overlapped with dbSNP v151 sites were retained.  All the sites were then 189 

annotated by ANNOVAR (22). 190 

 191 

Mutational signature analysis 192 

All the sites that remained, including exonic, intronic and intergenic mutations were combined 193 

to estimate mutational signatures. Due to the limited number of mutations in each sample, we 194 

estimated the mutational signatures in pooling samples. For estimation of overall mutational 195 

signatures, we merged the mutations from all the samples. For correlation between mutational 196 

signatures and clinical factors, we merged the mutations from samples in each clinical factor 197 

group, randomly sampled 1000 mutations and re-sampled 100 times. Then we assigned the 198 

mutations as well as their 3’ and 5’ nucleotide context into 96 tri-nucleotide mutational 199 

signatures. We assigned 30 previously described signatures (23) to our signatures using the 200 

decomposition algorithm developed by Coombs et al (10). Each signature was assigned a 201 

weight that corresponded to the percentage of mutations explained by each given signature. 202 

We compared the weights of mutational signatures between the trait groups by Wilcoxon-rank 203 

sum tests. 204 

 205 

Statistical analyses 206 

Spearman correlation test (age) and Wilcoxon-rank sum tests (other traits) were used to test 207 

the relevance between CH mutations and traits. We also used Fisher-exact tests to compare 208 

the number of samples with/without CH mutation between trait groups. Multivariate logistic-209 



regression analysis was used to examine the association between the prevalence of CH 210 

mutations and FHLC in both younger (age<50) and older (age ≥ 50) samples separately, with 211 

age, disease status, smoking and sex as covariates. For mediation test, we firstly constructed 212 

two linear/logistic regression models: independent variant – mediator and independent variant 213 

+ mediator – dependent variant. Then we calculated the effect and significance of average 214 

causal mediation effects (ACME) and proportion of the mediation effect by R function “mediate” 215 

of package “mediation”. Benjamini-Hochberg method (24) were used for multiple testing 216 

correction, with the significance cutoff of false discovery rate (FDR) as 0.1.  217 

 218 

For the germline variation association, we obtained SNP array and WES SNP calling data for 219 

all of the samples. For WES SNP calling data, SNPs overlapped with SNP array were removed. 220 

We applied a linear regression model, with the number of CH mutations in each sample as 221 

the dependent variable, genotype of each SNP as independent variables.  Sex, age, disease 222 

status, smoking, batch, sampling sites and the top three principal components were included 223 

in the model as covariates. We used the “stepAIC” function from the MASS package to step 224 

wisely optimize the model by AIC, and calculated the correlation between CH mutations and 225 

each SNP. In order to improve the statistical power, we required the sample size for each 226 

genotype ≥ 3, minimum minor allele frequency (MAF) >0.01 and the total sample size ≥ 30. 227 

To correct for multiple testing, the p-values were assessed using the Benjamini-Hochberg 228 

correction (24) to obtain the false discovery rate (FDR). The significance cutoff was set to 229 

FDR<0.1. Differences between CERES score and 0 were tested by one-sample t-test. Since 230 

the number of blood/lymphocytes cell lines (78) was much less than other cell lines (912), in 231 

order to make significance level comparable between two kinds of cell lines, we randomly 232 

sampled 78 cell lines and calculated p-values, shuffled 10000 times, then used the mean p-233 

value as significance level of other cell lines. 234 

 235 

Results 236 

CH mutations in leukemia associated genes 237 



Previous study has identified a panel of leukemia-associated genes that are CH mutation 238 

hotspots  (10). More than 70% of reported CH mutations were located in those genes (20). 239 

Thus, we first selected CH mutations located in those genes as the most robust dataset for 240 

subsequent analysis. We examined blood WES sequencing data to identify the prevalence of 241 

CH in 1,958 samples from the INTEGRAL-ILCCO project, including 1,059 from lung cancer 242 

patients and 899 from controls (Table S1). From these samples, we identified a total of 977 243 

CH mutations located at 34 CH hotspot genes (Fig. 1A). Out of the 1,958 subjects, 1030 244 

