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Mutationsin adiverse set of driver genes increase the fitness of haematopoietic stem
cells (HSCs), leading to clonal haematopoiesis. These lesions are precursors for blood
cancers®®, but the basis of their fitness advantage remains largely unknown, partly
owing to a paucity of large cohorts in which the clonal expansion rate has been
assessed by longitudinal sampling. Here, to circumvent this limitation, we developed
amethod toinfer the expansion rate from data from a single time point. We applied

this method to 5,071 people with clonal haematopoiesis. A genome-wide association
study revealed that acommon inherited polymorphisminthe TCLIA promoter was
associated with a slower expansion rate in clonal haematopoiesis overall, but the
effect varied by driver gene. Those carrying this protective allele exhibited markedly
reduced growth rates or prevalence of clones with driver mutationsin TET2, ASXL1,
SF3B1and SRSF2, but this effect was not seen in clones with driver mutationsin
DNMT3A. TCL1IA was not expressed in normal or DNMT3A-mutated HSCs, but the
introduction of mutationsin TET2 or ASXL1led to the expression of TCL1A protein and
the expansion of HSCsin vitro. The protective allele restricted TCL1A expression and
expansion of mutant HSCs, as did experimental knockdown of TCL1A expression.
Forced expression of TCL1A promoted the expansion of human HSCsin vitro and
mouse HSCsin vivo. Our results indicate that the fitness advantage of several commonly
mutated driver genes in clonal haematopoiesis may be mediated by TCL1A activation.

Aging is characterized by the accumulation of somatic mutations,
nearly all of which are ‘passengers’ that have little consequence for fit-
ness. However, infrequent fitness-increasing mutations—‘drivers’—may
resultin an expanded lineage of cells—that is, a clone. Clonal haema-
topoiesis of indeterminate potential (CHIP) is defined by the acqui-
sition of specific, cancer-associated driver mutations in HSCs from
people without a blood cancer'. Genes commonly mutated in CHIP
include regulators of DNA methylation (TET2 and DNMT3A), chroma-
tin remodelling (ASXL1) and RNA splicing (SF3B1, SRSF2 and U2AFI).
CHIP carriers have arisk of haematologic malignancy, coronary heart
disease and mortality in proportion to the variant allele fraction (VAF),
ameasure of clone size %, In contrast to clones with small VAF, which
areubiquitousinolderindividuals’®, large-VAF clones are less common.
The factors driving the expansion of these mutant clones are largely
unknown, partly owing to alack of large cohorts with serially sampled
blood over decades, whichwould otherwise enable studies on genetic
and environmental correlates of clonal expansion. Here we developed
an approach called passenger-approximated clonal expansion rate
(PACER) to investigate the germline determinants of clonal expan-
sion in 5,071 CHIP carriers from the NHLBI Trans-Omics for Precision
Medicine (TOPMed) programme'®", which revealed activation of TCLIA
as an event driving clonal expansion downstream of multiple driver
genesin CHIP.

Development of PACER

HSCsaccrue passenger mutations atarate thatis constant over timeand
that is similar across individuals™ ™. Thus, the number of passengers

in the founding cell of a CHIP clone can be used to approximate the
date of acquisition of the driver mutation (Fig. 1a). Previous stud-
ies have enumerated the passenger burden in HSCs by performing
whole-genome sequencing (WGS) on colonies derived from single
cells™'®, We theorized that the passenger burden in the founding cell
ofa CHIP clone could be approximated from WGS of whole-blood DNA
without isolation of single cells. As a mutant clone expands, the VAF
of both the driver and passenger mutations increases. The number of
passengersinany given cellis simply the sum of the mutations present
before the acquisition of the driver event (ancestral passengers) and
the mutations acquired after the driver event (sub-clonal passengers).
Because the limit of detection for mutations with WGS at approximately
x38 coverage depthisequivalent toa VAF of around 8-10%, the detect-
able passengersin whole-blood DNA are far more likely to be ancestral
passengers than sub-clonal passengers. This is because the sub-clonal
passengers are private to each subsequent division of the original
mutant cell, and, in the absence of a second driver event, quickly fall
below the limit of detectionin WGS data from bulk tissue (Supplemen-
tary Text1). Furthermore, as the size of the clone also determines the
number of detectable passengers from WGS owing to the limited sen-
sitivity of detection at x38 depth, clones with high fitness will harbour
more detectable passengers than those with lower fitness that arose at
the same time. On the basis of these observations, we used the detect-
able passengers as a composite measure of clone fitness (defined as
relative yearly growth rate of mutant HSC clones compared with HSCs
without drivers) and birth date. For two individuals of the same age and
with clones of the same size, we expect the clone with more passengers
to be more fit, as it must have expanded to the same size in less time.

A list of authors and their affiliations appears at the end of the paper.
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Fig.1|PACER enables estimation of clonal expansionrate fromasingle
blood draw. a, A schematic depiction of using passenger counts to estimate
therate of expansion of a HSC clone after the acquisition of a driver mutation.
The passengers (blue) that precede thedriver (red) canbe used to date the
acquisition of the driver.b, The relative abundances of passenger counts were
estimated for CHIP driver genes with atleast 30 cases using a negative binomial
regression, adjusting for age at blood draw, driver VAF and study. The total
number of CHIP carriersincludedis 4,536. The coefficients arerelative to
DNMT3A R882™ CHIP. Dataare mean + 95% confidence intervals; unadjusted,
two-sided Pvalues. ¢, The relative abundances of passengers are plotted against
the empirical estimates of gene fitness derived from longitudinal deep

We identified CHIP in 5,071 out 0f 127,946 TOPMed participants by
analysing blood DNA WGS data with Mutect2 (ref. 17) at pre-specified
loci (Methods and Supplementary Table 1). CHIP was strongly associ-
ated with age at blood draw and more than 75% of these mutations
were in DNMT3A, TET2 or ASXL1, similar to our previous report from
TOPMed™. To estimate the number of passenger mutations, we per-
formed genome-wide somatic variant calling for the 5,071 CHIP carri-
ersand 23,320 controls without CHIP using Mutect2. As these variant
calls contain acombination of true somatic variants, germline variants
and sequencing artefacts, weimplemented aseries of filters to enrich
for the detection of true passengers (Methods). CHIP carriers had on
average 271 passengers per genome after filtering (interquartile range:
142-317), representing an increase of 54% (95% confidence interval:
51%-57%) (Extended Data Fig. 1a) compared with the controls after
adjusting for age and study cohort using a negative binomial regres-
sion. More than 98% of the passengers were non-coding. We presumed
the detected passengersin those without CHIP were reflective of clonal
haematopoiesis with unknown driver mutations', although some of
these could have beenincompletely removed artefacts. The passengers
were also positively associated with age, increasing by 13.7% on aver-
age (95% confidenceinterval:13.0-14.3%) each decade. Although 89%
of CHIP carriers had a single driver mutation, each additional driver
mutation was associated with an increment in passenger mutation
counts (Extended Data Fig. 1b). This is probably owing to the presence
of cooperating driver mutations within a clone, as each successive
expansion caused by anew driver captures additional passengers that
accumulated in the time between the last driver event and the newer
one. Forthisreason, we limited further analyses to the 4,536 CHIP car-
riers with a single driver event. In summary, the detected variants in
our callset had several characteristics to suggest that they were highly
enriched for bona fide passengers.

Wefirst validated the passenger count as an estimator of fitness theo-
retically, by constructing a simulation of HSC dynamicsto characterize
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sequencinginFabre etal.’*. Dataare mean + 95% confidence intervals. The
estimate of the association from weighted least squares (slope =2.7,P=9.6 x
1075, R?=80%) is plotted as adashed line. d, Observed clonal expansion rate
(dVAF/dT), defined as the change in VAF over time (in years), was associated
withincreased passenger countsin 55 CHIP carriers from the Women’s
HealthInitiative (WHI) dataset. Coloursindicate the mutated driver gene.

e, Amultivariable modelincluding passenger counts, age at blood draw and
VAF indicates therelative contributions of age and VAF over baseline models.
AIC, Akaike information criteria—smaller values indicate better model fit.
Unadjusted, two-sided Pvalues arereported for the passengers variable in the
respective models.

therelationship between fitness and detectable passenger counts (Sup-
plementary Notel). The simulationindicated that founding passengers
were associated with driver fitness (Spearman’s p=0.09, P <2 x107%).
We estimated a passenger mutation rate per diploid genome per year
of 2.3, or a per-base pair rate of 3.83 x 107'°. This number is substan-
tially lower than previous estimates using WGS from single haemat-
opoietic colonies, in part because we limited the base substitutions
in our analysis to C>T or T>C (Methods), but also probably owing to
the lower sensitivity of detecting true passengersin whole-blood WGS
compared with single-cell-derived colonies. Nonetheless, we were
able to use these data to derive a hierarchical Bayesian estimator of
clone fitness, which adjusts for age at blood draw and cohort effects
and confirmed its correspondence to the observed passenger counts
(Supplementary Note 1).

PACER estimates mutation fitness

Animportant test for the accuracy of our fitness estimator is acom-
parison of its predictions with those from empirical datasets in which
clone growth is assessed longitudinally. An important prediction is
fitness estimates of different driver mutations. Building on recent
computational estimates of variant fitness', we estimated the distribu-
tion of passenger counts for the most common CHIP driver genes as a
measure of fitness. We used non-R882 DNMT3A mutations (DNMT3A
R882) as areference point and estimated the relative abundances of
passengersin other genes using negative binomial regression adjusting
for age, VAF, sex and study cohort. We termed the approach of using
age- and VAF-adjusted passenger mutations to estimate fitness in
regression models PACER. According to PACER, mutations in splicing
factors (SF3B1, SRSF2 and U2AF1) and JAK2"*"F were the fastest grow-
ing, whereas DNMT3A R882 were among the slowest (Fig.1b and Sup-
plementary Table 2). Mutations in TET2, ASXL1, PPMID, TP53, ZBTB33
and GNBI were in the next tier and had approximately the same level



of fitness, as estimated from PACER. Relative to the R882" carriers, we
observed amodest increase in fitness in DNMT3A®? mutant clones.
These observations are concordant with previous empirical estimates
of variant fitness derived from longitudinal sequencing of samples with
clonal haematopoiesis®'®?°>2, When driver gene fitness estimates from
PACER were directly compared to estimates from a large longitudinal
dataset of clonal haematopoiesis', the coefficient of determination
(R?) was 80% (Fig. 1c and Methods).

To further validate the utility of the passenger count, we tested
whether PACER could also predict future clone growth within indi-
viduals. We performed targeted sequencing in 55 CHIP carriers from
the Women’s Health Initiative (WHI) with asingle driver mutation. Each
individual had two blood samplestakenat aninterval ranging from 13
to 19 years apart, which allowed us to determine the rate of change in
VAF of the driver variant (dl‘j’%) (Fig.1d). WGS was used to determine
passenger count at the first time point. We constructed a simple esti-
mator of YYAF ysing only the passengers, VAF from the first blood draw
and age fromthefirst blood draw (Methods). Our theoretical framework
considered passengers to be an estimate of clone fitness after account-
ing for age and VAF; thus age and VAF variables were also considered
in the model. A model that included age and VAF in addition to pas-
senger count was superior for predicting d"# (R?=32.5%,adjusted R>=
28.6%) than models only including passengers (R?=12.6%, adjusted
R?=11%),age (R*=13.9%, adjusted R*=12.3%) or VAF (R*= 0.3%, adjusted
R?=-1.6%).Inallmodels, the passenger count variable was significantly
associated with dt‘j’# (Fig.1e and Extended Data Fig. 1c).

To contextualize its performance, we compared PACER with fitness
estimators derived from longitudinal datasets (102 individuals with
clonalhaematopoiesis from Fabre et al.' as well as 24 individuals from
WHI) (Supplementary Note 2 and Supplementary Tables 3and 4). Each
individual had between three and five assessments of VAF over several
years, and fitness estimates derived from the first two to four measure-
ments were used to predict d:j’i between the penultimate and final
time points. We observed that ti1e point estimates of R*for the correla-
tion of YA with fitness in these datasets ranged from 4.5% to 20%.
Theseresultsindicate that PACER, whichis derived fromasingle blood
draw, predicted future clone growth comparably to, if not better than,
fitness estimators derived from longitudinal data with two to four serial
measurements.

To consider alternative statistical approaches, we compared the
fitness estimates derived with PACER with our hierarchical Bayesian
estimator of clone fitness (PACER-HB; Methods), and observed strong
correspondence between the two fitness estimates (Supplementary
Notel), suggesting that therelative simplicity of PACER does not clearly
reduceits performance compared withmore sophisticated approaches.

GWAS of PACER

We performed a genome-wide association study (GWAS) of PACER in
CHIP carriers toidentify inherited genetic variation that associates with
clonal expansion rate (Methods). Inthis analysis, we refer tothe PACER
score as the residuals from the linear regression of passenger counts
with age at blood draw, study, VAF and the first ten genetic ancestry
principal componentsincluded as covariates.

The GWAS identified a single locus at genome-wide significance
overlapping TCLI1A (Fig. 2a), and genetic fine-mapping further nar-
rowed downthe associated region toa credible set containing asingle
variant, rs2887399 (Extended Data Fig. 1d and Methods). The refer-
ence allele at this variant is a guanine (G) and the alternate allele is a
thymine (T). We did not find any association between PACER and rare
variants near rs2887399, suggesting that rs2887399 is not tagging
other genetic variants andis the causal variant at this locus (Extended
DataFig.1e,f). The T allele of rs2887399 is common, occurring in 26%
of haplotypes sequenced in TOPMed, and each additional T allele was
associated with adecrease of 0.15in the PACER z-score (P= 4.5 x 107).

rs2887399 is located in the core promoter of TCLIA as defined by the
Ensembl®regulatory build 108, 162 base-pairs from the canonical tran-
scription start site (TSS) and was nominated as the causal gene by the
Open Targets? variant-to-gene prediction algorithm. TCLIA has been
implicated in lymphoid malignancies?®, but to our knowledge, it has
not been studied in the context of HSC biology. Of note, the region in
the TCL1IA promoter where rs2887399 resides is poorly conserved with
non-primate species (Extended Data Fig. 1g).

