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            Abstract
Clonal hematopoiesis (CH) in apparently healthy individuals is implicated in the development of hematological malignancies (HM) and cardiovascular diseases. Previous studies of CH analyzed either single-nucleotide variants and indels (SNVs/indels) or copy number alterations (CNAs), but not both. Here, using a combination of targeted sequencing of 23â€‰CH-related genes and array-based CNA detection of blood-derived DNA, we have delineated the landscape of CH-related SNVs/indels and CNAs in 11,234â€‰individuals without HM from the BioBank Japan cohort, including 672â€‰individuals with subsequent HM development, and studied the effects of these somatic alterations on mortality from HM and cardiovascular disease, as well as on hematological and cardiovascular phenotypes. The total number of both types of CH-related lesions and their clone size positively correlated with blood count abnormalities and mortality from HM. CH-related SNVs/indels and CNAs exhibited statistically significant co-occurrence in the same individuals. In particular, co-occurrence of SNVs/indels and CNAs affecting DNMT3A, TET2, JAK2 and TP53 resulted in biallelic alterations of these genes and was associated with higher HM mortality. Co-occurrence of SNVs/indels and CNAs also modulated risks for cardiovascular mortality. These findings highlight the importance of detecting both SNVs/indels and CNAs in the evaluation of CH.
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                    Fig. 1: Landscape of SNVs/indels and CNAs in clonal hematopoiesis.[image: ]


Fig. 2: Co-occurrences of SNVs/indels and CNAs in clonal hematopoiesis.[image: ]


Fig. 3: Risk factors for CH and effects on blood counts.[image: ]


Fig. 4: Impact of CH on mortality from HM.[image: ]


Fig. 5: Impact of CH-related alterations on mortality from HM.[image: ]


Fig. 6: Effect of SNV/indels and CNAs on cardiovascular mortality.[image: ]
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Extended data

Extended Data Fig. 1 Design of case-control and case-cohort study.
a, Design of case-control study (Left). Diagnosis of hematological malignancies (HM) in subjects with or without CH enrolled in the case-control study (Right). b, Design of case-cohort study for death from HM (Left). Diagnosis of HM in subjects with or without CH enrolled in the case-cohort study (Right). AML, acute myeloid leukemia; MDS, myelodysplastic syndromes; MPN, myeloproliferative neoplasms; CML, chronic myeloid leukemia; B-NHL, B-cell non-Hodgkin lymphoma; T-NHL, T-cell non-Hodgkin lymphoma; CLL, chronic lymphoid leukemia; ALL, acute lymphoblastic leukemia; MM, multiple myeloma; PCT, plasma cell tumor.


Extended Data Fig. 2 Landscape of genetic alterations in CH.
a-b, The number of subjects with individual SNVs/indels (a) and CNAs (b). The vertical axis represents the number of subjects with indicated alterations. Unclassifiable CNAs are not included in (b). c, Landscape of SNVs/indels and CNAs in 11,234 subjects. Those without CH-related alterations are omitted. d, The correlations between individual genetic alterations. Combinations seen in 5 or more cases are indicated by asterisks. e-i, VAF of cooccurring SNVs/indels in diagonal plot. Dots above the dashed line fulfill â€˜pigeonhole principleâ€™. j, Venn diagram illustrating the overlap between subjects with SNVs/indels and those with CNAs. Frequencies within all subjects in whom SNVs/indels and CNAs were examined (nâ€‰=â€‰11,234) are indicated. k, Subjects in whom cooccurring SNVs/indels and CNAs were suspected to coexist in the same cells on the basis of â€˜pigeonhole principle.â€™ l, A magnified illustration of microdeletions around TCRA locus (14q11.2). A gray bar represents gene body of TCRA. Blue horizontal bars represent microdeletions. Cooccurring TET2 SNVs are indicated by red dots. Genomic coordinates in hg19 are indicated above. m, Proportions of subjects with different number of cooccurring alterations within those who harbor SNVs/indels in the indicated genes. The proportions of subjects with 1, 2, 3, and â‰¥4 CNAs are depicted by different colors.


Extended Data Fig. 3 Distribution of CNAs in all chromosomes.
Distributions of CNAs on all chromosomes are illustrated. Loci of known driver genes are indicated by arrows. Each horizontal bar represents one CNA. Cooccurring SNVs/indels are indicated by red dots. Types of CNAs are depicted by different colors as indicated in the annotations.


Extended Data Fig. 4 Chromosomal regions significantly affected by CNAs.
a-c, Chromosomal regions significantly affected by duplications (a), UPDs (b), and deletions (c) in a Japanese cohort (current study) and in a British cohort11. Statistical significance for recurrence of CNAs were evaluated by PART49. Dashed lines indicate thresholds for statistical significance (FDRâ€‰=â€‰0.25). d-e, Comparison of frequencies of individual CNAs between the current and previous studies8,9,11. Comparisons were performed in those aged 60-75 years. In (d) or (e), CNAs in <5% or â‰¥5% cell fractions were taken into account, respectively. CNAs significantly enriched in either cohort (FDRâ€‰<â€‰0.1) were indicated by asterisks in (e).


Extended Data Fig. 5 Analysis of SNVs/indels and CNAs in peripheral blood samples in TCGA cohort.
a, Distribution of the number of genetic alterations in each subject. Subjects with SNVs/indels alone, with CNAs alone, or with both of them are illustrated by different colors. b, Solid lines indicate the prevalence of CH-related SNVs/indels and CNAs, according to age. Colored bands represent the 95% confidence intervals. c, The landscape of CH-related SNVs/indels and CNAs. Each row represents genetic alterations or affected chromosomal arms, and each column represents subjects. Subjects without any alterations are omitted. Types of SNVs/indels and CNAs are depicted by different colors. d, Distributions of CNAs on all chromosomes are illustrated. Loci of cooccurring SNVs/indels are indicated by arrows. Each horizontal bar represents one CNA. Cooccurring SNVs/indels are indicated by red asterisks. Types of CNAs are depicted by different colors.