(52.6%) harbored at least one CH mutation. The majority of them (607 samples) have only 245 

one CH mutation with the maximum number per subject being 12 (Fig. 1A). The frequency of 246 

samples harbored at least one CH mutation in lung cancer patients (558/1059, 52.7%) and 247 

controls (472/899, 52.5%) do not have significantly differences (Fig. 1A). As expected, CH 248 

mutations have significantly lower variant allele frequencies (VAFs) compared to germline 249 

mutations, enabling us to correctly discriminate these two types of mutations (Fig. 1B). As 250 

shown, the median VAF for CH mutations was 0.047, with 98.9% of mutations having a VAF 251 

less than 0.2. In the 34 CH hotspot genes, DNMT3A had the largest number of mutated sites, 252 

followed by TET2, ATM, and TP53 (Fig. 1C). These top 4 genes accounted for 77.9% CH 253 

mutations in samples harboring at least one CH mutation.  254 

 255 

We therefore examined the pattern of mutation sites in two of the most frequently mutated 256 

genes, DNMT3A and TP53. In DNMT3A, we identified several high-frequency CH mutation 257 

sites including the most well-known R882H mutation (Fig. 1D) (20). In TP53, the most frequent 258 

CH mutation was R282W (Fig. 1D). These frequent CH mutation sites are located at the 259 

functional domains of TP53 protein. In DNMT3A, the most frequent mutation R326H in 260 

DNMT3A is located in the Pro-Trp-Trp-Pro (PWWP) domain, and a less frequent mutation 261 

R659H is located in the DNA methylase domain (Fig. 1D). In TP53, the most frequent mutation 262 

R282W is located in the DNA-binding domain.  263 

 264 

Association of CH mutations with age and lung cancer risk factors 265 



We investigated the association between number of CH mutations and available clinical 266 

variables, including age, sex, smoking history, disease status (lung cancer vs. control) and 267 

family history of lung cancer (FHLC). Consistent with previous studies, we observed a 268 

continuously increase of CH mutation frequency with the increase of age (Fig. 2A) (5,6,10,25). 269 

Spearman correlation test suggest CH demonstrated a significant association with age 270 

(p=0.0029, Fig. 2B). Both Spearman correlation and linear regression showed the association 271 

was more significant in control samples (p=0.0031 and 0.011, Fig. 2B-C) than in lung cancer 272 

samples (p=0.17 and 0.59), presumably due to the impact of other factors. Hence, we 273 

investigated the association between the number of CH mutations and other clinical traits, but 274 

observed no significant association without subject stratification. Notably, we observed in 275 

subjects younger than 50, lung cancer samples tend to have more CH mutations than control 276 

samples (Fig. 2A). Thus, we divided all subjects into a younger group (age <50) and an older 277 

group (age ≥50). We observed significant associations in subjects younger than 50. For 278 

example, we found that smoking has a much stronger impact on younger subjects in terms of 279 

CH mutations. In the young group, smokers had significantly higher CH mutation frequency 280 

than the non-smokers (P=0.025), while such a difference was not observed in the old group 281 

(P>0.1) (Fig. S1A). Similarly, in the young group subjects with family history of lung cancer 282 

(regardless of their own cancer status) tend to have significantly more CH mutations than 283 

those without (P=0.0033, Fig. 2D-E). We observed the opposite but non-significant trend 284 

among older subjects (Fig. 2E).  285 

 286 

It is well known that both smoking and FHLC are risk factors for lung cancer (26). In our dataset, 287 

we also observed that samples with smoking history and/or family history of lung cancer are 288 

more likely to be lung cancer patients (Fig. S1B-C). Thus, we further divided samples into sub-289 

groups by considering multiple traits, and then made comparisons in the younger (age<50) 290 

and older age groups separately to characterize more effects of factors influencing lung cancer 291 

risk according to age groups. In younger subjects, FHLC was associated with more CH 292 

mutations, regardless of their lung cancer status, smoking history and sex (Fig. S1D). In older 293 



subjects, FHLC was associated with fewer CH mutations (Fig. S1E). We further performed 294 

multivariate logistic-regression analysis to examine further the association between CH 295 

mutations and FHLC, while adjusting the effects of age, disease status, smoking and sex as 296 

covariates. The result confirmed that FHLC is the most significant factor that associated with 297 

CH mutations (p= 0.035) in subjects with age < 50 (Fig. 2F). Instead, in old subjects, age is 298 

the most significant factor that associated with CH mutations (p= 0.029), followed by FHLC 299 