We next performed agenome-wide search of rare variation associated
with the passengers and identified 15 windows associated with pas-
senger counts at Bonferronisignificance (P=2.9 x 107, Supplementary
Tables5and 6), including a distal enhancer for TNFAIP3(P=5.4 x107)
(GeneHancer?).

Stratified associations with rs2887399

We tested whether the association between rs2887399 and PACER var-
ied by CHIP driver gene. Using DNMT3A as the reference, we observed
that rs2887399 was more protective against clonal expansionin TET2
than DNMT3A CHIP (beta=-0.24 per T allele, P=9.6 x 107, Supple-
mentary Table 7). Stratification of PACER score by rs2887399 genotype
revealed that the T allele slowed growth of TET2 clones but had little
effect on DNMT3A clones (Fig. 2b).

Clones with a decreased expansion rate may never grow large
enough tobe detected, so we also performed association tests between
rs2887399 and the presence of a CHIP-associated driver mutation strati-
fied by gene. In our previous analysis", we reported that the T allele
was associated with increased risk for DNMT3A mutations. Previous
reports have also identified that the T allele of rs2887399 decreases
risk for mosaic loss of the Y chromosome? (LOY). We observed that
rs2887399 was associated with significantly reduced odds of muta-
tionsin TET2, ASXL1, SF3B1 and SRSF2 (Fig. 2c and Supplementary
Tables 8 and 9). The effect size of rs2887399 was large, as carrying the
T/T genotype conferred odds ratios for having a driver mutation in
these genes from 0.22 to 0.63. The risk reduction was particularly
marked for mutations in SF3B1 and SRSF2, as well as for having more
than one non-DNMT3A driver mutation. In sum, these resultsindicate
thatthe T allele at rs2887399 is protective against CHIP owing to driver
mutations in several genes that have higher risk of progression to frank
haematologic malignancy®?,

Our analysis predicts that the T allele of rs2887399 should reduce the
expansion rate of several non-DNMT3A mutant clones. We performed
targeted sequencingin 900 additional participantsin the WHI dataset
at 2 time points taken a mean of 16.2 years apart and identified those
with mutationsin DNMT3A, TET2, ASXL1 or SF3B1 (n =351, including 53
previously identified from the PACER validation). Using this dataset, we
tested whether the T allele was associated with the expansion rate of
clonalhaematopoiesis clones. We defined clonal expansion as the per
centgrowth per year of the clonal haematopoiesis clones as estimated
by aBayesian logistic growth model (Methods). We observed that each
T allele of rs2887399 was associated with reduced expansionin TET2
and ASXL1I mutant clones by 4% but not in DNMT3A-mutant clones,
concordant with the PACER prediction (Fig. 2d and Supplementary
Table 10). TET2 and ASXLI clones with the T/T rs2887399 genotype
had very slow rates of clonal expansion (0.5% mean growth per year)
comparedto cloneswiththe G/G genotype (8.3% mean growth per year).
These results provide further validation that PACER can accurately
identify correlates of clonal expansion.

Wesoughttounderstand why the T allele of rs2887399 was associated
with anincreased prevalence of DNMT3A CHIP but had little effect on
DNMT3A clonal expansion rate. Recent work has demonstrated that
haematopoiesis becomes increasingly oligoclonal during aging as
competition between clones with varying degrees of fitness intensi-
fies'®. We hypothesized that carrying the T allele of rs2887399 would
lead to anincreased likelihood of DNMT3A-mutant clones growing to
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Fig.2| GWAS of PACER identifies germline determinants of clonal
expansioninblood. a, AGWAS of passenger counts identifies TCL1Aas a
genome-wide significantlocus. Test statistics were estimated with SAIGE*,
b, The association between the genotypes of rs2887399 and PACER fitness
estimates varied between TET2and DNMT3A.T alleles were associated with
decreased PACER score in TET2 mutation carriers, but no association was
observedin DNMT3A carriers. ¢, The associationbetween T alleles at rs2887399
and presence of specific CHIP mutations varied by CHIP mutation (n=5,071
CHIP carriers). Left, Forest plots show the odds ratios (OR) for having specific
mutationsinindividuals whowere G/T or T/T, relative to those who were G/G.
ORwere estimated using Firth logistic regression; error bars represent 95%

detectable levels owing solely to reduced fitness of other competing
clones. To test this hypothesis, we performed a simulation of clonal
expansion with two competing clones carrying DNMT3A and TET2
mutations, respectively. The fitness of the DNMT3A clone remained
constant but the fitness of the TET2 clone was 20% higher relative to
DNMT3A in one setting and 20% lower in the other setting, similar to
the estimates from PACER for relative fitness of TET2 clones from those
with G/G versus T/T genotype at rs2887399. Reducing the fitness of
TET2 was sufficient to increase the likelihood of the DNMT3A clone
expanding to detectable levels (Extended Data Fig. 2a).

TCL1A expression in haematopoietic cells
We sought to establish how rs2887399 alters clonal expansion. We
first tested whether rs2887399 was associated with TCLI1A expression
inany cell type. As identified in GTEx v8 (ref. 29), the T allele reduces
expression of TCLI1A in whole blood (normalized effect size = -0.13,
P=1.4 x107). The PACER GWAS colocalized** with cis-expression quan-
titative traitloci (eQTLs) for TCLIAinwhole blood (posterior probability
of asingle shared causal variant = 97.1%; Extended Data Fig. 2b). This
associationislikely tobe driven by B cells, as TCL1Ais highly expressed
inBcellsbutappearsto have absent or exhibit low expressioninall other
celltypesinblood exceptinrare plasmacytoid dendritic cells (Extended
DataFig. 2c, Supplementary Table 11and the Human Cell Atlas®).
Little is known about TCL1A expression in HSCs. We examined
whether CHIP-associated mutations altered the regulation of the TCL1A
locus in human haematopoietic stem and progenitor cells (HSPCs)
using publicly available single-cell RNA-sequencing (scRNA-seq)
and transposase-accessible chromatin high-throughput sequencing
(ATAC-seq) datasets of normal and malignant haematopoiesis. TCLIA
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boxedgesindicate theinterquartile range, and error bars indicate maximum
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was expressedinlessthan1in1,000 cellsidentified as HSCs or multipo-
tent progenitors (MPPs) (HSC/MPPs) in scRNA-seq data from six normal
human marrow samples®** (range 0-0.17%). By contrast, TCLIA was
expressedinamuch larger fraction of HSC/MPPs in 3 out of 5 patients
with TET2- or ASXL1-mutated myeloid malignancies (range 2.7-7%)
(Extended Data Fig. 3a and Supplementary Table 12). Next, using a
dataset of ATAC-seq in normal and pre-leukaemic HSCs** (pHSCs),
which areresidual non-leukaemic HSCs present in patients with acute
myeloid leukaemia (AML) that often harbour only the initiating driver
mutations, we evaluated chromatin accessibility at the TCLIA pro-
moter. Consistent with the lack of TCLIA transcripts in normal HSCs,
we observed that the promoter was not accessible in HSCs from healthy
donors, in HSCs from patients with AML that carried no driver muta-
tions, or in pHSCs with DNMT3A mutations. By contrast, the patients
with TET2-mutated pHSCs had clearly accessible chromatin at the TCLIA
promoter (Extended Data Fig.3b), and this locus had the greatest log,
fold-change of any differentially accessible TSS peak in TET2-mutant
versus control samples (Supplementary Table 13).

We next tested whether the neighbouring genes TCL6 or TCL1B
became expressed or had accessible chromatin in HSCs carrying
CHIP mutations in these same datasets. In contrast to the result for
TCLIA, no RNA expression or accessible promoter chromatin could
be found at these genes in HSCs (Extended Data Fig. 3c and Supple-
mentary Table 12), further supporting TCLIA as the causal gene for
clonal expansion.

Functional effect of rs2887399 on HSCs

Onthe basis of these observations, we proposed the following mecha-
nistic model: normally, the TCL1A promoter is inaccessible and gene
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Fig.3|Effect of rs2887399 on TCL1A expression and clonal expansion.

a, Schematic of experimental workflow. FACS, fluorescence-activated cell
sorting; RNP, ribonuclear protein complex. b, ATAC-seq tracksillustrating
chromatin accessibility atrs2887399 in TET2-edited HSPCs from donors with
G/G,G/Tand T/T genotypes after 5days inliquid culture. Thered line indicates
thelocation of rs2887399. See also Extended Data Fig. 8 and Supplementary
Table 14. ¢, Top, the percentage of Lin"CD34'CD38 CD45RA™ cells expressing
TCL1A, asdetermined by flow cytometry of edited HSPCs after 11days in liquid
culture, stratified by edited gene and rs2887399 genotype. Bottom, results of
alinearregression model for the effect of the edited gene (relative to AAVS1),
the number of T alleles at rs2887399 and the interaction term of edited genes
with T alleles. Unadjusted Pvalues fromatwo-sided test.n = 4 biologically
independentreplicates for eachgroup.d, Top, Lin"CD34'CD38 CD45RA™ cell
counts of edited HSCs after 14 daysin liquid culture. Bottom, results of alinear

expressionisrepressed in HSCs. In the presence of driver mutationsin
TET2,ASXL1,SF3B1,SRSF2or with LOY, TCL1Ais aberrantly expressed and
drives clonal expansion of the mutated HSCs. The presence of the T allele
of rs2887399 restricts chromatin accessibility at the TCL1IA promoter,
leading to reduced expression of TCLIARNA and proteinand abrogation
ofthe clonal advantage due to the mutations (Extended Data Fig. 4).

Totest our model experimentally, we obtained human CD34" mobi-
lized peripheral blood cells from donors who were G/G, G/T, or T/T at
rs2887399. The three donors were healthy and between 29 and 32 years
old at the time of donation. We used CRISPR to introduce insertion—
deletion mutations with high efficiency in DNMT3A, TET2 or ASXL1to
mimic CHIP variants, or at the adeno-associated virusintegration site
1(AAVS]) as a control (Fig. 3a and Extended Data Fig. 5).

First, we examined whether chromatin accessibility at the TCLIA pro-
moter was altered by rs2887399 genotype. We edited CD34" cells from

regression model for the effect of the edited gene (relative to AAVS1),
rs2887399 genotype (relative to G/G) and the interaction term of the edited
gene withrs2887399 genotype. Unadjusted Pvalues from a two-sided test.
n=4biologicallyindependent replicates for each group. e, Top, Lin"CD34"
CD38 CD45RA" cell counts after 14 days liquid culture of edited and shRNA-
transduced HSCs. Bottom, results of alinear regression model for the effect of
theedited gene (relative to AAVSI1), shRNA (relative to scramble control) and
theinteractionterm of the edited gene with shRNA. Unadjusted Pvalues from
atwo-sided test. The centre line indicates the median, box edgesindicate the
interquartile range, and error bars indicate maximum and minimum values.
n=4for AAVS1gRNA andscramble, n=>5for AAVSIgRNA and TCLIAshRNA,
n=4for TET2gRNA and scramble,and n=7for TET2gRNA and TCLIAshRNA,
where nrepresents the number of biologicallyindependentreplicates. gRNA,
CRISPR guide RNA.

eachgenotypefor TET2,sorted cells with a marker profile of HSCs and
MPPs (Lin"CD34"CD38 CD45RA"), cultured themin cytokine-supported
medium, and then performed ATAC-seq. Consistent with the pHSC
data, we detected increased chromatin accessibility at the TCL1A pro-
moter in TET2-edited, but not DNMT3A-edited, cells from the rs2887399
G/Gdonor relative to AAVSI1-edited cells (Fig. 3b, Extended Data Fig. 6
and Supplementary Table 14). However, chromatin accessibility was
decreasedinsamples from carriersof the T alleleina dose-dependent
manner, indicating that the protective effect of the T allele of rs2887399
is mediated by blocking TCL1A promoter accessibility.

