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One sentence summary: We present an approach to distinguish genetic drift from selection, as
subclones arise in somatic tissues, in individuals.
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Abstract: Dividing somatic stem cells acquire DNA changes marking different clones. With time,
clones can become large, either stochastically through neutral drift, or increased fitness and
consequent selection. We present a simple, direct, and general approach that distinguishes
between these two processes in normal somatic tissue in individuals. The method relies on single
time point whole genome sequencing to study somatic mosaicism as tissues age. Using this
method, we show that in human clonal hemopoiesis (CH), clones with CH driver mutations, that
comprise a median of 24% of hematopoiesis originate decades before they are detected. They
expand, through selection by a median of 26% per year. Overall, there is a 3-fold increased rate
of stem cell division and an 8.6-fold increase in active long-term stem cells.

Whole genome sequencing (WGS) has quantified the gradual accumulation of somatic DNA
variation in phenotypically normal tissue stem cells throughout development (7, 2) and post-natal
life (3-7). This variation occurs through DNA replication errors, endogenous DNA damage with
unfaithful DNA repair, telomere attrition, and movement of mobile repeat elements (8, 9). These
genetically distinct stem cell clones can also vary epigenetically (70) and respond differentially to
their environment (77). Over time, the heterogeneous stem cell clones vary in size, either
stochastically through neutral drift (72, 13) when variants do not provide a selective advantage,
or through selection when somatic variant(s) or epigenetic change(s) allow a stem cell clone to
outcompete other stem cell clones (4-7). As a consequence of somatic mosaicism stem cell
numbers, and the size of stem cell clones, may alter with the potential to ultimately change tissue
function. Therefore, it is important to define when, and how, somatic variants arise in long-lived
stem cells, how they modulate stem cell number and stem cell clone size over time, and whether
neutral drift and/or selection drives stem cell dynamics.

Hematopoiesis is a highly accessible, informative and well-studied model to answer these
questions. Somatic mosaicism in blood stem cells can lead to clonal expansion, called clonal
hematopoiesis (CH) (74-19). CH increases in prevalence with age (15-17, 20) and is associated
with a heightened risk of developing blood cancer (15-17, 21), excess cardiovascular mortality
(22) and chronic infection (23, 24). The spectrum of CH somatic variants includes single
nucleotide variants (SNV) and small insertions/deletions (indels) (714-17), as well as large-scale
mosaic chromosomal alterations (mCAs) (78, 19). Many of the SNVs and indels are in driver
genes frequently mutated in preleukemia and leukemia, such as DNMT3A, TET2 and ASXL1.
Longitudinal studies of blood sampled from subjects with CH have shown that growth rates of
expanded hemopoietic clones vary markedly between different driver genes (20), and can vary
with time (25). This is concordant with population genetic modelling methods on large cohorts of
subjects, showing varied fitness of different leukemic mutations in mediating clonal expansion
(26). Reports have also suggested that CH may occur in the absence of known driver mutations
(76) either through selection of as yet unidentified drivers (27), or by neutral drift (28). However,
distinguishing between selection and drift as a mechanism for clonal expansion remains a
challenge. The normalized ratio of non-synonymous to synonymous mutations (dN/dS) has been
used to distinguish between selection and drift. A clear example of the value of this approach is
in cancer where known driver genes show a dN/dS ratio of up to 4.5 with an average of 2 (29). In
contrast, in somatic tissues, including hematopoietic tissues, the dN/dS ratios are close to 1 (29)
supporting the need for alternative methods to distinguish drift from selection in somatic tissues.

To tackle the key questions of distinguishing clonal expansion due to either selection or drift, and
to provide a simple method to measure average clonal growth for individual subjects, as opposed
to whole cohorts, we developed a new population genetics method that leverages deep whole-
genome sequencing from a single time point bone marrow, or blood, sample.