(p=0.093) (Fig. 2F). Thus, family history may contribute most to the accumulation of CH 300 

mutations in younger subjects; while in older individuals normal aging is the most important 301 

risk factor of CH mutations. 302 

 303 

Given the association between CH and lung cancer risk factors, we wonder if CH was a 304 

mediator between risk factors and lung cancer, or independently influenced by lung cancer 305 

risk factors. Firstly we test whether CH was a mediator between a risk factor and cancer. Either 306 

across all the samples or in young/old groups, none of the correlation between risk factor and 307 

cancer were significantly mediated by CH (Fig. S2A). Because age and FHLC showed 308 

significant correlations with CH, we further tested whether these correlations could be 309 

mediated by another risk factor or cancer status. Consistent with Fig. 2F, in young samples, 310 

although the correlation between FHLC and CH could not be significantly mediated by any 311 

other risk factors, age has the lowest p-values (p=0.156) than all the other risk factors (Fig. 312 

S2B); in old group, the correlation between age and CH could be significantly mediated by 313 

FHLC (p=0.028, Fig. S2C). In together, CH was more likely independently influenced by lung 314 

cancer risk factors than a mediator between risk factors and lung cancer, although we could 315 

not exclude the possibility that limited number of CH mutations reduced the statistic power. 316 

 317 

Genetic variants associated with CH mutations 318 

The association between FHLC and CH mutations suggested potential genetic effects. Thus, 319 

we performed a single-variant genome-wide association analysis by applying a linear 320 

regression model to all the samples. After removed SNPs that significantly deviated from 321 



Hardy-Weinberg equilibrium (HWE), we examined 407,635 SNPs from SNP array data and 322 

150,292 SNPs called from the WES data. We discovered 55 sites (32 from SNP array data, 323 

23 from WES data) significantly associated with the number of CH mutations at the 324 

significance level of 0.1 (FDR < 0.1) (Fig. 3A and Table S2).  325 

 326 

In total, we detected six nonsynonymous SNVs significantly correlated with CH mutations (Fig. 327 

3B). Of these SNPs, rs2298110 located in OTUD3 showed the most significant correlation 328 

with CH mutations and the second lowest p-value among all the SNPs (Fig. 3A and table S2). 329 

Samples with heterozygous genotype AG at rs2298110 tend to have more CH mutations than 330 

homozygous genotype AA (Fig. 3C). The A-to-G mutation leads to an asparagine to serine 331 

amino acid change at position 321. Despite the potential protein function change, rs2298110 332 

is also an expression quantitative trait locus (eQTL). By investigating the eQTL data from 333 

whole blood samples of Genotype-Tissue Expression (GTEx) project (27), we found genotype 334 

AG at rs2298110 was correlated with higher expression of OTUD3 (Fig. 3D and Table S3). As 335 

a deubiquitinase, the OTUD3 protein plays bi-functional roles in multiple cancers, which can 336 

be either a tumor suppressor by stabilizing PTEN protein in breast, colon, liver and cervical 337 

cancer (28), or promote tumorigenesis by stabilizing the GRP78 protein in lung cancer (29). 338 

We investigated the expression of OTUD3 in the TCGA dataset (30), and found leukemia had 339 

the highest expression of OTUD3 among all the cancer types (Fig. 3E). We  found that higher 340 

expression of OTUD3 was associated with poor overall survival status (Fig. 3F) in TARGET 341 

leukemia data (31). These results suggested that OTUD3 may promote tumorigenesis in 342 

leukemia. Additionally, we utilize the CRISPR-Cas9 knockout data from DepMap database 343 

(32,33) to investigate whether knowckout OTUD3 will influence cell proliferation rate. In cell 344 

lines both derived from blood/lymphocyte and other tissues, the CERES scores (32) were 345 

significantly lower than 0 (Fig. 3G), suggesting knockout of OTUD3 would broadly reduce the 346 

proliferation rate of various cell lines. While there was no significant differences between 347 

CERES score of blood/lymphocyte cell lines and other cell lines (p=0.31), the differences 348 

between CERES score and zero were more significant in blood/lymphocyte cell lines (p=3.1e-349 



11) than in other cell lines (p= 2.6e-7) (Fig. 3G), indicating that OTUD3 may played more 350 

important role in the proliferation of blood/lymphocyte cells than in other tissues. We 351 

hypothesized that A-to-G mutation at rs2298110 may also gain the proliferation rate of 352 

hematopoietic stem cell by increasing the expression of OTUD3, and further promoting CH. 353 