Next, wetested whether the T allele of rs2887399 altered TCL1A pro-
tein expression in HSC/MPPs. We edited CD34" cells with the three
rs2887399 genotypes at AAVS1, DNMT3A, TET2 and ASXL1 and per-
formed aflow cytometry-based assay for TCL1A protein expression after
culturing the cells for 11 days. Around 1% of HSCs/MPPs from AAVSI- or
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Fig.4| TCL1A expressionis sufficient for HSC expansion. a, Schematic of
TCL1A-eGFPlentivirus construct (top) and the effect of viral transduction

on TCL1A expressionin human CD34" HSPCs (bottom). b, Number of Lin"CD34"
CD38°CD45RA" cells (left) and quantification of colony-forming units in
methylcellulose (right) after 14 days of liquid culture of transduced human HSCs.
Two-sided t-test.n =10 biologicallyindependent replicates for each group.
c,Donor granulocyte chimerism of mice transplanted with TCL1A-eGFP- or
control-eGFP-transduced c-Kit" marrow cells plus GFP~ competitor marrow.
Dataaremean ts.e.m.foreachtime point. Two-sided Wilcoxon rank sumtests.
n=38miceforeachgroup.d, The percentage of GFP* donor cellsinLin"c-Kit'Sca-1*
(KLS) marrow 22 weeks after transplant. Two-sided Wilcoxon rank sum test.
n=_8miceforeachgroup.e, The percentage of cycling Lin"CD34"CD38" cells,
determined by DAPIstaining after 10 days of liquid culture of transduced human
HSC/MPPs. Two-sided Wilcoxon rank sum test. n = 4 biologically independent

DNMT3A-edited samples were positive for TCL1A, which did not vary
by rs2887399 genotype. By contrast, 4.6-9.3% of HSC/MPPs from the
G/Gdonorthathad been edited for ASXL1or TET2expressed TCL1A, and
the proportion of TCL1A-positive HSC/MPPs decreased in donor sam-
pleswitheach additional T allele (Fig.3c,d and Extended Data Fig. 7a).
There was minimal expression of TCLI1A in any non-HSC/MPP CD34*
populationin any of the samples. Notably, less than 10% of HSC/MPPs
expressed TCL1A in any sample, even though the proportion of mutant
cellswasgreater than 90% (Extended Data Fig. 5), suggesting that only
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TCL1A-eGFP versus control-eGFP

replicates for each group. f, Uniform manifold approximation and projection
(UMAP) of clustersidentified after 7 days liquid culture of transduced human
HSC/MPPs. Left, all samples combined. Right, the four individual samples.
G/Gand T/T refer to the donor rs2887399 genotype. g, Dot plotillustrating the
average expression level (colour) and percentage of cells (circle size) expressing
representative marker genesacross different cell clusters arranged by functional
group. h, Forest plot of log, fold difference (FD) in the proportion of cells
withineach HSC/MPP cluster in cells transduced with TCL1A-eGFP versus
control-eGFP (permutation test). Each donor represents anindependent
experimentand the false discovery rate (FDR) for each comparisonis shown
ontheright.Inboxplotsb,d,e, the centre line indicates the median, box edges
indicate theinterquartile range, and error barsindicate maximum and
minimum values.

afraction of HSC/MPPs express TCL1A at any given time, even in the
presence of TET2 or ASXLI mutations. Thisis consistent with scRNA-seq
datafrom haematological malignancy samples (Extended Data Fig. 3a).

Totest whether the rs2887399 genotype had an effect on expansion
of HSPCs in vitro, we edited the CD34" cells from G/G and T/T donors,
sorted HSCs (Lin"CD34'CD38 CD45RA CD90"), and analysed HSPC
counts after 14 days. There was a notable expansion of cells bearing
markers of HSC/MPPs in the ASXL1- and TET2-edited samples from the
rs2887399 G/G donor compared to the AAVS1-edited sample, but this



effect was abrogated in edited samples from the rs2887399 T/T donor
(Fig. 3e). A population of cells that was Lin"°CD34*CD38 CD45RA"
(CD45RA" HSPCs), presumably progenitors descended from the
HSC/MPP population, was also markedly expanded in the ASXL1- and
TET2-edited samples from the G/G donor, but the degree of expan-
sion was partially reversed in the edited samples from the T/T donor
(Extended Data Fig. 7b). The ratio of CD34*CD45RA™° progenitors to
CD34  cellswas alsoincreased in the ASXLI- and TET2-edited samples
fromthe G/G donor compared withthe T/T donor, indicating either less
retention of stem or progenitor cell activity or faster differentiationin
the absence of TCL1A expression (Extended DataFig. 7c). There was no
effect on HSPC expansion in the AAVSI- or DNMT3A-edited samples
based onrs2887399 genotype. Furthermore, we were unable to detect
any significant differences in expansion of DNMT3A-edited HSCs based
on rs2887399 genotype even when older donors were used (Supple-
mentary Table 15). Thus, carrying the T allele of rs2887399 abrogates
the clonal expansion of HSPCs with ASXLI and TET2 mutations in an
experimental system, but has minimal direct effect on fitness of mutant
DNMT3A clones, consistent with the PACER analysis.

Toorthogonally validate the necessity of TCLIA for clonal expansion,
we edited CD34" cells from ars2887399 G/G donor with AAVS1or TET2
guides, followed by lentiviral delivery of short hairpin RNA (shRNA)
targeting TCLIA or scramble control. The TCLIA shRNA construct we
used was validated to reduce TCL1A protein expression by around
90% (Extended Data Fig. 8a). We then sorted GFP* HSC/MPPs and per-
formed the samein vitro expansionassay. The increase in TET2-mutated
HSC/MPP counts seen after 14 days was nearly completely attenuated
by TCL1A knockdown (Fig. 3f), indicating that TCL1A expression is
necessary for expansion of TET2-mutant HSCs in this assay.

TCL1A expression promotes HSC expansion

Ifaberrant TCL1A expressionis the major reason for positive selection
of TET2-,ASXLI-,SF3B1-and SRSF2-mutant HSCs, then forced expression
of TCL1Ainunmutated HSCs should be sufficient to recapitulate clonal
expansion phenotypes. To test this hypothesis, we transduced human
CD34" cells with lentivirus containing the TCL1A open reading frame
(TCL1A-eGFP) or empty vector control (control-eGFP) (Fig. 4a) and
performed in vitro clonal expansion assays on purified HSC/MPPs. The
per-cell level of TCL1A protein expression in TCL1A-eGFP-transduced
HSCswas similar to thatin TET2-mutant HSCs (Extended Data Fig. 8b).
After14 days, cultures from HSCs that received TCL1A-eGFP virus had
approximately fourfold higher counts of phenotypic HSC/MPPs and
colony-forming cells compared with cultures from HSCs that received
control-eGFP virus (Fig.4b), indicating that TCL1A expression was suf-
ficient for HSC clonal expansion.

Toassess whether TCL1A expression was sufficient to promote HSPC
fitnessinvivo, we infected c-Kit" bone marrow cells from CD45.2 mice
with TCL1A-eGFP or control-eGFP lentivirus and admixed these cells
with competitor GFP~ CD45.2 whole bone marrow, with the proportion
of GFP” cells in the Lin™ fraction of the resulting cell mixture totalling
around 4% in each group (Methods and Extended Data Fig. 9a). Fol-
lowing transplantation of these cells into lethally irradiated CD45.1
recipient mice, we tracked the proportion of GFP* donor cellsin blood
over time (n = 8 per group). At 4 weeks after transplant, the propor-
tion of donor GFP* granulocytes and total leukocytes was similar in
both groups, but over the subsequent 16 weeks the proportion of GFP*
blood cellsincreasedin the mice that received TCL1A-eGFP-transduced
cells but not in the mice that received control-eGFP transduced cells
(Fig.4cand Extended Data Fig. 9b). Twenty-two weeks after transplant,
we assessed chimerism in the marrow. For our primary analysis, we
examined the Lin c-Kit*'SCA-1* compartment that contains all relevant
mouse HSC and MPP subsets and found a marked increase in the per-
centage of GFP* donor cells in the mice given TCL1A-eGFP-transduced
cells compared with mice given control cells (mean 23.8% versus 3.9%,

P=0.0054) (Fig.4d).For secondary analyses, we also examined the dif-
ferent subsets of HSC/MPPs (LT-HSC, ST-HSC, MPP2, MPP3 and MPP4,
asdefinedin Pietras et al.*) and found significant increasesin the per-
centage of GFP" cells in all these compartments in the mice receiving
TCL1A-eGFP cells compared to mice receiving control cells (Extended
Data Fig. 9c). These results provide in vivo confirmation of stem and
progenitor cell expansion due to TCLIA expression.

To further characterize the effect of TCL1A, we assessed the cell
cycle status of cultured human HSC/MPPs and observed that TCL1A-
expressing cells were about twofold more likely to be cycling com-
pared with control cells (Fig. 4e). To uncover the mechanism by which
TCL1A promotes proliferation of HSCs, we transduced TCL1A-eGFP or
control-eGFP into CD34" cells from two normal donors that were G/G
or T/T at rs2887399, cultured GFP* HSC/MPPs, and then performed
cellular indexing of transcriptomes and epitopes by sequencing
(CITE-seq) after seven days. After integration, dimensionality reduc-
tion and clustering (Methods), we annotated four clusters of HSC/
MPPs as well as two populations of myeloid progenitors using the
cell surface markers CD34, CD38, CD45RA, CD49f and CD11a (Fig. 4f,
Extended Data Fig. 10a and Supplementary Table 16). Pseudotime?®
analysis supported atrajectory of progression from HSC/MPPI (initial
state) to 4 (most ‘differentiated’ state) (Extended Data Fig.10b). HSC/
MPP1 expressed stem-cellidentity genes such as MECOM, FAM30A and
HEMGN, as well as high levels of proliferative markers such as MKI67,
TOP2A, PCNA and CENPA (Fig. 4g). By contrast, HSC/MPP2-4 expressed
lower levels of stem cell identity genes and proliferative markers. Cell
cycle analysis confirmed that these clusters contained cells that were
predominantlyin GO or G1 phase (Extended Data Fig.10c). HSC/MPP3-4
alsodisplayed a progressive increase in genes associated with theinte-
grated stress response such as PPPIRI5A (also known as GADD34), DDIT3
(also known as CHOP) and ATF4, as well as FOXO target genes such as
CDKNI1A (which encodes p21), CDKNIB (encoding p27), SOD2, CCNG2
and TXNIP (Fig.4g and Extended DataFigs.10d and 11a). TCL1IA hasbeen
reported to bind to and increase kinase activity of all AKT isoforms
through an unknown mechanism®, and one well-studied downstream
consequence of active AKT isinhibition of FOXO-mediated transcrip-
tion®. FOXO transcription factors can drive downstream target gene
expressioninanadaptive response to stressors to preserve cell viabil-
ity, but prolonged activation of this response can lead to a terminal
state of cell cycle arrest or apoptosis®. Indeed, cells in HSC/MPP4 also
expressed the highest levels of apoptosis effector genes BAD, BCL2L 11
(encoding BIM) and BBC3 (encoding PUMA). Of note, we found that
TCL1A expressionledtoasignificantincrease inthe proportion of cells
inthe HSC/MPP1 cluster, and a significant decrease in the proportion
of cells in the HSC/MPP3 and HSC/MPP4 clusters, an effect that was
consistentinboth donors (Fig. 4h and Extended DataFig. 11b,c). When
consideredin aggregate, the HSC/MPP clusters from TCL1A-expressing
samples had reduced expression of FOXO target genes or gene sets
and increased expression of cell cycle associated genes or gene sets
compared with control samples (Supplementary Tables 17 and 18).
Thisindicates that TCL1A may functionto preserve HSCsina prolifera-
tive state by avoiding prolonged, deleterious stress responses.

Discussion

We have developed an approach for inferring clonal expansion rate
fromasingle time point and used it to perform a GWAS for CHIP clonal
expansionrate (see also Supplementary Note 3). We found thatacom-
mon variant with alarge effect in the promoter of TCL1A was associated
with a slower expansion rate and a markedly reduced prevalence of
several common driver mutations in CHIP. This variant s likely to block
the aberrant de-repression of TCL1A, which normally occurs in HSCs
downstream of mutationsin TET2, ASXL1,SF3B1, SRSF2,LOY and possi-
bly mutationsin other driver genes, thusimplicating TCL1A expression
as adominant reason for positive selection of these clones. Necessity
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and sufficiency experiments further supported TCL1A expressionasa
causalfactorin clonal expansion of HSCs. Notably, our results suggest
that pharmacologically targeting TCL1A may suppress the growth of
CHIP and haematological cancers associated with mutations in these
genes. PACER is a powerful approach for identifying the genetic and
environmental factors mediating clonal expansionin humans at popu-
lation scale and may be applied to any tissue in which pre-malignant
clones exist**,
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Methods

Ethical approval

Informed consent was obtained by each of the participating TOPMed
cohorts forall participants. The participating cohorts and institutional
review boards are described in Supplementary Table 19, TOPMed stud-
iesincluded’. Blood DNA samples from WHI participants were obtained
withinformed consent and the CHIP longitudinal assessment study
was reviewed and approved by the Fred Hutchinson Cancer Center
Institutional Review Board (IRB no.10186). Mobilized peripheral blood
was obtained from donors by Fred Hutchinson Cooperative Center
of Excellence in Hematology using protocols approved by the Fred
Hutchinson Cancer Center Institutional Review Board.

Study samples

WGS was performed on 127,946 samples as part of 51 studies contri-
buting to the Freeze 8 NHLBI TOPMed programme as previously
described". None of the TOPMed studies included individuals
selected for sequencing because of haematologic malignancy. Each
oftheincluded studies provided informed consent. Information on the
included cohorts, sequencing centres and ethical approvalsisincluded
in Supplementary Tables 19-21. Age was obtained for 82,807 of the
samples: the median age was 55 years, the mean age was 52.5 years, and
the maximum age was 98 years. The samples have diverse reported eth-
nicity (40% European, 32% African,16% Hispanic/Latino and 10% Asian).

WGS processing, variant calling and CHIP annotation

BAM files were remapped to hg38 and harmonized through the func-
tionally equivalent pipeline**. SNPs and indels were discovered across
TOPMed and were jointly genotyped across samples using the Got-
Cloud pipeline®. An SVM filter was trained to discriminate between
high- and low-quality variants. Variants were annotated with snpEff
4.3 (ref.46). Sample quality was assessed through Mendelian discord-
ance, contamination estimates and sequencing convergence, among
other quality control metrics.

Putative somatic single nucleotide variants and indels were called
with GATK Mutect2 (ref. 17), which searches for sites where there is
evidence for alternative reads that supportevidence for variation, and
then performslocal haplotype assembly. We used a panel of normals to
filter sequencing artefacts and used an external reference of germline
variants to exclude germline calls. We deployed this pipeline on Google
Cloud using Cromwell*.