Results

Description of the MARCH normal and clonal hematopoiesis cohort
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To develop and experimentally test a mechanistic model for neutral drift and selection in
hematopoietic somatic tissue, we studied individuals from a cohort of 195 subjects who had a
total hip arthroplasty from whom we collected paired peripheral blood (PB) and bone marrow (BM)
samples (fig. S1). The clinical characteristics of the cohort are listed in Data S1. Notably, we
excluded subjects receiving medications that could alter blood cell output or with auto-immune or
inflammatory arthritis, or hematological conditions. We identified 96 subjects with CH driver
mutations using a 347kb panel covering 97 genes (Data S2 and S3). The clinical characteristics
of subjects with and without CH driver mutations are summarized in Data S4.

Next, we compared our cohort with a recently described, large CH cohort (Abelson cohort) (27).
Both cohorts were similar with respect to the incidence of CH (Fig. 1A), the mean variant allele
frequency (VAF) of the major CH clone (Fig. 1B) and incidence of a second CH mutation (Fig. 1
C), all as a function of age. This is consistent with the notion that the MARCH cohort is
representative of the CH population at large.

Next, using the age demographic and VAFs of CH drivers in the MARCH cohort, and a population
genetics-based approach, we modelled the rate of acquiring a driver mutation in one of the three
most common mutated genes in CH (DNMT3A, TET2, ASXL1) and determined the kinetics of
clonal growth (summarized in Fig. 1D, details in Supplementary Methods). Briefly, the model
estimates the rate of growth of a CH clone in the context of a steady state number of blood stem
cells (Nss) based on three rate parameters: A for symmetrical self-renewing normal blood stem
cell division, Auq for acquiring a CH driver and As for symmetrical self-renewing division of stem
cell with a CH driver mutation.

By fitting the model to the MARCH cohort (fig. S2A-C) using approximate Bayesian computation
(ABC), we estimate that the median rate of acquiring a DNMT3A, TET2 and ASXL1 driver
mutation was once every 3x10° stem cell divisions (80% CI, 3x10” to 2x10*) (Fig 1E). The median
clonal growth rate/year was a little higher for DNMT3A-mutant clones, 9% (80% CI, 3-15%)
compared with TET2-mutant clones, 5% (80% ClI, 2—8%) and ASXL 7-mutant clones, 4% (80% ClI,
2-5%) (Fig. 1F). Conversely, the age at which a CH clone would have reached a VAF of 1% was
younger for DNMT3A-mutant clones (median, 29 years; 80% CI, 14—45 years) compared with
TET2-mutant clones (median, 51 years; 80% CI, 29-70 years), with the ASXL1-mutant clones
reaching this age at an even later time point (median, 67 years; 80% CI, 52—-80 years).

Generation and validation of a model of neutral drift in somatic tissue

We studied how neutral somatic variants accumulate in a tissue in the absence of genetic
selection. The mathematical theory of population genetics provides a framework to identify
genetic drift (30)Williams, 2016 #6186} and clonal selection (37) in a growing tumor. However,
this theory cannot be applied to a normal homeostatic tissue as the growth history differs from
that of a tumor. In a non-cancerous tissue, there are two principal phases in which somatic
variants are generated; the initial developmental expansion of the stem cell pool and subsequent
homeostasis (Fig. 2A). The allele frequency of a given variant (VAF) will be shaped by when the
variant arose and for how long it drifted for, before the VAF was measured. To describe these
processes, we developed a fully stochastic model of variant accumulation and drift in a
developing, and subsequently homeostatic, tissue (Fig. 2B, see Supplementary Methods), thus
progressing beyond previous approximate deterministic (32), or stochastic (30), formulations for
expanding tumors.

Our model predicts how the variant burden increases with age (Fig. 2C). Somatic single
nucleotide variants (SSNVs) acquired early in life, will be relatively few and have a high VAF. With
time, the stem cell pool expands and reaches its homeostatic size. As each stem cell undergoes
more cell divisions, it accumulates more variants, but now at lower VAF. When the total number
of SSNVs is plotted against 1/VAF (Fig. 2D), in young individuals there is a shallow slope but as
more variants accumulate with age, the curve bends upwards. This homeostatic shape is distinct
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from the straight line obtained for growing tumors (32). Our model shows that the precise shape
of the VAF distribution depends on three parameters: the homeostatic number of active HSCs, N;
the HSC division rate, 4; and the average number of SSNVs acquired per cell cycle u (Fig. 2B).
We observed that each parameter affects the VAF distribution in a specific manner (fig. S3A-B).