 354 

We also observed two SNP clusters located on chromosome 8 and 10, respectively (Fig. 3A). 355 

Cluster 1 included four SNPs (rs4733102, rs9656754, rs3189926, rs16876489) on 8p12, 356 

across a ~77 kb region (8:29893911-29971290). Two protein coding genes are located in this 357 

region, SARAF and LEPROTL1. By investigated the eQTL data from whole blood samples of 358 

GTEx (27), we found that all the four SNPs were eQTLs, which were significantly correlated 359 

with the expression of SARAF and a nearby downstream gene MBOAT4 (Table S3). For 360 

example, SNP rs3189926 was located in the 3’-UTR region of SARAF. The homozygous 361 

genotype CC was correlated with more CH mutations and higher expression of SARAF and 362 

MBOAT4 than genotype AA and AC (Fig. 3H-J). As a negative regulator of store-operated 363 

calcium entry (SOCE), SARAF might be related with abnormal calcium homeostasis of various 364 

cancers (34). MBOAT4 as well as LEPROTL1 were involved in the regulation of lipid 365 

metabolism (35). Cluster 2 of 9 SNPs (rs78452361, rs1696819, rs1696820, rs1696821, 366 

rs17544933, rs4752586, rs17102481 and two novel sites) were located at chromosome 367 

10q26.13, over a 26kb intergenic region. While the potential function of these SNPs remain 368 

unknown, they are located immediately downstream of FGFR2, a fibroblast growth factor 369 

receptor which has been reported as a risk gene in breast cancer (36), gastric cancer (37), 370 

and leukemia (38). In addition, GWAS analysis has found a risk loci rs35837782 for childhood 371 

acute lymphoblastic leukemia at 10q26.13 (39) . Overall, SNPs in these regions might play 372 

important regulation roles in tumor cell proliferation and survival, and might potentially promote 373 

CH via similar mechanisms. 374 

 375 

CH mutations in other genes 376 



To detect potential novel CH mutations, we extended our analysis to other genes but applied 377 

a set of stringent selection criteria. First, we investigated 689 COSMIC cancer genes (19), and 378 

from them we identified a total of 85 different mutations located in 48 genes of 533 samples 379 

(Fig. 4A). While most genes are mutated in only a small number of samples with a unique 380 

mutation site, several genes, including KMT2C, PABPC1, FKBP9, and HNF1A, were mutated 381 

in a significantly large number of samples (Fig. 4B). Specifically, KMT2C was mutated in 101 382 

subjects and harbored 23 different mutations. In contrast, PABPC1, FKBP9, and HNF1A were 383 

associated with only a few different mutation sites but these mutations presented in more than 384 

80 samples.  385 

 386 

We compared the mutation frequency of these genes in the lung cancer patents versus the 387 

controls (Fig. 4C). We found that PABPC1 and FKBP9 mutations were significant correlated 388 

with disease status. As shown in Fig. 4D and 4E, PABPC1 and FKBP9 were less frequently 389 

mutated in subjects with lung cancer compared to controls. Following that, we further extended 390 

CH mutation identification to all genes, again, using the stringent selection criteria. This 391 

analysis resulted in 46 mutations located in 30 additional genes (Fig. S3A-B) across 477 392 

samples. Out of them, PABPC3 and USP17L11 were the two most frequently mutated genes, 393 

with a mutation K254fs (a 1-bp frame-shifting insertion) in in PABPC3 and a mutation T360I 394 

(a point mutation) in USP17L11 presenting in 129 and 39 samples, respectively. By correlated 395 

these genes with sample subgroups stratified based on different clinical features, we found 396 

that the USP17L11 mutation was negatively associated with FHLC and the PABPC3 mutation 397 

was positively associated with smoking (Fig. S3C-F). These genes are not annotated as 398 

cancer related genes according to COSMIC and their relevance with lung cancer or leukemia 399 

is largely unknown. Nevertheless, they may have cancer related functions. For example, 400 

PABPC3 belongs to the poly(A)-binding protein (PABP) family, and post-transcription 401 

regulation mediated by PABPs was extensively altered in tumor and cancer cell lines (40,41). 402 