As described in our previous report, samples were annotated as
having CHIP if the Mutect2 output contained at least one variant in
acurated list of leukaemogenic driver mutations with at least three
alt-reads supporting the call. We expanded the list of driver mutations
toinclude those in recently identified CHIP genes*, increasing the
number of CHIP cases from our previous report. A special approach
was required to identify somatic variants in U2AFI since an erroneous
segmental duplicationin the region of the gene in the hg38 reference
genome resulted in a mapping score of zero during alignment of the
FASTQfile*. We developed aRust-HTSLIB binary (https://github.com/
weinstockj/pileup_region) to specifically identify reads associated with
the U2AF1 variants S34F, S34Y, R156H, Q157P and Q157R. A minimum
of five alternate reads was required to include a variant in the somatic
set of CHIP calls. The variant set was judged to have a high likelihood
of being somatic based on the strong age association for people car-
rying mutations as well as a high rate of co-mutation with other known
drivers. The VAF was estimated by dividing the alternate read count by
the total read count for U2AF1.

True passengers should very rarely be recurrent in a dataset, unlike
many germline variants or technical artefacts. Therefore, we pruned
our callset by identifying Mutect2 variants thatappearedin only asingle
individual among the CHIP carriers and 23,320 additional controls for
atotal of 28,391 individuals. We excluded any variant that appeared

in the TOPMed Freeze 5 germline callset (463 million variants). We
excluded variants with a depth below 25 or above 100 and excluded
any variants in low-complexity regions or segmental duplications, as
these are challenging for variant calling. We only included somatic
singletons that were aligned to the primary chromosomal contigs.
We excluded any variant with a VAF exceeding 35% as these may be
enriched for germline variants that were not included in our other
filters. We used cyvcf2 (ref. 50) to parse the Mutect2 VCFs and encoded
each variant in an int64 value using the variant key encoding®. Since
differentbase substitutions varied in their association with age at blood
draw, we selected only C>T and T>C mutations, as these were the most
strongly age-associated in our data, consistent with prior work identify-
ing such mutations as essential elements of the ‘clock-like’ signature®?.
We developed abespoke Python application to perform the singleton
identification and filtering.

Estimation of passenger mutation rate, clone fitness and clone
birth date with PACER-HB

We developed a hierarchical Bayesian latent variable model using the
Stan®*** probabilistic programming language. We used the negative
binomial likelihood with a mean and over-dispersion parameteriza-
tion to facilitate interpretation. We used the identity function to link
the passenger counts to the predictors as we modelled the effects on
an additive scale. We modelled the expectation and over-dispersion
ofthe passenger counts observed at time ¢;as

E (counts;(t)) =uT;+s;(6 - T) +ay

counts; (¢;) ~ NegativeBinomial (E(counts; (),
I(i € CHIP)8,+ (1-I(i € CHIP))6,)

where T;is the time of the driver acquisition for sample i with a blood
draw at time ¢, i is the mutation rate per diploid genome per year for
the HSC population, s; is the fitness of the clone, and a, represents
astudy-specific random intercept for sample i included in study k.
We caninterpret ¢;,— T;as the lifetime of the clone in years. We used a
negative binomial likelihood as there was over-dispersion relative to
aPoisson distribution.

We included several constraints and priors on the parameters to
make themidentifiable. We constrained T;to be positive but exceeded
by ¢;such that the parameter would be in yearly units. We included
case-control specific over-dispersion terms 6,and 6, as the CHIP carriers
had greater dispersion. To adjust for batch effects, we included a ran-
domintercept, asthe amount of singletonsin controls varied by study.

Toinclude the constraint on T, we defined T; = ¢, x age;, with ¢;con-
strained between 0 and 1, and age; is the age at blood draw. We placed
an uninformative Beta(1, 1.3) prior on ¢;, which is equivalent to the
supposition that the driver mutation is twice as likely to be acquired
in the second half of life (at the time of blood draw) then the first. We
assumed the study-specific deviations were exchangeable with respect
to a N(0, 20) prior, providing some shrinkage on the study-specific
intercepts. We placed aN(0, 1) prior on the s;parameter to aid identifica-
tion. Further details are described in the supplementary information.

To estimate the posterior, we used the Stan Hamiltonian Monte Carlo
sampler with four separate chains, and used 400 samples of burn-in.
We assessed convergence using the Rhat and effective sample size
statistics. We tried multiple parameterizations to reduce the number
of divergent transitions. We performed posterior predictive checks
to assess the model fit.

Simulation of HSC dynamics

We simulated the number of cells withinan HSC clone as abirth-death
continuous time Markov chain, which models the size of an HSC clone
asthe composite of simultaneous Poisson birth and Poisson death point
processes (Supplementary Note 1). Following Watson et al.', HSCs
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could transition to one of three states: asymmetric renewal, symmetric
self-renewal and symmetric differentiation. The rate of transition was
determined by the symmetric differentiation rate of the cell per year,
whichwasset tofive. The symmetric self-renewal and symmetric differ-
entiationincrease and decrease the size of the HSC clone respectively.
As asymmetric division does not affect the size of the clone, we did
not explicitly simulate transition to this state. The proclivity towards
self-renewal was determined by the fitness of the clone. We set the
entire HSC population to acquire a single driver mutation during the
‘lifetime’ of the simulation.

Passengers were accumulated over time using a birth Poisson point
process. We then calculated the number of ‘detectable’ passengers that
preceded the acquisition of the driver based on whether the underly-
ing clone had expanded to alarge enough proportion of HSC cells. We
examined the association between the number of detectable passen-
gers and the fitness of the underlying HSC clone. We implemented this
simulation in the Julia programming language 1.4 (ref. 55).

Fitness estimates for driver genes

We determined the association between the driver genes and the pas-
senger counts using DNMT3A non-R882 mutations asthereferenceina
negative binomial regression using the glm.nb function from the MASS
R package®. Weincluded age, study cohort, VAF and sex as covariates.
Weincluded the genesthat had atleast 30 carriersin the dataset, exclud-
ing those with multiple driver genes mutated. To benchmark PACER,
we compared the fitness estimate from our model (the coefficient for
each gene using DNMT3A non-R882 mutations as the referent group)
with the fitness estimates from supplementary Table 6 of Fabre et al.’
(GeneEffect_mean +SiteEffect_meanvariable). To transform the Fabre
etal.genelevel estimates to ascale comparable to the PACER estimates,
we performed a linear regression of the log transformed fitness esti-
mate against anindependent variable indicating the driver gene, with
DNMT3A non-R882 mutations as the reference level. To estimate the
association between these fitness estimates and the PACER estimates, we
performed weighted least squares regression of the Fabre et al. fitness
estimates against the PACER gene fitness estimates, with the weights
defined as 1/Fabreg;, where Fabreg is defined as the standard error of
the Fabre et al. driver gene fitness estimate. For this comparison, we
included genes that werereported inour PACER gene fitness estimates.

Amplicon sequencing of longitudinal samples in WHI

We performed targeted sequencing of the CHIP driver genes using
single-molecule molecular inversion probe sequencing (smMIPS™)
ontwoblood DNA samples taken approximately 14-19 years apart from
900 individuals not previously assessed for CHIP as well as 55 individu-
als known to have a single CHIP mutation from TOPMed WGS from
the WHI. Women aged 50-79 years were enroled from 40 WHI clinical
centres in the USA between 1993 and 1998. All WHI participants had a
blood sample collected at the time of enrolment, and asubset had sub-
sequentblood sample collected 14-19 years later. Reads were aligned
with bwa-mem to hg38 and processed with the mimips pileline®. We
called somatic variants using an ensemble of VarScan*’, Mutect2 (ref. 17)
and manual inspection withIGV¢® as previously described®. Including
the 55individuals previously known to have CHIP, atotal of 455 individu-
als were identified to have clonal haematopoiesis at a VAF threshold
for inclusion of variants of >0.005, and 351 of these had mutations in
DNMT3A, TET2, ASXL1, or SF3B1.

Prediction of future growth in WHI

We used longitudinal sequencing data from the 55 CHIP carriers from
WHI with WGS done at baseline to assess whether passengers could
predict future clone growth rate. To determine the change in clone size
over time (dVAF/dT), we divided the change in VAF at the two time points
(fromsmMIPS) by the change inage inyears. Of the 55 CHIP carriers, 15
had clones which had negative dVAF/dT. It was unlikely that these driver

mutations had negative fitness since they had expanded to detectable
levelsin the blood starting from a single mutant cell. For these 15 car-
riers, we set the dVAF/dTto O, since we presumed the negative change
in clone size observed was due to short-term factors not related to
intrinsic fitness of the clone, such asa change inblood cell differential
across time leading to anapparently lower VAF at the second time point
or stochastic drift. We then performed a series of linear models with
inverse normal transformed dVAF/dT as the dependent variable and
age at first blood draw, VAF, and passenger count as the independent
variables. Model performance was assessed with adjusted R? and Akaike
information criterion for each model. We performed hypothesis testing
of the passenger count coefficient using a Wald test.

Bayesian logistic growth model of clonal expansion

We used longitudinal sequencing data from 351 clonal haematopoie-
sis carriers (VAF > 0.005) with mutations in DNMT3A, TET2, ASXLI or
SF3B1, as identified using smMIPS described above, to test whether
the T allele at rs2887399 altered clonal expansion rate. To estimate
the rate of clonal expansion in the CHIP carriers in units of per cent
growth per year, we developed a Bayesian logistic growth model. The
model includes four terms that encode the growth rate of DNMT3A,
TET2, ASXL1and SF3BI carriers with the rs2887399 G/G genotype, and
four interaction terms that estimate how the rate of clonal expansion
ismodified for each additional T allele at rs2887399. We modelled the
observed number of mutated alleles using a beta-binomial likelihood,
andincluded arandom intercept and slope for eachindividual donor:

X; = (Gene; + R; x Gene; + Uy) x age + U,

05
W 1ve™

P (Y;=y) = P(beta binomial(q, 8, D)) =y)

We defined Gene;as anindicator matrix that describes the mutation
type of the donor. We defined R; as the number of rs2887399 T alleles
inthe ith individual. B isincluded as an over-dispersion term for the
likelihood, and D;indicates the sequencing depth of the CHIP mutation.
Weincluded the following priors:

Gene;; - Normal(0, 0.20)
R;~Normal(0, 0.05)

U;~Normal(0, 0.05)

We performed inference using the MCMC samplerimplementation
available in the RStan probabilistic programming language®***.

Single variant association

Single variant association for each variant in the TOPMed Freeze 8
germline genetic variant callset' with a MAC >20 was performed with
SAIGE* using the TOPMed Encore analysis server. To identify associa-
tions between rs2887399 and the presence of specific CHIP mutations,
we used the same methods as our previous report on an analysis set
of 74,974 individuals, including 4,697 cases and 70,277 controls™. Age,
genotypeinferred sex, thefirst ten genetic ancestry principal compo-
nents, and study were included as covariates.

We performed SAIGE single variant association analyses on the pas-
sengers including age at blood draw, sex, VAF, study, and the first ten
genetic ancestry principal components as covariates. We applied an
inverse normal transformation to the passenger counts. We included
3,931 CHIP carriers with a single driver mutation and available age at
blood draw. We declared variants from this analysis as significant if
their Pvalue was less than 5x 1078,
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Estimation of association between rs2887399 genotypes and
CHIP mutation acquisition

We coded the rs2887399 genotypes as a categorical variable rather
thanalinear quantitative coding to estimate effects separately for the
heterozygotes and the T-homozygotes using the G-homozygotes as
the reference level. We estimated the associations using firth logistic
regression to reduce bias in estimation resulting fromlow cell counts®?,
andincluded age, genotypeinferred sex and the first ten genetic ances-
try components as covariates.

Fine-mapping of the TCL1A region

We applied the SuSIE®* algorithm to the genotypes included ina200-kb
region surrounding TCL1A. We used the same covariates as the single
variant association analysis. We used the posterior inclusion prob-
abilities and credible sets identified by SuSIE to identify the putative
causal variant. We used linkage disequilibrium directly calculated on
the genotypes as opposed to an external reference.

Rare variant analyses

We performed arare variant association study from gene-based tests
on 1,698 cancer-associated genes and their flanking regions using the
SCANG®* procedure. We identified these genes by downloading the
targets associated with cancer in Open Targets?, and then filtered to
include only genes with an association score of 1.0. The most prevalent
CHIP driver genes were included among this list. We used the inverse
normal transformed passenger counts as the phenotype withthe same
covariates as before. We specified the minimum size of the grouped
regions as 30 variants and the maximum as 200. We included all PASS
variants with a minor allele count greater than 4 and less than 300
(MAF of 3.7% in the analysed samples). We parsed the genotypes using
cyvcf2 (ref. 50) and stored them as dgCMatrix using the Matrix® pack-
age from the R4.1.2 programming language®®.

We set the Pvalue filter to calculate SKAT test statistics at 5 x 107,
We did not group the variants by annotation and we declared regions
as significant if their P value was less than 2.9 x 1075 (0.05/1,698). We
controlled for relatedness by incorporating a sparse kinship matrix
as estimated by the PC-AiR method from the GENESIS R package®. We
specified separate residual variance terms for each study to control
for heterogeneous residual variance. We grouped together all studies
where the number of analysed samples was less than 200.