To test if this model is valid, we performed deep WGS (90X on bone marrow mononuclear cells
(BMMNCs) and 30X on germline control, hair follicle) on ten normal individuals from the MARCH
cohort, aged between 30 and 76 years, who did not have known CH driver mutations. Before
feeding SSNVs into the model, we stringently filtered to retain only true SSNVs, even at low VAF
(to 5%). First, we used the intersection of two SSNV callers (Strelka and Mutect) (fig. S4A) to
remove potential sequencing errors. Second, we discarded germline variants not detected in the
control by filtering against known SNPs (gnomAD) and, third, we removed potentially spurious
calls of SSNVs in repeat regions and those that were detected in more than one individual. SSNV
signatures were consistent with clock-like accumulation of variants (fig. S4B). Finally, to account
for false negatives in our model, we determined the frequency of false negative calls by analyzing
two individuals where we had WGS data from BMMNCs and peripheral blood mononuclear cells
(PBMNCs). At a VAF of greater than 25% both populations were virtually identical implying
virtually no false negative calls. Between 5%-25% VAF, there was a proportion of false negative
calls (fig. S4C) and we took this rate into account as experimental error in our model
(Supplementary Methods). The full list of CH driver variants, and somatic variants, identified by
WGS are in Data S5 and S6, respectively.

We then fitted the model to the experimentally derived cumulative number of SSNVs against
1/VAF (Fig. 2E) for each of the ten individuals using ABC (fig. S4D). The increase in SSNV burden
with age was consistent with our model of drift (Fig. 2F). The best-fit parameters then allowed us
to estimate the number of long-term self-renewing HSC contributing to BMMNC (median 3,000
interquartile range 1,000-7,000, Fig. 2G), their division rate per year (median 1.1 and interquartile
range 0.9-1.9, Fig. 2H) and the number of SSNVs/HSC division (median 1.1 and interquartile
range of 0.7-1.7, Fig. 2I).

Robust detection of clonal selection from genome-wide somatic variants in individuals

To understand how the selection of a hematopoietic stem cell by a CH driver alters the VAF
distribution, we extended our model to allow for selective expansion of a stem cell clone (Fig. 3A)
(see Supplementary Methods for the extension of the model). The selected clone is characterized
by the time its founding driver CH mutation arises (f) and the associated selective advantage (s),
which determines its rate of expansion (Fig. 3B). Selection will expand not only the VAF of the
founding driver mutation but also of all the other SSNVs in that subclone, causing a shoulder in
the plot of cumulative number of SSNVs versus VAF (Fig. 3A) and 1/VAF over time (Fig. 3A and
fig. S5A). This shoulder will also vary in size depending on the age of the clone, & (fig. S5B) and
degree of clonal selective advantage (s) (fig. S5C). Importantly, the existence of the shoulder in
the cumulative distribution of the SSNVs versus 1/VAF suffices to distinguish selection, rather
than drift as a mechanism of clonal expansion. Finally, the model does not require the identity of
the driver mutation to be known.

To test the selection model, we performed 90X WGS on BMMNCs from twenty-one individuals
from the MARCH cohort (fig. S1D-G) with driver mutations in genes commonly mutated in CH
(DNMT3A, TET2, ASXL1, PPM1D, GNB1, KMTZ2E). Within the selected samples, 12 had more
than one CH driver mutation. In four individuals we also sequenced PBMNCs. Hair follicle DNA
was used as germline control. From the MARCH cohort we selected samples that had slightly
larger clones: the median VAF of the dominant CH mutation was 12% in the 21 selected cases
(range 4.6 to 36.6%) versus 3.2% for the whole MARCH cohort (Data S3). As in the normal
samples, the majority of SSNVs were assigned to the clock-like signature SBS5 (fig. S6A).
However, CH samples overall had a higher burden of variants at high VAF (=5%) than normal
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samples, at all ages tested (Fig. 3C) and across the spectrum of different CH driver genes with
mutations (fig. S6B).