In fact, we discovered another poly (A)-binding protein gene PABPC1 (Fig. 4B and 4E) which 403 



was included as a cancer gene in COSMIC. Reduced expression of PABPC1 has been 404 

reported to be associated with shorter postoperative survival time in esophageal cancer (42). 405 

 406 

Mutational signatures associated with CH mutations 407 

Mutational signature analysis has been widely used to characterize mutation patterns in 408 

tumors to gain insight on mutagenesis processes associated with tumorigenesis (23). 409 

Alexandrov et. al has defined a catalog of mutational signatures with mutational profile and 410 

associated etiology in multiple cancer types (23). To determine what types of mutations are 411 

enriched in CH mutations, here we pooled the CH mutations identified from all samples and 412 

defined the overall mutation profile (Fig. 5A) (10,23). Then we performed signature 413 

deconvolution using the established mutational signatures. Among all mutational signatures, 414 

we found Signature 3 and 4 to be the most informative ones, each accounting for more than 415 

25% of CH mutation counts (Fig. 5B-C). According to annotation, Signature 3 was associated 416 

with BRCA1/2 mutations and proposed as a predictor of homologous recombination-based 417 

DNA repair deficiency (23). Signature 4 was known to be associated with tobacco smoking 418 

(23). Together, our results suggest that both genetic and environmental factors might 419 

contribute to the accumulation of CH mutations in the blood samples from our cohort.  420 

 421 

We then correlated the two mutational signatures with several clinical factors, including sex, 422 

age, smoking, disease status and FHLC. We identified Signature 3 has the most significant 423 

negative correlation with lung cancer diagnosis (Fig. 5D). This result suggested that defective 424 

homologous recombination-based DNA repair might contribute to CH mutations more in 425 

controls than in lung cancer patients. For Signature 4, we observed that it provides significantly 426 

higher contribution to the CH mutations in smokers than in non-smokers (Fig. 5E), consistent 427 

with the tobacco-related etiology of this signature.  428 

 429 

Discussion 430 



In this study, we examined blood WES sequencing data to identify the prevalence of CH in 431 

1958 INTEGRAL-ILCCO project samples, investigated known CH mutations in 34 leukemia 432 

genes, and identified potential novel CH mutations in 65 other genes. In addition to the well-433 

known age association of CH mutations, we found that CH mutations are associated with 434 

FHLC and smoking, especially in young samples. We investigated genetic variants associated 435 

with CH mutations, and discovered 55 sites significantly associated with the number of CH 436 

mutations. We found a SNP, rs2298110. That may promote CH by regulating the expression 437 

of OTUD3. We also observed that smoking significantly shaped the CH mutational signature. 438 

Overall, we uncovered a correlation between CH and lung cancer risk factors especially family 439 

history of lung cancer, identified potential genetic variants correlated with CH, and highlighted 440 

hundreds of potential novel CH mutations. 441 

 442 

Prior studies have uncovered the blood-specific mutations in cancer-associated genes, 443 

identified recurrently mutated leukemia and lymphoma-associated genes (5,6,10,25). Our 444 

analysis benefited from the CH mutation sites identified in these study. We also found CH 445 

mutations positively correlated with age, which was consistent with these studies. However, 446 

these studies usually lacked the comparison between cancer patients and healthy individuals, 447 

had limited number of lung cancer patients, or lacked the clinical information of lung cancer 448 

such as family history. INTEGRAL-ILCCO project provided us an opportunity to investigate 449 

the association between CH mutations and lung cancer and lung cancer risk factors. 450 

Interestingly, we found that CH mutations might have stronger associations with smoking 451 

and/or FHLC in the younger age group. While prior research had uncovered the association 452 

between CH mutations and smoking status, the variation in risk by age group has not been 453 

identified. Among known risk factors for lung cancer, FHLC showed the most significant 454 

association with CH mutations, suggesting that potential genetic factors may contribute to the 455 

accumulation of CH mutations. Indeed, a genome-wide association study in individuals of 456 

European ancestry identified a germline polymorphism which  associated with a higher 457 

likelihood of having CH in TERT, a gene encoding a component of the telomerase complex 458 