Re-analysis of scRNA-seq data
The cell-by-gene count matrix data for each sample from Psailaeta
generated using the 10X Genomics platform, was downloaded from
Gene Expression Omnibus (GSE144568). Each matrix was loaded in Seu-
rat®® with theread10X command, and only cells with a minimum of 200
features wereretained using the CreateSeuratObject command. Data
was log normalized using ascale factor of10,000 by the NormalizeData
command. We then used the FindVariableFeatures command with the
vst selection method and 2,000 features. The data was scaled using
ScaleData using all genes as features. We then used the RunPCA com-
mand with VariableFeatures identified earlier. For clustering, we used
FindNeighbors set to the first 10 principal component analysis (PCA)
dimensions and FindClusters using a resolution of 0.5. We excluded
samples that did not have a distinct cluster of HSC/MPPs, defined as
clusters enriched for cells that were CD34'CD38°THY1". This left
five healthy marrow samples (id01,id06, id09, id13 and id17) and four
myoproliferative neoplasm samples (id2, id7, id11 and id14). For each
of these samples, we assessed the number of cells with TCLIA, TCL1B
or TCL6 transcripts within the cluster or clusters that contained HSC/
MPPs, as defined above.

Additional preprocessed scRNA-seq datafrom Veltenetal.’’, gener-
ated using MutaSeq, was downloaded from https://doi.org/10.6084/
m9.figshare.12382685.v1 as an RDS file. We utilized data from one
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patient with AML (P1) and the healthy control (H1). We then determined
the number of cells containing TCLIA, TCLIB or TCL6, transcriptinthe
pre-leukaemic ‘HSC/MPP’ and pre-leukaemic‘CD34" blastsand HSPCs’
clustersfor the P1sample and the ‘HSC/MPP’ cluster for the Hl sample,
inboth cases as defined by the original study authors.

Re-analysis of ATAC-seq data

We obtained ATAC-seq datafor AML samples as well as healthy controls
from Corces et al.**available at Gene Expression Omnibus (GSE74912).
For our analysis, we used data from HSCs, defined as Lin"CD34'CD38~
CD90'CD10" by the authors, from 4 healthy donors (4983, 6792, 2596
and 7256), or pHSCs, defined as Lin"CD34"CD38 TIM3 " CD99™ by the
authors. For the pHSC samples, we selected three where there were no
detectable driver mutationsin the pHSC compartment (SU336,SU306
and SU623), two where there were founding DNMT3A mutations only
(SU444 and SU575), and three where there were founding TET2 muta-
tions only (SU070, SU501and SU048).

Fastq files for these samples were downloaded, and ATAC-seq data
analysis was performed as previously described®. In brief, reads were
trimmed and filtered using fastp and mapped to the hg38 reference
genome using hisat2 with the --no-spliced-alignment option. Bam
files were deduplicated using Picard. Only reads mapping to chro-
mosomes 1-22 and the X chromosome were retained; Y chromosome
reads, mitochondrial reads and other reads were discarded. Genome
track files were created by loading the fragments for each sample
into R, and exporting bigwig files normalized by reads in TSSs using
‘rtracklayer::export’. Coverage files were visualized using the Integra-
tive Genomics Viewer. A counts matrix was created as described previ-
ously**. Peaks were called individually for each sample using MACS2 and
theniteratively merged into a union peak set of high confidence disjoint
fixed width peaks of 500 bp encompassingall peaksinall samples. Then,
bias-corrected TnS insertions in each sample overlapping each peak
location were counted, and the resulting counts matrix was imported
into DESeq2 for statistical analysis. For differential accessibility analy-
sis, we compared all peaks in the three TET2-mutant samples to the
seven control samples using the DESeq functioninthe DESeq2 (ref. 70)
R package (https://bioconductor.org/packages/release/bioc/html/
DESeq2.html). Adjusted Pvalues were calculated on the full set of peaks,
and those with a FDR g value of <0.10 were retained for further analysis.
The peaks that overlap with TSSs of protein coding genes are supplied
inSupplementary Table 13.

CRISPR-Cas9 editing of CD34" human HSPCs

CD34" HSPCs from adult donors were purchased from the Coopera-
tive Center of Excellence in Hematology (CCEH) at the Fred Hutch
Cancer Research Center, Seattle, USA. TCL1A rs2887399 geno-
typing was performed using ThermoFisher SNP assay (assay ID:
C_15842295_20).CD34" cells were thawed and cultured in HSPC expan-
sion medium (StemSpanll +10% CD34" expansion supplement + 0.1%
penicillin-streptomycin) for 48 h before CRISPR editing. Editing of
AAVS, TET2, DNMT3A and ASXL1 was performed by electroporation
of Cas9 RNP. For each combination of rs2887399 genotype and gRNA
(Supplementary Table 22),100,000 cells were incubated with 3.2 pg
Synthego synthetic sgRNA guide and 8.18 pg of IDT Alt-R Streptococ-
cus pyogenes Cas9 Nuclease V3 for 15 min at room temperature before
electroporation. CD34" cells were resuspended in 18 pl of Lonza P3
solution and mixed with the ribonucleoprotein complex, and then
transferred to Nucleocuvette strips for electroporation with program
DZ-100 (Lonza 4D Nucleofector). Immediately following electropora-
tion, each condition 0f 100,000 cells was transferred to 2 ml of HSPC
expansion medium and allowed to recover for 24 h. CRISPR editing
efficiency was measured using Sanger sequencing and ICE analysis.
Statistical methods to predetermine sample sizes were not used and
investigators were not blinded to experimental conditions for all experi-
ments using human HSPCs.
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ATAC-seq

Twenty-four hours after electroporation, Lin"CD34"CD38 CD45RA"
cellswere sorted from the electroporated CD34 " cells using aBD FACS
Arialll. Cells were allowed to culture for 5-7 days in HSPC medium
before 40,000 cells were collected, and bulk Omni-ATAC®® was per-
formed on them. In brief, cells were lysed with ATAC resuspension
buffer containing 0.1% NP-40, 0.1% Tween-20, and 0.01% digitonin for
3 min, and then the transposition was performed for 30 min at 37 C
using 100 nM of lllumina Tagment DNA TDE1 Enzyme and Buffer Kit
per 50,000 cells. The fragmented DNA was then cleaned up using a
Zymo DNA Clean and Concentrator-5 Kit (D4014). The transposed
fragments were amplified and indexed using NEBNext 2x Master Mix.
The final PCR product was purified using the Zymo DNA Clean and
Concentrator-5Kit. Prior to sequencing, the quality of the libraries was
evaluated via DNA High Sensitivity Bioanalyzer assays. The sequenc-
ing was performed using 2 x 75 bp reads on an lllumina NextSeq550
instrument using the High Output Kit.

ATAC-seq dataanalysis was performed as described above. In brief,
reads were trimmed and filtered using fastp and mapped to the hg38
reference genome using hisat2 (ref. 71) with the --no-spliced-alignment
option. BAMfiles were deduplicated using Picard. Only reads mapping
to chromosomes 1-22 and X chromosome were retained—Y chromo-
some reads, mitochondrial reads and other reads were discarded.
Genome track files were created by loading the fragments for each
sampleintoR, and exporting bigwig files normalized by reads in TSSs
using ‘rtracklayer::export’. Coverage files were visualized using the
Integrative Genomics Viewer. ATAC-seq tracks were normalized based
oncountsinTSS and were visualized using the same scale for all tracks
in Integrated Genome Viewer. For the tracks shown in Extended Data
Fig. 6b, the same experimental strategy was used as above, except cells
were sorted based on the markers CD34°CD38 CD45RALin™ after seven
daysinculture, from which point the Omni-ATAC protocol was followed.
We used the top 1,000 most accessible TSSs genome-wide to perform
normalization. We devised this strategy based on our observation that
some inaccessible TSSs were prone to noise, which confounded the
normalization. Differential accessibility analysis was done as described
aboveexceptthe TCLIATSS peak was manually defined as the 300-base
pairregion around rs2887399 (chr14:95714209-95714508, and DESeq2
was used in amodel that included edit (AAVSL1, TET2 or DNMT3A) and
number of rs2887399 T alleles (0,1 0or 2). Results for nominally signifi-
cant TSS peaksinthe TET2-edited versus AAVSI-edited samples canbe
found in Supplementary Table 14.

Liquid culture expansion assay

Lin"CD34°CD38 CD90'CD45RA" cells were sorted on a BD FACS Aria
Il from the electroporated CD34" cells. All cells were collected and
stained with the extracellular HSPC marker panel in 100 pl PBS + 2%
FBS +1mm EDTA (Supplementary Table 23). For each replicate, 500~
1,000 Lin"CD34'CD38 CD90'CD45RA" cells were sorted into 100 pl
HSC expansion medium and cells were plated into a 96-well plate. The
wellsonthe edges of the 96-well plate were filled with water to keep the
cultures hydrated. Four days post sort, another 100 pl of HSC expansion
medium was added to each well. Ten days post sort, the samples were
transferred from the 96-well plate to a48-well plate and an additional
400 pl of HSPC expansion medium was added. Fourteen days post
sort, the cells were collected and live cells were counted using trypan
blue and haemocytometer. Additionally, the cells were stained with the
extracellular HSPC marker panel, and flow cytometry analysis was per-
formed using FlowJo v10.8.1. Absolute number of HSC/MPPs (defined
asLin"CD34*CD38 CD45RA") and CD45RA" progenitors (defined as
Lin"°CD34"CD38 CD45RA") were determined by multiplying the total
cell count at 14 days by the percentage of cells in each compartment
as determined by flow cytometry. Example gating for the HSC stain is
shown in Supplementary Fig. 4a.

Flow cytometry for TCL1A staining

Anti-human TCL1A antibody clone eBiol-21 was obtained from Ther-
moFisher. The specificity of the antibody was assessed by staining
NALMB6 cells that had been CRISPR-edited for complete loss of TCLIA
with the antibody, which confirmed only a very low level of non-specific
binding.

To assess for TCL1A expressionin edited human CD34" HSPCs, cells
in HSPC expansion medium were grown using culture conditions as
described above, then collected and intracellularly stained 11 days
following electroporation. Cells were first stained with the Live/Dead
and extracellular surface markers simultaneously for 30 minin the
dark onice. After a PBS wash, cells were stained with 100 pl of IC fixa-
tion buffer for 30 min in the dark at room temperature. Cells were
then washed twice with 1x permeabilization buffer. Next, cells were
resuspendedin100 pl of 1x permeabilization buffer, and blocked with
2 pl of goat serum and 2.5 pl of TruStain FcX for 15 min in the dark at
roomtemperature. Next, 1 ugof e450 antibodies (anti-TCL1A or isotype
control) was added to each sample tube and stained for 30 minin the
dark at room temperature (Supplementary Table 24). Cells were then
washed twice with 1x permeabilization buffer and then resuspended
in PBS before flow cytometry was performed. Analysis was performed
using FlowJo v10.8.1.

Lentivirus plasmids for TCL1A knockdown and expression
For knockdown of TCL1A, we obtained plasmids for 4 separate shR-
NAstargeting TCLIA, as well as scramble control shRNA, from Origene
(TL301172V).The shRNA constructs were validated to knockdown TCL1A
protein by flow cytometry in NALM6 cells (from R. Levy). NALM6 cells
were tested for mycoplasma prior to use and not further authenticated.
Aninsert containing the TCL1A coding region followed in frame with
GFP (TCLA1-T2A linker-GFP) under the control of mammalian EEFIA1
promoter, as well as a control sequence composed of GFP under the
EEF1AI promoter, was synthesized by Gene Universal. The insert was
clonedinto asecond-generation lentivirus backbone, adapted fromthe
Addgene vector pMHO0O1, using enzymatic cloning. Briefly both the
insert and backbone were digested with Mlul and Sbfl enzymes (NEB)
and ligated using the T4 ligase (NEB). NEB DH5a competent bacteria
were transformed with the ligation product. The transformed bacteria
were screened by Ampilicin resistance and grown in liquid culture in
LB medium to amplify the plasmid. Maxiprep plasmid purification
(Macherey-Nagel NucleoBond Xtra Maxi) was performed to obtain the
final purified plasmid used for lentivirus production.

Lentivirus production

Plasmids were transfected into 293T HEK cells (ATCC CRL-3216) at
roughly 80% confluence in 10 cm tissue culture plates coated with
poly-D-lysine using Lipofectamine 3000. 293T HEK cells were not
further authenticated or tested for mycoplasma. The lipofectamine
medium was exchanged 16 h later, and the viral supernatant was
collected at 72 h post-transfection. The collected viral supernatant
was filtered via a 0.45 pm filtration unit, and concentrated using the
LentiX concentrator (Takara) for2 hat4 Cand thenspun downat1,500g
for 45 min at 4 C. The concentrated supernatant was subsequently
aliquoted, flash frozen and stored at —80 °C until use.

Combined CRISPR and shRNA assay

CD34" cells were thawed and cultured in HSPC expansion medium
(StemSpanll +10% CD34" expansion supplement + 0.1% penicillin-
streptomycin) for 48 h before CRISPR editing. Editing of AAVS, TET2,
DNMT3A and ASXL1was performed by electroporation of Cas9 RNP.
For each combination of rs2887399 genotype and gRNA, 100,000 cells
were incubated with 3.26 pg of Synthego synthetic sgRNA guide and
8.332 ug of IDT Alt-R S. pyogenes Cas9 Nuclease V3 for 15 min at room
temperature before electroporation. CD34" cells were resuspended
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in 18 pl Lonza P3 solution and mixed with the ribonucleoprotein
complex, and then transferred to Nucleocuvette strips for electropo-
ration with program DZ-100 (Lonza 4D Nucleofector). Immediately
following electroporation, each condition of 500,000 cells was
transferred to 2 ml HSPC expansion medium and allowed to recover
for 8 h. Later that same day, 250,000 CRISPR-edited cells were col-
lected, spun down, and resuspended in a final volume of HSPC len-
tivirus medium (StemSpanll + 10% CD34+ expansion supplement +
0.1% penicillin-streptomycin + 10 uM prostaglandin E2 + 100 ng pl™
poloxamer 407) with virus added at a multiplicity of infection (MOI)
of 20. Cells were plated in a 96-well U-bottom plate for 16 h. shRNA-A
and the scramble shRNA from Origene TL301172V were used for this
experiment. Following a 16-h incubation, cells were washed in PBS,
and then plated in 2 ml HSPC expansion medium. After 72 h, previ-
ously described liquid culture expansion assay was done on sorted
Lin"CD34"CD38 CD45RA GFP" cells, with assessment of counts and
flow cytometry after 14 days.