In eighteen out of the twenty-one cases, the data fitted the model of selection as a mechanism
for clonal expansion (Fig. 3D-I, fig. S7A). In one case in which the selection was not inferred (CH9,
fig. S7A), a DNMT3A variant was measured at 1%VAF and hence below the detection limit of our
method. The two remaining cases that did not fit the selection model will be discussed later. In
fourteen of the eighteen cases that fitted the selection model, there was a visible shoulder in the
plot of cumulative SSNVs against 1/VAF; in descending order of selected clone size: CH15, 13,
14 (Fig. 3 D-1) and CH4, CH10, CH 21, CH8, CH5, CH2, CH16, CH18, CH11, CH19, CH17 (fig.
7SA). In four cases the shoulder was not visible but inferred by the posterior distribution of the
clone size; CH7, CH6, CH1, CH12. By contrast, the selected CH clone was visible in the
conventional (non-cumulative) SSNV VAF distribution only in ten out of 21 cases (CH15, 13, 14;
Fig. 3D-l and CH4, CH10, CH21, CH8, CH5, CH2, CH16; fig. S7A) suggesting that the cumulative
SSNVs 1/VAF distribution and the model are more sensitive at identifying selection as a
mechanism of clonal expansion.

To further validate the model, we used multiple orthogonal approaches. First, for three of the
eighteen cases above, CH15, CH14 and CH18, we had WGS data from BMMNCs and peripheral
blood (PB) cells. We compared the fit of the model to the data between BM and PB samples in
each case (fig. S7B). In two cases, CH15 and CH14, the cumulative 1/VAF distribution of SSNVs
in both BM (Fig. 3D and H) and PB (fig. S7B) fitted the model of selection. In one case, CH18,
the distribution did not fit the model of selection in PB (fig. S7B) but did in BM (fig. S7A). Notably,
the VAF of the driver mutation in DNMT3A was 2.1% in PB and 7.2% in BM (Data S5), consistent
with the sensitivity of the model to detect selection when the VAFs of selected variants (including
driver mutations) was greater than 5%. Second, we compared the inferred clone sizes from the
model with two orthogonal experimental methods of determining clone size. Our clone sizes
inferred from the population genetics model, without knowledge of CH drivers, agreed with the
clone size measured by driver gene VAFs from panel sequencing (Fig. 3J) and with the binomial
somatic variant clustering by clonal fraction (33, 34) (Fig. 3K), demonstrating the quantitative
accuracy of our selection model applied to individual cases.

Inferred hematopoietic stem cell dynamics in the presence of clonal selection

We then compared the rate of acquisition of SSNVs per HSC division in the 19 cases of CH shown
in fig. S7A (Fig. 3L) with 10 individuals without CH (Fig. 2I). There were no significant differences,
consistent with the notion that CH driver mutations do not increase the underlying mutation rate
and the fact that the mutational signatures were similar between CH and non-CH cases. Next, we
inferred the number of active long term self-renewing HSCs in CH (median 26,000 inter quartile
range 9,000—40,000, Fig. 3M). Though the number was not different across the different driver
genes we studied, the number was significantly higher than in individuals without CH (Fig. 3N)
and also increased to a greater extent with age (Fig. 30). We also inferred that the rate of cell
division in long term self-renewing blood stem cells in subjects with CH (median 3.1, and
interquartile range 2.9-4.2, Fig. 3P) was on average 3-fold higher than in normal subjects (Fig.
3P). Finally, we timed the age of the CHIP clones and found that in all cases, CH clones originated
several decades before CH was detected in the bone marrow sample (median 34 years and
interquartile range 27—44 years Fig. 3Q). This was further validated by an alternative method of
dating clone age via the CpG>TpG molecular clock (Fig. 3R, fig. S8, Data S7). Taken together,
in all eighteen cases, the CH driver mutations emerged in mid-life and were associated with large
clonal growth (median 26%/year and interquartile growth rate 22%—34%/year, fig. 3S).