Extended Data Fig. 6 Interplay between SNVs/indels and CNAs.
a, Number of subjects with SNVs/indels and CNAs involving the same genes/loci. b, Proportion of SNVs/indels associated with CNAs in the same genes/loci. c, Cumulative mortality from hematological malignancies. d, Cumulative mortality from cardiovascular diseases. e, Survival curves for overall survival. f, Profiles of CNAs in subjects with SNVs/indels in TP53. Abnormally high or low blood counts (WBC, Platelet, hemoglobin, and hematocrit) are indicated by red or blue, respectively. Numbers of cooccurring CNAs are indicated on the right side (#CNA), where subjects with â‰¥3 CNAs were highlighted by purple. Subjects without any CNA are abbreviated. g, Mortality from hematological malignancies in TP53-mutated cases with or without CNAs in 17p. h, Odds ratio for mortality from MDS calculated by multivariate logistic regression in subjects with TP53-involving SNVs/indels. Error bars indicate 95% confidence intervals. We included unclassifiable CNAs involving 17p in 17p alterations (17p alt.) in panel (g-h) because they are most likely to be LOH (UPDs or deletions). TP53-involving SNVs/indels in panel (f-h) included those detected by ddPCR (Supplementary Fig. 3).


Extended Data Fig. 7 Genetic alterations in CH and abnormalities in blood counts.
a, Landscape of SNVs/indels and CNAs in subjects without abnormalities in blood counts (left), in those with any abnormalities in blood counts (middle), and in those with no available blood counts (right). Each row represents a genetic alteration while each column represents a subject. Subjects without any alteration are omitted. Different types of mutations and CNAs are depicted by different colors. b, Enrichment of genetic alterations in subjects with abnormalities in blood counts. Sizes of rectangles indicate significance of enrichment. Colors of rectangles indicate odds ratios. The enrichment of alterations was examined by Fisher exact test. Cytopenia (All), subjects with cytopenia in at least one lineage; Cytopenia (Multi), subjects with cytopenia in â‰¥2 lineage. WBC, white blood cell; Hb, hemoglobin; Plt, platelet. c, Distribution of blood cell counts in subjects with different CH-related alterations. In all box plots, the median, first and third quartiles (Q1 and Q3) are indicated, and whiskers extend to the furthest value between Q1 â€“ 1.5Ã—the interquartile range (IQR) and Q3â€‰+â€‰1.5Ã—IQR. Numbers of subjects (n) are indicated below the names of alterations. d, Relationships between blood cell counts and VAF of SNVs/indels or cell fractions of CNAs. P values are calculated by two-sided t test in multivariate linear regression models, taking the effect of age and gender into account. Correction for multiple testing is not performed.
Source data


Extended Data Fig. 8 Impact of CH on mortality from HM stratified by number of alterations.
a, Pie chart showing the proportions of difference in mortality from hematological malignancies (HM) between subjects with or without CH (Fig. 4a) which are attributable to each prognostic factor (Online methods). b-c, Cumulative mortality from HM in subjects with different number of SNVs/indels (b), or CNAs (c). d-f, Cumulative mortality from HM in subjects with both SNVs/indels and CNAs or in those with SNVs/indels alone. Subjects with 1 (d), 2 (e), or â‰¥3 alterations (f) are separately shown. g-i, Cumulative mortality from HM in subjects with both SNVs/indels and CNAs or in those with either of them. Subjects with 2 (g), 3 (h), or 4 alterations (i) are separately shown. Throughout the figure, P values were calculated by two-sided Wald test and not adjusted for multiple comparison.


Extended Data Fig. 9 Association of CH-related SNVs/indels and CNAs with hematological malignancies.
a, Odds ratios for the events (death and/or development) of hematological malignancies in case-control study (Extended Data Fig. 1a). Error bars indicate 95% confidence intervals. b, Design of case-cohort study for development of hematological malignancies. c, Hazard ratios for development of hematological malignancies. Error bars indicate 95% confidence intervals. d-f, Effect of SNVs/indels (d), CNAs (e), and combined SNVs/indels and CNAs (f) on the cumulative incidence of development of hematological malignancies. P values are calculated by two-sided Wald test. n, number of cases with the indicated alterations; SNVâ€‰+â€‰CNA, cooccurrence of both SNVs/indels and CNAs; #SNV, number of SNVs/indels; CF, cell fraction of CNAs; #CNA, number of CNAs.


Extended Data Fig. 10 Combined effect of SNVs/indels and CNAs on overall survival and cardiovascular mortality.
a-c, Effect of SNVs/indels (a), CNAs (b), or combined SNVs/indels and CNAs (c) on overall survivals. In the forest plots, error bars indicate 95% confidence intervals. d-e, Cumulative mortality from cardiovascular diseases stratified by the number of cooccurring SNVs/indels. f-h, Cumulative mortality from cardiovascular diseases in subjects with SNVs/indels (Max VAFâ€‰>â€‰5%) alone and those with both of SNVs/indels (Max VAFâ€‰>â€‰5%) and CNAs. Subjects with â‰¥2 (f), 2 (g), and 3 (h) alterations are separately shown. i, Cumulative mortality from cardiovascular diseases in subjects with different number of CH-related alterations. Throughout the figure, P values were calculated by two-sided Wald test in (a-c, f-i), or two-sided Log-rank test stratified by age and gender in (d-e), and were not corrected for multiple comparison.
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