Lentiviral TCL1A expression in human HSPCs

CD34" cells were thawed and cultured in HSPC expansion medium
(StemSpanll +10% CD34" expansion supplement + 0.1% penicillin-
streptomycin) for 48 h before lentivirus transduction. In total, 750,000
cells were collected, spun down, and resuspended in a final volume
of HSPC lentivirus medium (StemSpanll + 10% CD34"* expansion
supplement + 0.1% penicillin-streptomycin + 10 pM prostaglandin
E2+100 ng pl™ poloxamer 407) with virus added atan MOI 0f 100. Cells
were platedina 96-well U-bottom plate for 16 h. eGFP control was pur-
chased from Origene (PS100093V) or produced in house as described
above, and the TCL1A-eGFP nucleotide was purchased from Origene
(RC204243L4V) or produced in house as described above. Following
16-hincubation, cells were washed in PBS, and then plated in2 mIHSPC
expansion medium. After 72 h, previously described liquid culture
expansion assay was done using sorted Lin"CD34*CD38 CD45RA GFP*
cells. After 14 days, cells were collected and assessed for HSC/MPP
frequency using flow cytometry as previously described. The total
HSC/MPP count was determined by multiplying the percentage of
live cells that were in the HSC/MPP gate by the total live cell count for
eachreplicate.

After 14 days of in vitro liquid culture expansion, 800 live cells were
sorted, resuspendedin1.1 mlMethocult+0.1% penicillin-streptomycin,
and plated in 35 mm dishes. Eight 35 mm dishes were placed in one
245 x 245 mmsquare dish along with four open 35 mm dishes of water
and one120 mm dish of water. After 14 days in Methocult, the number
of colony-forming units was counted. The total colony-forming unit
count in the day 14 liquid culture was determined by multiplying the
number of colony-forming units in each replicate by the total live cell
count after 14 days of liquid culture and dividing by 800.

For cell cycle analysis, sorted HSCs were cultured for 10 daysin liquid
culture expansion medium. Cells were first stained with the Alexa-
700 Live/Dead and extracellular surface markers simultaneously
for 30 min in the dark on ice (Supplementary Table 25). After a PBS
wash, cells were stained with 100 pl of IC fixation buffer for 30 minin
the dark at room temperature. Cells were then washed twice with 1x
permeabilization buffer. Next, cells were resuspended in 100 pl of 1x
permeabilization buffer, and blocked with 2 pl of goat serum for 15 min
inthe dark at room temperature. Cells were then washed twice with 1x
permeabilization buffer and thenresuspended in 75 pl of 1 pg mI™ DAPI
dilutedin1x permeabilization buffer. After 10 min, 75 pl PBSwas added,
and then flow cytometry was performed. HSC/MPPs were defined as
CD34'CD38 Lin". Example gating for the DAPIHSPC analysis is shown
in Supplementary Fig. 4b.

Mouse bone marrow competitive transplant
Mice were obtained from The Jackson Laboratory and housed at
the Research Animal Facility of the Stanford School of Medicine. All

experiments used female mice. The mice were housed under a12-h
light:12-h dark cycle with dark hours from 18:30-06:30 and housed
at20-23 °Cunder 40-60% humidity. All animal procedures were per-
formedinaccordance with protocols approved by Stanford University’s
Administrative Panel on Laboratory Animal Care. Statistical methods
to predetermine samples size were not used and investigators were
not blinded to experimental conditions.

Bone marrow from 10-week-old female CD45.2* C57BL/6 mice was
collected, and c-Kit cells were enriched for using the EasySep Mouse
cKIT Positive Selection Kit (18757) according to the manufacturer’s
protocol. 2.8 million c-KIT enriched cells were transduced with 45 pl
ofthe previously described control-eGFP or TCL1A-eGFP and cultured
overnight in U-bottom plates in mouse HSC transduction medium
(StemSpan 11,10 ng mI™ SCF, 100 ng mI™ TPO, 10 uM prostaglandin
E2,100 ng pl P407, 0.1% penicillin-streptomycin) with an expected
transduction efficiency of ~-10%. Following overnight transduction,
transduced c-KIT cells were washed with PBS and admixed with fresh
CD45.2'GFP™ competitor whole bone marrow at a 1:3 ratio to achieve
chimeric donor bone marrow graft. Sorting of GFP* cells pre-transplant
was not conducted because anecdotal evidence from several labora-
tories suggests that culture of transduced HSCs for >24 h diminishes
their potency for in vivo reconstitution. Post hoc analysis of stored
aliquots from the input cells confirmed ~-4% of Lin™ cells were GFP*
for both conditions, mimicking a CHIP clone of -2% VAF (Extended
DataFig. 9a).

For the bone marrow transplant, recipient 9-week-old female
CD45.1" C57BL/6 mice were lethally irradiated with one 950 cGy dose
of y-irradiation. Post-irradiation, recipients were transplanted with
1x10° of the previously described chimeric bone marrow in suspen-
sion via retro-orbital injection, n = 8 per group. Following transplan-
tation, recipient mice were fed with Envigo Uniprim diet for four
weeks.

The proportion of GFP* donor cells was tracked by collecting 100 pl
of peripheral blood retro-orbitally at 4 weeks, 7 weeks, 12 weeks and
20 weeks post-transplant. Following RBC lysis, peripheral blood was
stained with 100 pl of the mouse peripheral blood antibody cocktail
(Supplementary Table 26). Twenty-two weeks post-transplant, mice
were euthanized and bone marrow was collected from femurs. Follow-
ing RBC lysis, bone marrow was stained with 50 pl of the mouse bone
marrow antibody cocktail to determine the proportion of GFP*HSC or
MPP donor cells (Supplementary Table 27).

Flow cytometry gating schemaare shownin Supplementary Fig. 5a,b.
Flow cytometry analysis was performed using FlowJo v10.8.1.

CITE-seq cell preparation and 10X workflow

HumanCD34" cellswerethawedand culturedin HSPC expansionmedium
(StemSpanll +10% CD34" expansion supplement + 0.1% penicillin-
streptomycin) for 48 h before lentiviral transduction. Seventy-two
hours after lentivirus addition, Lin"CD34"CD38 CD45RA GFP* were
sorted and plated. Seven days after sort, 10X 3’ v3.1 with feature bar-
coding was performed. 60,000-120,000 cells were collected and
resuspended in 50 pl of PBS +1% BSA. Cells were then blocked with
5 pl TruStain FX for 10 min. Next, cells were stained with 0.5 pl of each
TotalSeq-B antibody (CD34, CD38, CD45RA, CD90, CD49f, CD35,
CDl11a, CD59 and CD117) for 30 min. Following 4 washes with PBS +
1% BSA, 10,000 cells were loaded onto a Chromium Next GEM Chip
G. GEM generation and barcoding, post GEM-RT cleanup and cDNA
amplification, 3’ gene-expressionlibrary construction, and cell surface
protein library construction were performed as described at https://
support.10xgenomics.com/single-cell-gene-expression/index/doc/
user-guide-chromium-single-cell-3-reagent-kits-user-guide-v31-che
mistry-dual-index-with-feature-barcoding-technology-for-cell-surface-
protein. Gene-expression and cell surface protein libraries were pooled
together at aratio of 4:1and sequenced on an lllumina NovaSeq S4
flowcell (Supplementary Table 28).
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Computational analysis of scRNA-seq sequencing data

The BCL files were demultiplexed using eight base pair 10X sample
indexes and cellranger mkfastq to generate paired-end FASTQ. We
ran cellranger count to align the reads to the hg38 reference genome
from GenBank using STAR aligner as well as perform filtering, bar-
code counting, and UMI counting. The alignment results were used
to quantify the expression level of human genes and generation of
gene-barcode matrix.

Each sample’s cellranger matrix was then loaded in a SeuratOb-
ject_4.1.0 using Seurat®® (version 4.1.1, https://github.com/satijalab/seu-
rat). Low-quality cells, doublets and potential dead cells were removed
according to the percentage of mitochondrial genes and number of
genes and UMIs expressed in each cell (nFeature_RNA > 200 & nFea-
ture_RNA <10000 & nCount_RNA > 2500 & percent.mt <10). Clean
count matrices from each sample were then combined using Seurat’s
merge function. The merged gene-expression datawas normalized using
sctransform based normalization while removing confounding vari-
ables, percentage of mitochondrial genes and sample origin. Then, cell
cyclescores were assigned using Seurat’s CellCycleScoring function. The
difference betweenthe G2M and S phase scores was then calculated and
regressed out using sctransformbased normalization to minimize dif-
ferences duetodifferencesin cell cycle phase among proliferating cells.
The cell surface feature output was normalized using centred log-ratio
(CLR) normalization, computed independently for each feature.

The four datasets were integrated using Harmony (https://github.
com/immunogenomics/harmony) on sctransform normalized gene
counts to group cells by cell type while correcting for sample origin.
Dimensionality reduction via PCA and UMAP embedding was per-
formed on the integrated dataset. Identities of the cell clusters were
determined using canonical RNA cell type markers and cell surface
feature expression patterns. HSC/MPP clusters were identified by stain-
ing positively for CD34 and CD49f, and negatively for CD38, CD45RA
and CD11a. The common myeloid progenitor cluster wasidentified by
staining positively for CD34 and CD38, and negatively for CD45RA and
CD49f. The granulocyte macrophage progenitor cluster wasidentified
by staining positively for CD34, CD38 and CD45RA, and negatively for
CD49f. The difference between the proportion of cellsin HSC/MPP1-4
clusters between control-eGFP and TCL1A-eGFP transduced cells was
calculated by a proportion test using the Single Cell Proportion Test R
package (https://github.com/rpolicastro/scProportionTest). To recon-
struct the pseudotime trajectory of the HSC/MPP and CMP clusters,
Monocle 3 pseudotime analysis was performed using the central node
of the HSC/MPP1 Cluster as the root node (https://satijalab.org/sig-
nac/articles/monocle.html). Differential gene-expression analysis
of TCL1A-eGFP versus control-eGFP HSC/MPPs was performed using
the FindMarkers function in Seurat with the LR test and rs2887399
genotype as the latent variable, and with min.pct = 0.05 and logfc.
threshold = 0.1. Differential gene-expression analysis of HSC/MPP4
versus HSC/MPP1 was performed using the FindMarkers function in
Seurat with no thresholds for min.pct or logfc.threshold. Gene-set
enrichment analysis (GSEA) was performed using the fgsea package
(https://github.com/ctlab/fgsea) and the REACTOME gene sets using
the following parameters for the fgsea function: nperm =1000, score-
Type="std", minSize = 5. Results of differential expression analysis and
GSEA can be found in Supplementary Tables 17 and 18.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Individual whole-genome sequence datafor TOPMed whole genomes,
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ATAC-seqgenerated for this study are deposited under Gene Expression
Omnibus (GEO) accession GSE205637. Source data are provided with
this paper.

Code availability

Codedeveloped for this study is available at: Re-analysis of Fabre et al.’
data https://github.com/weinstockj/longitudinal_clonal_expansion_
analysis; Simulation of mutation counts in HSCs https://github.com/
weinstockj/hsc_simulation; Rust binary used to call U2AF1 mutations
https://github.com/weinstockj/pileup_region; Passenger count vari-
ant calling pipeline https://github.com/weinstockj/passenger_count_
variant_calling; Analyses using PACER estimates https://github.com/
weinstockj/PACER_analyses; Analysis code for TCL1A over-expression
CITE-seq datahttps://github.com/jkgopa/HSC_TCL1A_overexpression_
scRNAseq; Mutect2 WDL pipeline c https://dockstore.org/workflows/
github.com/broadinstitute/gatk/mutect2:4.1.8.1?tab=info; Zenodo
archives https://doi.org/10.5281/zenodo0.7474678 and https://doi.
org/10.5281/zenodo0.7474719.

44. Regier, A. A. et al. Functional equivalence of genome sequencing analysis pipelines
enables harmonized variant calling across human genetics projects. Nat. Commun. 9,
4038 (2018).

45. Jun, G., Wing, M. K., Abecasis, G. R. & Kang, H. M. An efficient and scalable analysis
framework for variant extraction and refinement from population scale DNA sequence
data. Genome Res. 25, 918-925 (2015).

46. Cingolani, P. et al. A program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118;
is0-2; iso-3. Fly 6, 80-92 (2012).

47. Voss, K., Gentry, J. & Van der Auwera, G. Full-stack genomics pipelining with GATK4 +
WDL + Cromwell. F1000 Research https://doi.org/10.7490/f1000research.1114631.1
(2017).

48. Beauchamp, E. M. et al. ZBTB33 is mutated in clonal hematopoiesis and myelodysplastic
syndromes and impacts RNA splicing. Blood Cancer Discov. 2, 500-517 (2021).

49. Miller, C. A. et al. Failure to detect mutations in U2AF1 due to changes in the GRCh38
reference sequence. J. Mol. Diagn. 24, 219-223 (2022).