(8). Another recent study uncovered three genetic loci associated with CH status, included 459 

one African ancestry specific locus which disrupted a TET2 distal enhancer, resulted in 460 

increased self-renewal of hematopoietic stem cells (16). In our study, we identified 55 potential 461 

risk locus of CH status. As one of the most significant examples, our work highlighted 462 

rs2298110 as a potential genetic locus associated with CH; mutations at rs2298110 might 463 

promote CH by affecting the expression of OTUD3.  We also observed two SNP clusters at 464 

8p12 and 10q26.13 which might promote CH by regulating expression of tumor-associated 465 

genes. While we also utilized the CRISPR-Cas9 knockout data from DepMap database to 466 

validate the roles of these genes in regulating cell proliferation rate, the lack of experimental 467 

data was a limitation of our study. Future experimental studies would investigate how these 468 

genetic variants affect the expressions of candidate genes and promote CH, which could 469 

further corroborate our findings. In the younger age group, we also observed that smoking and 470 

lung cancer diagnosis correlated with CH mutations. Smoking is responsible for a variety of 471 

cancers, including lung cancers and myeloid leukemia (43). Tobacco smoke contains more 472 

than 60 carcinogens, which can directly induce cancer-related mutations and shape the 473 

distinct smoking-related mutational signatures (43,44). In our study, we found the CH 474 

mutational signature was significantly associated with smoking, which was consistent with a 475 

previous study (10).  476 

 477 

In hematological malignancies, stem cells carrying CH mutations can be thought of as 478 

precursors to cancer stem cells (45). However, the relationship between CH and primary solid 479 

tumors is still unclear. In our study, we detected correlations between CH mutations and lung 480 

cancer risk factors rather than lung cancer status, indicated the connection between CH 481 

mutations may be indirectly. Mediation tests suggested that CH was more likely independently 482 

influenced by lung cancer risk factors than a mediator between risk factors and lung cancer, 483 

although we could not exclude the possibility that limited number of CH mutations reduced the 484 

statistic power. In some cases, the correlation between CH and cancer could be explained as 485 

a toxic effect of prior treatment with cytotoxic chemotherapy and/or radiation (10,14,46). Given 486 



the fact that CH mutations could alter the function of circulating immune cells, another 487 

hypothesis is CH may influence the immune response to tumors. Studies in mouse models 488 

suggested that deletion of DNMT3A in CD8+ T cells prevented T-cell exhaustion (47), while 489 

deletion of TET2 in murine myeloid cells increased numbers of effector T cells in the tumor 490 

and reduced tumor growth (48). In addition, we could also hypothesize that the correlation 491 

between CH mutations and lung cancer status or risk factors may be different between lung 492 

cancer subtypes, because different lung cancer subtypes varies greatly in genetic, expression 493 

profile and pathology. Due to lack the subtype information, we could not analysis the 494 

correlation between CH and lung cancer subtypes. Future analysis on larger dataset with more 495 

cancer pathology information will improve our understanding of the relationship between lung 496 

cancer, smoking and CH mutations, and the potential role of CH in tumor immunosurveillance.  497 

 498 

Compared with targeted sequencing panels that usually have higher sequencing depth 499 

(>400×) (10,18,46),  the germline exome data for our CH analysis has much  lower-coverage 500 

(~51×). In our cases, several hotspot mutations (e.g., DNMT3A p.R882H) were only supported 501 

by 1~2 read counts in many samples. Thus, we designed a hierarchical filtering criterion to 502 

balance the sensitivity and accuracy. For the hotspot mutations that were previously reported 503 

by high-coverage targeted sequencing analysis, we set a loose criterion and identified 977 504 

high-confidential CH mutations in 34 leukemia genes. The VAF distribution of these CH 505 

mutations was similar to previous studies, which partially supported the accuracy of our 506 

filtering criteria. Compared with targeted sequencing panels, the whole exome data provides 507 

the opportunity of detecting novel CH mutations. We identified 106 novel CH mutations in the 508 

other part of exome under the strict filtering criteria, highlighted several candidate genes. The 509 

CH dataset we defined here would be a valuable resource for further analysis of the mutation 510 

status and functional mechanism based on ultrasensitive-targeted sequencing.   511 
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 681 

 682 

Figure legends 683 

 684 

Figure 1 Overall distribution of CH mutations. (A) Distribution of number of CH mutations 685 

in each sample. Most of the samples had 1~2 CH mutations. Red and blue denoted numbers 686 

of CH mutations in lung cancer patients and controls respectively. (B) Variant allele frequency 687 