Selected variants acquired early in life

In two CH cases, with bona fide driver mutations, where the WGS data did not fit the model of
selection, there were small visible shoulders in the cumulative 1/VAF distributions of SSNVs
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(CH20, Fig. 4A; CH3, Fig. 4C). In CH20, aged 86 years, a driver DNMT3A frameshift mutation
(pG890fs) predicted to delete the distal C-terminal helix of the protein and thus very likely causing
loss of function (Data S3 and S5), was mapped to a small cluster of 6 SSNVs with high clonal
fraction in both BMMNCs and PB cells (Fig. 4B). CH3, aged 62 years, also had a DNMT3A
frameshift mutation (pW581fs) predicted to be loss-of-function that mapped to a cluster of 12
SSNVs again at high clonal fraction (Fig. 4D). Both mutations and variant clusters defined very
large clones but fell short of reaching fixation. In the case of CH20 the VAF of the DNMT3A
mutation was 45% and 43% by WGS in BMMNCs and PB cells respectively, and 37% by panel
sequencing of BMNNCs (Data S3 and S5). In CH3, the VAF of the DNMT3A mutation was 28%
by WGS in BMMNCs, and 23% by panel sequencing of BMNNCs. Interestingly, by using the
CpG>TpG molecular clock timing method the inferred origin of the DNMT3A driver mutations was
at the age of 1-2 years (CH20) and between the ages of 11-25 years (CH3) (Supplementary
Methods, Data S7). Both inferred HSC number and division rate were consistent with the values
found for the other CH cases (Fig. 4E and F). Given the estimated median clonal growth for
DNMT3A CH mutations is 33% per year (interquartile range 24-36% per year; Fig. 3S), the
estimated median active HSC number for DNMT3A mutant cases is 23,000 (interquartile range
7,000-38,000; Fig 3M) and the age of acquisition of both DNMT3A clones in CH20 and CH3, if
there had been a constant growth rate the DNMT3A clone in CH20 and CH3 should have reached
fixation at age 30-51 and at age 40-74 years respectively. Given the ages of the patients (CH20,
72 years; CH3, 63 years), it is notable that neither CH clone reached fixation.

Discussion

We present a new approach that combines stringent detection of SSNVs from WGS with new
mathematical models to distinguish clonal expansion that occur by neutral genetic drift versus
increased fitness and consequent clonal selection in an individual. Using hematopoietic tissue as
an exemplar, we show that individuals with no known driver mutations accumulate somatic
variants in an age-dependent fashion consistent with a model of neutral drift, whereas in
individuals with known CH driver mutations, the distribution of genome-wide somatic variants
demonstrates evidence of clonal selection. By fitting experimental data from 31 human subjects
to a population genetics model, this approach allowed us to estimate the number of hematopoietic
stem cells that contribute to bone marrow mononuclear cells, the stem cell division rate, the rate
of acquisition of SSNVs per stem cell division and in cases of known CH, the growth rate of the
major CH subclone.