50. Pedersen, B. S. & Quinlan, A. R. cyvcf2: fast, flexible variant analysis with Python.
Bioinformatics 33, 1867-1869 (2017).

51.  Asuni, N. & Wilder, S. VariantKey: a reversible numerical representation of human
genetic variants. Preprint at bioRxiv https://www.biorxiv.org/content/10.1101/473744v3
(2019).

52. Alexandrov, L. B. et al. Clock-like mutational processes in human somatic cells. Nat. Genet.
47,1402-1407 (2015).

53. Stan Modeling Language Users Guide and Reference Manual version 2.17 (Stan
Development Team, 2020).

54. Stan Development Team. RStan: The R interface to Stan v.2.21.5. https://mc-stan.org/
(2020).

55. Bezanson, J., Edelman, A., Karpinski, S. & Shah, V. B. Julia: A fresh approach to numerical
computing v.1.4 (2017).

56. Venables, W. N. & Ripley, B. D. Modern Applied Statistics with S (Springer-Verlag, 2002).

57. Hiatt, J. B., Pritchard, C. C., Salipante, S. J., O’'Roak, B. J. & Shendure, J. Single molecule
molecular inversion probes for targeted, high-accuracy detection of low-frequency
variation. Genome Res. 23, 843-854 (2013).

58. mimips. https://github.com/kitzmanlab/mimips (2020).

59. Koboldt, D. C. et al. VarScan 2: somatic mutation and copy number alteration discovery in
cancer by exome sequencing. Genome Res. 22, 568-576 (2012).

60. Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24-26 (2011).

61.  Uddin, M. M. et al. Longitudinal profiling of clonal hematopoiesis provides insight into
clonal dynamics. Immun. Ageing 19, 23 (2022).

62. Ma, C., Blackwell, T., Boehnke, M. & Scott, L. J. Recommended joint and meta-analysis
strategies for case-control association testing of single low-count variants. Genet.
Epidemiol. 37, 539-550 (2013).

63. Wang, G., Sarkar, A., Carbonetto, P. & Stephens, M. A simple new approach to variable
selection in regression, with application to genetic fine mapping. J. R. Stat. Soc. B 82,
1273-1300 (2020).

64. Li, Z. et al. Dynamic scan procedure for detecting rare-variant association regions in
whole-genome sequencing studies. Am. J. Hum. Genet. 104, 802-814 (2019).

65. Bates, D. et al. Matrix: Sparse and Dense Matrix Classes and Methods v.1.4-1(2019).


https://github.com/satijalab/seurat
https://github.com/satijalab/seurat
https://github.com/immunogenomics/harmony
https://github.com/immunogenomics/harmony
https://github.com/rpolicastro/scProportionTest
https://satijalab.org/signac/articles/monocle.html
https://satijalab.org/signac/articles/monocle.html
https://github.com/ctlab/fgsea
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000200.v12.p3
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000200.v12.p3
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205637
https://github.com/weinstockj/longitudinal_clonal_expansion_analysis
https://github.com/weinstockj/longitudinal_clonal_expansion_analysis
https://github.com/weinstockj/hsc_simulation
https://github.com/weinstockj/hsc_simulation
https://github.com/weinstockj/pileup_region
https://github.com/weinstockj/passenger_count_variant_calling
https://github.com/weinstockj/passenger_count_variant_calling
https://github.com/weinstockj/PACER_analyses
https://github.com/weinstockj/PACER_analyses
https://github.com/jkgopa/HSC_TCL1A_overexpression_scRNAseq
https://github.com/jkgopa/HSC_TCL1A_overexpression_scRNAseq
https://dockstore.org/workflows/github.com/broadinstitute/gatk/mutect2:4.1.8.1?tab=info
https://dockstore.org/workflows/github.com/broadinstitute/gatk/mutect2:4.1.8.1?tab=info
https://doi.org/10.5281/zenodo.7474678
https://doi.org/10.5281/zenodo.7474719
https://doi.org/10.5281/zenodo.7474719
https://doi.org/10.7490/f1000research.1114631.1
https://www.biorxiv.org/content/10.1101/473744v3
https://mc-stan.org/
https://github.com/kitzmanlab/mimips

Article

66. R Core Team. R: A Language and Environment for Statistical Computing. http://www.
R-project.org/ (R Foundation for Statistical Computing, 2020).

67. Gogarten, S. M. et al. Genetic association testing using the GENESIS R/Bioconductor
package. Bioinformatics 35, 5346-5348 (2019).

68. Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-cell
transcriptomic data across different conditions, technologies, and species. Nat.
Biotechnol. 36, 411-420 (2018).

69. Corces, M. R. et al. Omni-ATAC-seq: improved ATAC-seq protocol. Protocol Exchange
https://doi.org/10.1038/protex.2017.096 (2017).

70. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

71.  Kim, D., Paggi, J. M., Park, C., Bennett, C. & Salzberg, S. L. Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37,
907-915 (2019).

72. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

Acknowledgements WGS for the TOPMed programme was supported by the National Heart,
Lung and Blood Institute (NHLBI). Centralized read mapping and genotype calling, along with
variant quality metrics and filtering were provided by the TOPMed Informatics Research Center
(3ROTHL-117626-0251; contract HHSN268201800002I). Phenotype harmonization, data
management, sample-identity quality control and general study coordination were provided
by the TOPMed Data Coordinating Center (ROTHL-120393; UOTHL-120393; contract
HHSN268201800001I). The authors thank the studies and participants who provided
biological samples and data for TOPMed. The full study-specific acknowledgments are
included in Supplementary Note 4. The views expressed in this manuscript are those of the
authors and do not necessarily represent the views of the National Heart, Lung, and Blood
Institute; the National Institutes of Health; or the US Department of Health and Human
Services. The authors wish to acknowledge the contributions of the consortium working on
the development of the NHLBI BioData Catalyst ecosystem. S.J. is supported by the Burroughs
Wellcome Foundation Career Award for Medical Scientists, Foundation Leducq (TNE-
18CVDO04), Ludwig Center for Cancer Stem Cell Research, the American Society of
Hematology Scholar Award, the NIH Director’s New Innovator Award (DP2-HL157540), and a
Leukemia and Lymphoma Society Discovery Grant. A.G.B. is supported by a Burroughs
Wellcome Foundation Career Award for Medical Scientists, the NIH Director’s Early
Independence Award (DP5-OD029586), and the Pew-Stewart Scholar for Cancer Research
award, supported by the Pew Charitable Trusts and the Alexander and Margaret Stewart

Trust. WHI CHIP amplicon sequencing was supported by the NHLBI (RO1 HL148565). The Fred
Hutchinson Cooperative Center of Excellence in Hematology cell collection and processing is
supported by NIDDK Grant # DK106829. The authors thank R. Majeti, T. Koehnke and B. Ebert for
helpful discussions.

Author contributions J.S.W., A.G.B. and S.J. conceived of the study and conceived of
PACER. J.S.W. performed somatic variant calling, developed the PACER implementation and

performed the human genetic association analyses. J.G. and S.J. functionally characterized
the TCL1A locus. J.G. performed mouse model experiments. J.S.W. and S.J. performed WHI
validation analyses. J.SW., J.G., A.G.B. and S.J. wrote the manuscript with input from all
authors. B.B.B.,, M.M.U,, N.K., J.A.B., H.B., B.D., ZM., N.L., TM.M., S.E.L., K.P.P, S.R.M. and
ATS. performed additional bioinformatic analyses. J.O.K., E.A.W. and A.P.R. contributed WHI
amplicon sequencing data. C.A.L., J.G.B.,K.DT.,, X.G., M.F.S., ASV.,, SK., ARS., JRO, JPL.,
E.B.,K.C.B.,,N.C., E.EK, RJ.L.,, M.F, L.H., D.M.L., S.R., B.E.C., B.M.P,, J.C.B., J.A.B., EK.S.,
J.HY., D.Q., N.D.P, B.L.LF.,, DW.B., M.H.C,, D.L.D., V.S.R., L.RY., L.C.B., SKK., P.A.P, JH., M.R.,
PV.H.,R.K., S.R.H.,,N.L.S., K.LW, D.K.A.,, MR.I, HT,, M.J.C, SK., J.B.M.,AC., L.M.R,, Y.G.,
M.A., JI.R,, S.S.R., R.PT, B.AK,, JM.J, M.MW,, JG.S., O.M., PM.N., B.S.C.,R.D., J.EC., J.B,,
S.M., LKW, S.X.,MY., C.C.G,Y.IC. W.L., GM.M,, J.PK., C.R.P., M.B.S.,D.D., D.R.,C.A,,CK.,
Y.Z., JEM., PK,A.DJ,RAM.,TW.B., GRA., AV.S, HMK., P.N., E.AW., A.P.R. and the NHLBI
TOPMed Consortium contributed to sequencing and phenotyping of the included NHLBI
TOPMed cohorts. TW.B., G.R.A., AV.S. and H.M.K. contributed TOPMed computing
infrastructure and bioinformatics advice.

Competing interests S.J. is on advisory boards for Novartis, AVRO Bio, and Roche Genentech,
reports speaking fees and a honorarium from GSK, and is on the scientific advisory board of
Bitterroot Bio. P.N. reports grants support from Amgen, AstraZeneca, Apple, Novartis and
Boston Scientific, is a paid consultant for Apple, AstraZeneca, Novartis, Genentech, Blackstone
Life Sciences and spousal employment at Vertex, all unrelated to the present work. S.J., A.G.B.
and P.N. are paid consultants for Foresite Labs and co-founders, equity holders, and on the
scientific advisory board of TenSixteen Bio. Stanford University has filed a patent application
for the use of PACER to identify therapeutic targets on which S.J., A.G.B. and J.S.W. are
inventors (US patent 63/141,333). The patent has been licensed to TenSixteen Bio. B.M.P. serves
on the Steering Committee of the Yale Open Data Access Project funded by Johnson &
Johnson. E.K.S. reports grant support from Bayer and GSK. J.H.Y. reports consulting fees from
Bridgebio Therapeutics. M.H.C. reports grant support from Bayer and GSK, and consulting and
speaking fees from Illumina and AstraZeneca. D.L.D. reports grant support from Bayer. L.M.R. is
a consultant for the TOPMed Administrative Coordinating Center (through Westat). P.D. reports
grant support from Janssen Research. H.M.K., G.R.A. and A.R.S. are employees of Regeneron
Pharmaceuticals and recieve salary, stock and stock options as compensation. ATS. isa
founder of Immunai and Cartography Biosciences and receives research funding from
Allogene Therapeutics and Merck Research Laboratories. J.O.K. is on the scientific advisory
board of MyOme Inc.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-05806-1.

Correspondence and requests for materials should be addressed to Alexander G. Bick or
Siddhartha Jaiswal.

Peer review information Nature thanks Moritz Gerstung and the other, anonymous, reviewer(s)
for their contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1038/protex.2017.096
https://doi.org/10.1038/s41586-023-05806-1
http://www.nature.com/reprints

i)
c
8 4]
5 quartiles g quartiles
E o 34
© 1 = 1
o TRUE 5 6 2
o
I 3 5 27 3
O g > (L] 4
Qo 1
IS
FALSE - =
c
0 4
32 256 2048 16384 32 256 2048 16384
Singletons Singletons
. 100% A
I'2
0.020 pe
. 75% 0%
0.25
, 00151 . . S -
e ° .
Lé °
% 0.0101 . . . . 25% R
0.005 - . . * [ [P TP TSRO SO O
. 95.61 95.65 95.68 95.71 95.75 95.78 95.81
. L XY . position (Mb)
0.000 1 . 00°ce 0% ° o oo o.a ®e e o TC::B
-2 -1 0 1 2 TCL1A
PACER fitness estimate -
o 40 o 40
2 3
s g
E E
820 820
| 1
0.0 0.0
95.61 95.65 95.68 95.71 95.75 95.78 95.81 95.61 95.65 95.68 95.71 95.75 95.78 95.81
position (Mb) position (Mb)
TCL1B TCL1B
— -4
TCL1A TCL1A
L] L]
1 ]
Scale 1 kb | hg38
chri4: 957140001 95714500 95715000  95,715500]

Rhesus RGNS MR R
Mouse ———h MMl byl LLL I ki kbl L i) Lo st R
Dog bl b AL e il LI
Elephant WMLl b M 0ol bl ks 5 S N s s 0