(VAF) distribution of CH mutations and SNP. Most of CH mutations had VAF<0.1. (C) Number 688 

and type of CH mutations in 34 CH hotspot genes. (D) CH mutation sites in DNMT3A and 689 

TP53. Mutations with samples >=8 were labeled. 690 

 691 

Figure 2 CH mutations associated with age and lung cancer risk factors. (A) Sliding 692 

window approach showed the mean frequency of mutated samples increasing with age. Mean 693 

frequency of mutated samples were calculated in each 5-year old windows with 1-year step. 694 

(B) Spearman correlation and (C) linear regression demonstrated a statistically significant 695 

association between CH and increased age, either in all samples or control samples. However, 696 

in lung cancer samples the correlation between age and CH is not significant. (D and E) In 697 

younger age group, subjects with family history of lung cancer have significantly fewer CH 698 

mutations than those without, while the opposite trend was observed in the older age group. 699 

(F) Logistic regression found FHLC was the most significant trait associated with CH mutations 700 

in young samples. In older age samples, increasing age contributed the most to frequency of 701 

CH mutations. 702 

 703 

Figure 3 Genetic association of CH mutations. (A) Manhattan plot showed 117 SNPs 704 

significantly associated with number of CH mutations. (B) Category of SNPs associated with 705 

CH mutations. Numbers on each bar denoted the number of SNPs in each category. Note that 706 



the total number of “Sig” SNPs were larger than 55, because a SNP might belong to multiple 707 

categories. (C) Number of samples with CH mutations correlated with genotype of rs2298110. 708 

Samples with heterozygous genotype AG tend to have more CH mutations. (D) In GTEx whole 709 

blood samples, expression of OTUD3 was positively correlated with heterozygous genotype 710 

AG of rs2298110. (E) Expression of OTUD3 among TCGA cancers. Acute myeloid leukemia 711 

(LAML) had the highest expression of OTUD3. (F) Higher expression of OTUD3 was 712 

correlated with poor overall survival status in TARGET leukemia data (31). (G) DepMap data 713 

suggested knockout OTUD3 broadly reduced the proliferation rate in various cell lines. While 714 

there were no significant CERES score differences between blood/lymphocyte cell lines and 715 

other cell lines (p=0.31), both kind of cell lines have CERES scores significantly lower than 716 

zero (p=3.1e-11 in blood/lymphocyte and 2.6e-7 in other cell lines respectively). (H) Number 717 

of samples with CH mutations correlated with genotype of rs3189926. Samples with 718 

homozygous genotype CC tend to have more CH mutations than genotype AA and AC. In 719 

GTEx whole blood data, samples with homozygous genotype CC at rs3189926 had higher 720 

expression of (I) SARAF and (J) MBOAT4 than other samples. 721 

 722 

Figure 4 Potential novel CH mutations identified in other genomic regions and clinical 723 

associations. (A) Distribution of number of CH mutations in each sample. Most of the samples 724 

had 1~2 CH mutations. Red and blue denoted numbers of CH mutations in lung cancer 725 

patients and controls respectively. (B) Number and type of CH mutations in COSMIC cancer 726 

genes.  Non-synonymous SNVs were most common. Most genes had only one CH mutation 727 

in a few samples. KMT2C and PABPC1 had the largest number of CH mutations; KMT2C, 728 

PABPC1, FKBP9 and HNF1A had the highest frequency of CH mutations. (C) Comparison of 729 

mutation frequency of genes which were mutated in more than 10 samples in the lung cancer 730 

patents versus the controls. (D) PABPC1 and (E) FKBP9 were less frequently mutated in 731 

subjects with lung cancer compared to controls. 732 

 733 



Figure 5 Signatures of CH mutations. (A) Overall mutational signature of CH mutations. (B) 734 

Proportion of mutations attributed to signatures, which were assigned previously by 735 

Alexandrov et. al (23). Signature 3 and Signature 4 contributed most to the total mutational 736 

signature. (C) Rates of nucleotide substitution of Signature 3 and Signature 4. Data came from 737 

Alexandrov et. al  (23). (D) Lung cancer patients had lower proportion of Signature 3. (E) 738 

Smoker had higher fraction of Signature 4. 739 
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