One key variable in identifying SSNVs that input into the model is the sequencing depth which
sets the limit for the clone size detected. By sequencing to 90X, rather than the more common
60X, we reliably detect SSNVs at a threshold of VAF 3-4%. This meant we focused on individuals
with larger clones within the MARCH cohort. Our data would suggest that these individuals with
larger clones have clones that grow at a faster rate (range 22—-34% per year, Fig. 3S) compared
with individuals across the whole MARCH cohort (range 2-15%, Fig. 1F). This observation
suggests that large CH clones grow particularly fast. Concordant with this, the division rates of
long-term self-renewing stem cell are 3-fold higher in individuals with CH compared to those who
do not have CH. This marked degree of increase results in a mean 8.6-fold increase in stem cell
number in subjects with CH (median 26,000) compared with individuals without CH (median
3,000). This is consistent with evidence from murine models showing that the most common CH
driver mutations, loss-of-function mutations in DNMT3A and TET2, lead to increased self-
renewing stem cell divisions (35-37). Given that previous work has shown that individuals
progressing from CH to acute myeloid leukemia (AML) have large CH clones (27), our findings
on the dynamics of stem cell growth and cell division are particularly relevant to these at-risk
individuals. It will also be important to test if deeper WGS, reducing the VAF detection threshold,
may enable detection of even smaller clones and give an even richer understanding of clonal
dynamics.
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We also find that the number of SSNVs acquired per stem cell division is similar in cases with and
without CH, and that the mutational signatures are similar in the two groups, providing evidence
that most CH is not associated with acquisition of new mutagenic processes. Third, we estimate
that most CH clones are acquired two-three decades before the variants in a CH clone reach a
VAF of 2% and some cases arise within the first decade of life. In this regard, we note that neither
of the two DNMT3A-mutant clones detected early in life reached fixation, suggesting that clones
may grow variably, and possibly decelerate later in life, as has been suggested recently (25).

Our approach has several notable features. First, a method distinguishing neutral drift from
selection as a mean of clonal expansion in somatic, non-cancerous tissues. Second, our
approach can be applied to a variety of non-hematopoietic tissues where somatic clonal
expansion is very common. Third, it provides a cost-effective approach to calculate stem cell
numbers and growth rates. Whilst other methods have been recently developed for calculating
these parameters, they rely on WGS of hundreds DNA samples from colonies, grown from single
cells (3, 25), as opposed to WGS from bulk tissue. Fourth, our method infers clonal growth rates
without relying on longitudinal sampling, which are often not possible to obtain in non-
hematopoietic tissues. Fifth, when selection is identified as a mechanism of subclone expansion,
it does not require a priori knowledge of the mechanism of selection, for example knowledge of a
genetic driver mutation or epigenetic or environmental mechanisms that impart selective
advantage. Finally, our approach can be used for individual cases.

Taken together, we provide a general approach to study the quantitative dynamics of stem cell
somatic mosaicism. This approach also provides a platform for further iteration to take into
account clonal diversity, tissue-specific stem cell dynamics and longitudinal changes that occur
from extrinsic perturbation. By performing bulk WGS on a single tissue sample, our work lends
itself to uncovering clonal selection and determining clonal growth rate in a personalized medicine
setting for early detection of individuals at high risk for developing aggressive malignancy and
other phenotypes from rapid clonal growth.
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Figure Legends

Figure. 1. Characterization of the MARCH clonal hematopoiesis cohort and population
modelling of clonal advantage.

A-C, Comparison of the MARCH cohort and a cohort of 414 individuals reported by Abelson et
al., 2018. (A and C) show the incidence of CH with at least one (A) or two (C) CH drivers
(VAF=0.01) with age; error bars represent bootstrapped 95% confidence intervals. (B), Mean and
standard error of the variant allele frequency (VAF) measured for the largest CH clone. The data
are binned by decades.

D, Schematic of the population genetics model of CH. The number of hematopoietic stem cells
(HSC) at steady state (Nss) divides at rate 4. CH drivers are acquired at rate Auq and confer a
selective advantage, s. The model reports the incidence and the mean size of the CH clone.

E-G, Median and 80% credible intervals of the model parameters with (E) showing the estimated
probability to acquire a CH driver per HSC division; (F) illustrates the estimated clonal growth per
year as a percentage increase; (G) depicts the estimated age of a CH clone when reaching 1%
VAF.

Figure 2. Using somatic variants to build and test a model of drift in normal hematopoiesis.

A: Schematic illustrating variant accumulation during development, when tissue growth occurs,
and adulthood, when there is tissue homeostasis.
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B: Modeled processes and associated parameters in the model of drift. Blood stem cells either
undergo symmetrical self-renewing divisions (left) with rate 1 or exit the stem cell compartment
through differentiation, or death, with rate ¢ (right). Below, schematic graph of blood stem cell
count (N) increasing in development (N<Nss and 1>¢) and during adulthood, when N=Nss and A=6.

C: Schematic illustrating subclonal diversification shaped by variant accumulation (exemplary
variants are depicted by a letter) and genetic drift in growing (HSC expansion) and homeostatic
tissues (steady state HSC numbers). At the right the genotype of each stem cell is depicted. The
bottom panels illustrate the cumulative variant allele frequencies (VAF) distribution of SSNVs
through development, and at two stages of adult life. The lower panels show the changes in VAF
of variants A-F through drift during development and adulthood.

D: Modelled, expected cumulative 1/VAF distribution of SSNVs at selected ages between birth (0
years) and 75 years. Right, an expanded view of the drift in 1/VAF in early life (0-25 years). The
modelling assumes that the hematopoietic stem cell pool consists of 103 cells that divide once per
year and acquire on average 1 mutation per division (values were based on the fit of the model
to the data, see Fig. 2G-I, were the inferred median number of HSCs was ~3000, median division
rate ~ 1.1/year and median number of SSNVs/division 1.1).

E: Measured cumulative 1/VAF distribution of SSNVs in 10 individuals, without known CH driver
mutations, aged between 30 years and 76 years. Color code indicates age of the individual.

F: Comparison of the number of SSNVs with VAF=0.05 (y-axis) as a function of age (x-axis) in
the model (shaded grey area) with actual data from the 10 individuals shown in E. The grey area
represents upper and lower limits of the model prediction across the cohort, obtained by
evaluating the model with the best parameter set of each patient. The solid line corresponds to
the model prediction at the median parameter values across the cohort. Colored dots show the
actual data points from the 10 individuals.

G-l, Estimated model parameters (x-axes) for the individuals shown in E (y-axis). G, the number
of active HSCs. H, the stem cell division rate per year. I, the estimated number of SSNVs acquired
per HSC division. Shown are the median and the 80% highest density intervals as blocks. Grey
areas represent the 95% confidence interval of the median parameter values across the cohort.

Figure 3. Using somatic variants to build and test a model of selection with drift in clonal
hematopoiesis.

A: Schematic illustrating variant accumulation (exemplary variants are depicted by a letter) during
development and adulthood (tissue homeostasis). Here subclonal diversification is shaped by
both drift and when a driver mutation (D) promotes selection during adult life. The bottom panels
illustrate the cumulative variant allele frequencies (VAF) distribution of somatic single nucleotide
variants (SSNVs) through development, and at two stages of adult life. The bottom panels show
changes in VAF of variants A-F through drift and selection during development and adulthood.

B: Modeled processes and associated parameters in the model of selection and drift. Top, in adult
hemostatic tissue, blood stem cells, without a clonal hematopoiesis (CH) driver mutation (blue
dots, above) or with a CH driver mutation (below, red dots), undergo symmetrical self-renewing
divisions (left) with rate 4. These stem cells exit the stem cell compartment through differentiation,
or death, with rate 6for normal stem cells and at a decreased rate & in stem cells with a CH
driver mutation (right). Below, schematic graph of blood stem cell count (N), which increases in
development (N<Nss and A>6) and remains constant during adulthood (N=Nss and 4=6). In
addition, the model incorporates the acquisition of a CH clone at time ;.

C: Measured and modeled number of SSNVs with VAF=0.05 of individuals with (colored points)
and without (grey points) clonal hematopoiesis. The color code for the different CH driver
mutations is shown on top. The grey area represents upper and lower limits of the model
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prediction across the cohort without clonal hematopoiesis, obtained by evaluating the model with
the best parameter set of each patient. The solid line corresponds to the model prediction at the
median parameter values across the cohort without clonal hematopoiesis.

D-l: Three examples of the cumulative VAF distribution of SSNVs, and respective model fits, in
individuals with clonal hematopoiesis (CH15, CH13, and CH14). Red areas show 95% predictive
posterior bounds, error bars represent sampling errors; the lines show model simulations at the
best fit. Maximum likelihood and 95% confidence interval of the measured VAF of CH drivers are
indicated by horizontal lines (D, F, H). For each of these three examples, posterior distributions
of the estimated subclone size are shown in E, G, | respectively.

J: Plot of the VAF of CH driver mutations inferred by the population genetics model versus that
measured by the targeted resequencing panel. Shown are the 80% credible intervals of the model
estimates (horizontal lines) and the 95% confidence interval of the measurement (for panel
resequencing). The colors correspond to the driver mutations in different genes as set out in panel
C. Pearson'’s correlation coefficient is given in the plot.

K: Plot of the VAF of the CH driver mutations inferred by the population genetics model versus
that estimated by DPClust. The colors correspond to the driver mutations in different genes as
set out in panel C. Pearson’s correlation coefficient is given in the plot.

L: Estimated number of SSNVs per stem cell division (x-axis) for the different individuals with CH
(y-axis).

M: Estimated number of active stem cells (x-axis) for the different individuals with CH (y-axis).

N: Comparison of the number of active stem cells in individuals without (normal) and with CH
driver mutation (CH). The difference is statistically significant at a p value of 0.0005, Wilcoxon
rank sum exact text.

O: Plot of the number of active stem cells in individuals without (grey dot) and with CH driver
mutation (colored dot) shown as a function of age of the subject. The colors of the dots correspond
to the driver mutations in different genes as set out in panel C.

P: Estimated number of stem cell division rate (x-axis) for the different individuals with CH (y-
axis). The colors of the bars correspond to the driver mutations in different genes as set out in
panel C. The stem division rate is significantly higher in individuals with CH driver mutation as
compared to individuals without (p=0.001, Wilcoxon rank sum exact test).

Q: Inferred age of the CH clone estimated clone age by population genetics model normalized for
the time point at which the CH clone reached 2% VAF. Shown are median and 80% credible
intervals.

R: Comparison of the estimated age of the CH clone by the population genetics model (blue line)
and the CpG>TpG molecular clock approach (green line). Shown are median and the 80%
credible interval (population genetics model) and 95% confidence intervals (CpG>TpG molecular
clock).

S: Left, Estimated percentage clonal growth per year (x-axis) of the major CH clone in different
subjects with CH (y-axis). The colors of the bars correspond to the driver mutations in different
genes as set out in panel C. Right, the percentage clonal growth per year of CH clones with
different mutations is shown.

In L, M, P, Q, S, the median and 80% credible intervals are shown per sample. The 95%
confidence interval of the median parameter values across the cohort are visualized by the grey
boxes.

Figure 4. Dynamics of clones with CH drivers acquired early in life and demonstrating
selection.
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A: Measured and modeled number of SSNVs in bone marrow (BM) and peripheral blood (PB) of
subject CH20. Top panels show measured VAF distributions of SSNVs. Middle panels show
measured (dots) and modeled (black line and red area) 1/VAF distribution of SSNVs with
VAF=0.05. Red areas show 95% predictive posterior bounds, the lines show a model simulation
at the best fit, error bars represent sampling errors. Maximum likelihood and 95% confidence
interval of the measured VAF of CH drivers are indicated by horizontal lines. The bottom panels
show a zoom of the measured 1/VAF distribution at high VAF.

B: Two-dimensional distribution of clonal cell fraction of SSNVs in BM and PB of patient CH20.
Red areas show SSNV densities. The DNMT3A variant falls into a small cluster of 6 SSNVs at
high clonal cell fraction (top right).

C: As in (A) but for the BM sample of subject CHS3.

D: Distribution of clonal cell fraction of SSNVs in BM of patient CH3. Turquoise area shows SSNV
densities. The DNMT3A variant falls into a small cluster of 12 SSNVs at high clonal cell fraction.

E and F: Estimated number of active stem cells (E) and of the stem cell division rate (F) (x-axes)
for subjects CH3 and CH20 (y-axis). Boxes represent median and 80% credible intervals of the
parameters. Grey areas represent the range of the median parameter values across the two
subjects.
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