Extended DataFig.1|See next page for caption.
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Extended DataFig.1|PACER Estimates Clonal ExpansionRate.A. The
passenger counts are enriched by 54% (95% CI: 51%-57%) after adjusting for age
andstudy using anegative binomial regression. The different colorsinthe
density plots correspond to quartiles of the marginal probability distributions.
Asthedensity estimates are smoothed, the underlying data points are indicated
with hashmarks. B. The distributions of passenger counts are stratified by the
number of CHIP driver variants acquired. The different colors in the density
plots correspond to quartiles of the marginal probability distributions. C. The
observed clonal expansionrates (dVAFdT), asexpressed in the change in
variantallele frequency (VAF) over time (years), were associated withincreased
PACER fitness estimatesin 55 CHIP carriers from the Women’s Health Initiative.
The PACERfitness estimates have beeninverse normal transformed. D. The

posteriorinclusion probabilities (PIP) as estimated by SuSIE®* are plotted on
they-axis, and the genomic position ofa 0.8 Mb regionincluding TCL1A is
plotted onthe x-axis. The linkage disequilibrium (LD) estimates are plotted on
acolorscaleand areestimated on the genotypes used for association analyses.
E.Rarevariant analyses were performed using the SCANG** rare variant scan
procedureincludingall variants with aminor allele countless than300.
Identified rare variant windows are plotted as gray rectangles where the width
corresponds to the size of the genomic region and the height corresponds to
the pvalue of the SCANG®* test statistic for the window. F. Rare variant analyses
were performed including the rs2887399 genotypes as covariate. Hypothesis
testing was performed using the SCANG rare variant scan procedure. G. Multiz
alignments across multiple species are shown for the TCL1A locus.
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Extended DataFig.2 | GWAS Implicates rs2887399 as aModifier of Clonal
ExpansionRate. A. Thedistributions of the four conditions - DNMT3A and
TET2mutant clones stratified by homozygous genotype of rs2887399. The
y-axisindicates the density of the distributions and the x-axis indicates the
logl0 founding censored passengers, which are the simulated equivalent to the
singleton mutations observed in the real data analysis. Simulated DNMT3A
mutations out-compete TET2whenrs2887399 is set to the protective T/T allele
eventhoughitsfitnessisunchanged by rs2887399.B. The top panelincludes
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Extended DataFig. 3 | Chromatin Accessibility and Transcript Expression
of TCL1A. A. Quantification of fraction of HSC/MPPs expressing TCL1A
transcriptsin patients with TET2 or ASXL1driven acute myeloid leukemia (AML)
or myeloproliferative neoplasm (MPN) compared to healthy donors. Datais
fromsingle-cell RNA sequencing generated in Psaila® et al. and Velten* et al.
B.ATAC-sequencingtracks of the TCLIA locus near rs2887399 in HSCs from
healthy donors (row1-4), pre-leukemic hematopoietic stem cells (pHSCs) from
patients with AML but no detected driver mutations (rows 5-7),in pHSCs with

95.66 TCL6 95.68 95.7 95.73

TCL1B
TCL1A

TET2mutations (rows 8-10), and pHSCs with DNMT3A mutations (rows 11-12).
Datais from Corcesetal.>. Vertical dashed line indicates location of the
rs2887399 SNP. C. ATAC-sequencing tracks of the TCL6-TCL1A locus in HSCs
from healthy donors (row1), pre-leukemic hematopoietic stem cells (pHSCs)
from patients with AML but no detected driver mutations (rows 2-3), pHSCs
with DNMT3A mutations (rows 4-5), and in pHSCs with TET2 mutations (rows
6-7). Amino acid change and variant allele fraction (VAF) for the driver
mutations are shown. Datais from Corces et al.?*.
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Extended DataFig.4|Schematic of rs2887399 Effect on TET2 Clonal
Expansion. Proposed model for clonal advantage due to mutationsin TET2.

In cellswith the rs2887399 REF/REF genotype, loss of TET2function leads toan
accessible TCL1Alocus, aberrant TCLIARNA and protein expressionin
hematopoietic stem cells (HSC’s) and multi-potent progenitors (MPP’s), and

subsequent clonal expansion. The presence of rs2887399 ALT alleles
diminishes the TET2 clonal expansion phenotype by limiting TCLIA locus
accessibility and downstream protein expression. Figure created with
BioRender underapaid license.
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Extended DataFig.5| CRISPREditing Efficiency. A.ICE analysis of Sanger B.ICE analysis of Sanger traces to determine targeted CRISPR editing efficiency.
traces to determine targeted CRISPR editing efficiency. Bar plots display Bar plots display percent of CD34+CD38~- CD45RA- cells with indel formation

percent of CD34+CD38- CD45RA-cellswithindel formationingene ofinterest.  ingene ofinterest. These cells were used for the 14-day expansion assay.
These cells were used for the OMNI-ATAC and intracellular TCL1A flow assays.
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Extended DataFig. 6| ATACSequencing Tracks of TCL1A. A. ATAC-
sequencing tracksillustrating chromatin accessibility at rs2887399in TET2 or
DNMT3A-edited HSC/MPPs cultured for 5 days from donors of the GG, GT, and
TTgenotypes.Redlineindicateslocation of rs2887399. TET2 edited samples
arethesameasinFig.4,shown here for comparison. B. ATAC-sequencing

tracksillustrating chromatin accessibility at rs2887399in AAVS, TET2 or
DNMT3A-edited HSC/MPPs cultured for 7 days from donors of the GGand TT
genotypes, and thensorted for CD34hi CD38- CD45RA-Lin-cells prior to
nucleipreparation.Red lineindicateslocation of rs2887399.
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Extended DataFig.7|See next page for caption.



Extended DataFig.7|Interaction of CHIP Mutations and rs2887399in
humanHSPCphenotypes. A. Representative intracellular flow plots of TCL1A
proteinexpressioninedited HSC/MPPs from each rs2887399 donor after 11
daysinculture. B. Quantification of Lin—/lo CD34+ CD38- CD45RAlo HSPCs
(CD45RAlo HSPCs) after 14 days of invitro expansion stratified by edited gene
andrs2887399 genotype. Results of alinear regression model for the effect of
edited gene (referent to AAVS1), rs2887399 genotype (referent to GG), and the
interaction term of edited gene with rs2887399 genotype are presented below.
Unadjusted p-values from two-sided testsare reported. n =4 foreach group.

C.Ratio of CD34+CD45RA- cells to CD34- cells after 14 days of in vitro expansion
stratified by edited gene and rs2887399 genotype. Results of alinear regression
modelfortheeffect ofedited gene (referent to AAVSI1), rs2887399 genotype
(referentto GG), and the interaction term of edited gene with rs2887399
genotypeare presented below. The horizontal linein eachboxindicates the
median, the tops and bottoms of the boxes indicate theinterquartile range, and
thetop and bottomerrorbarsindicate maximaand minima, respectively.
Unadjusted p-values from two-sided testsare reported. n =4 foreach group.
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Extended DataFig. 8| Validation of TCLIAshRNA and Expression
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A.UMAP feature plots of Antibody Derived Tags (ADTs) for cell surfacemarkers  ineach cell cycle phase as determined by Seurat cell cycle scoring module for
for HSPCidentification. B. UMAP clustering of HSC/MPP populations colored each cellcluster.D. UMAP feature plot of select stress response and FOXO
by cell subtype clusters next to UMAP clustering of HSC/MPP populations target genes.
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Extended DataFig.11|Effect of TCL1A Expression on Human HSC/MPP
Phenotypes. A.Normalized enrichment scores (NES) of REACTOME pathways
upregulated in HSC/MPP cluster 4 compared to HSC/MPP cluster 1and filtered
for those with FDR < 0.1and NES > 1. Pathways printed in blue containinterferon
response genes and pathways printed inred contain FOXO response genes.
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B.Stacked bar plot of all clustersin each analyzed sample datasetasa
percentage of total cellsin that sample. G/G or T/T refers to the genotype at
rs2887399inthe donor. C. Stacked bar plot of absolute counts for each HSC/
MPP cluster from each sample. Counts are shown as number of output cells at
Day 7 per 1000 HSC/MPPs plated at Day 0.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR
state that no software was used.

Data analysis R 4.1.2 and Python 3.7 were both used for analysis. In addition, several other open source packagers were used, linked here:
SAIGE v0.36.3.1 R package: https://github.com/weizhouUMICH/SAIGE
SCANG v1.0.3.1 R package: https://github.com/zilinli1988/SCANG
Mutect2 v4.1.8 : https://dockstore.org/workflows/github.com/broadinstitute/gatk/mutect2:4.1.8.1?tab=info
susieR R package v0.11.92 : https://stephenslab.github.io/susieR/index.html
RStanv2.21.5

Julia 1.4

Bespoke applications developed for analysis:

https://github.com/weinstockj/hsc_simulation

https://github.com/weinstockj/pileup_region

https://github.com/weinstockj/PACER_analyses (10.5281/zenodo.7474678)
https://github.com/weinstockj/passenger_count_variant_calling (10.5281/zenodo.7474719)

A full Renv lock file is available here: https://github.com/weinstockj/PACER_analyses/blob/master/renv.lock

FlowJo v10.8.1

R packages used for scRNAseq: scCATCH, Seurat, CytoTRACE, ggplot2, sctransform, tidyverse, RColorBrewer, gprofiler2, clusterProfiler,
enrichplot, DOSE, scProportionTest, harmony, cowplot, data.table, RColorBrewer, colorspace, scater, TSCAN, SingleCellExperiment,
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SeuratWrappers, monocle3, Matrix, ggplot2, patchwork, msigdbr, fgsea

Commented R Script for scRNAseq: https://github.com/jkgopa/HSC_TCL1A_overexpression_scRNAseq/blob/main/scRNAseq%20Final%
20Analysis%20Commented.R

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Individual whole-genome sequence data for TOPMed whole genomes, individual-level harmonized phenotypes and the CHIP variant call sets used in this analysis are
available through restricted access via the dbGaP TOPMed Exchange Area available to TOPMed investigators. Controlled-access release to the general scientific
community via dbGaP is ongoing. The accession numbers for the TOPMed WGS are as follows:
phs001543
phs000956
phs001211
phs001211
phs001435
phs001143
phs001644
phs001644
phs001644
phs001624
phs001624
phs001612
phs001612
phs001600
phs001600
phs001189
phs000954
phs000954
phs001368
phs001368
phs001368
phs000951
phs000951
phs000951
phs000951
phs000951
phs001546
phs001412
phs001472
phs001606
phs000946
phs000974
phs000974
phs000974
phs000974
phs000974
phs000974
phs000974
phs001218
phs001218
phs001218
phs001345
phs001345
phs001217
phs001725
phs001359
phs001395
phs000993
phs000993
phs001293
phs001545
phs000964
phs001598
phs001402
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phs001416
phs001416
phs001416
phs001416
phs001416
phs001416
phs001416
phs001062
phs001062
phs001434
phs001515
phs001515
phs001515
phs001544
phs001024
phs001601
phs001601
phs001468
phs001468
phs001215
phs001215
phs000972
phs000972
phs001467
phs001387
phs001933
phs000997
phs000997
phs001032
phs001040
phs001237
phs001237
phs001237
phs001237

GWAS summary statistics are deposited to dbGaP at accession phs001974. Amplicon sequencing data from WHI is deposited in dbGaP (phs000200.v12.p3) and is
mapped to GRCh38. Data from single-cell RNAseq and ATACseq generated for this study are deposited under Gene Expression Omnibus accession GSE205637
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205637).

Previously published data used in this study are cellranger files from GEO accession GSE144568 (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE144568),
a seurat RDS file from https://doi.org/10.6084/m39.figshare.12382685.v1, ATAC-seq FASTQ files from GEO accession GSE74912 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE74912), and variant calling data from Fabre et al. Table S6 (https://static-content.springer.com/esm/art%3A10.1038%2Fs41586-022-04785-z/
MediaObjects/41586_2022_ 4785 _MOESM9_ESM .xlsx).
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size 5,071 CHIP carriers were included based on convenience sampling. For mouse experiments, the sample size was estimated using a power
calculation based on expected change in clonal expansion seen in prior experiments with mice having Tet2 knocked out.

Data exclusions  No data was excluded.

Replication The experimental data in Figure 3 and 4 had sufficiently high n to perform statistical comparison. The CITE-seq analysis of TCL1A transduced
HSCs was done on two donor samples, which each represent an independent biological replicate.

Randomization  Sample recruitment included no randomization mechanism, but relevant covariates are controlled for in all statistical analyses. Mice were
randomized to receive either control or TCL1A-eGFP transduced cells, and were identical in age and sex for both groups.

Blinding Investigators were blinded with respect to generation of whole genome sequencing data from TOPMed participants and generation of
longitudinal sequencing data from WHI. Experimental data in Figures 3 and 4 were not blinded due lack of feasibility for the investigators
conducting the studies.
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Antibodies

Antibodies used e450-TCL1A ThermoFisher eBiol-21 48-6699-42
APC-CD34 BiolLegend 561 343608
PE/Cy7-CD38 BioLegend HIT2 303515
FITC-CD90 BiolLegend 5E10 562556
BV605-CD45RA BiolLegend HI100 304134
PE/Cy5-CD2 BioLegend RPA-2.10 300210
PE/Cy5-CD3 BiolLegend HIT3a 300310
PE/Cy5-CD4 BioLegend SK3 344654
PE/Cy5-CD8a BiolLegend HIT8a 300910
PE/Cy5-CD16 BioLegend 3G8 302010
PE/Cy5-CD19 BioLegend HIB19 302210
PE/Cy5-CD20 BioLegend 2H7 302308
PE/Cy5-CD56 BiolLegend 5.1H11 362516
PE/Cy5-CD235a BiolLegend HIR2 306606
PE/Cy5-CD14 BioLegend M5E2 301864
Fixable Viability Stain 700 BD 564997
APC-CD45.1 BioLegend A20 110714
BV605-CD45.2 BioLegend 104 109841
PE-CD3 BiolLegend 17A2 100206
PE/Cy5-CD19 BioLegend HIB19 302210
BV421-CD115 Biolegend AFS98 135513
PE/Cy7-CD11b BioLegend M1/70 101216
APC/Fire 750-Ly-6G BiolLegend 1A8 127651
APC-Lineage Cocktail R&D Systems FLCOO1A
PE/Cy5-CD117 BiolLegend 2B8 105809
BV421-Scal BiolLegend D7 108127
APC/Cy7-CD45.2 BioLegend 104 109823
PE-FIk2 BioLegend A2F10 135305
PE/Cy7-CD150 BiolLegend TC15-12F12.2 115913
BV605-CD48 BioLegend HM48-1 103439

Validation Biolegend Validation (https://www.biolegend.com/en-us/quality/product-development): "Clones of hybridomas are carefully
selected based on a number of criteria including robust growth and efficient production of a single clone of antibody that is specific
to the intended target. The best clones move on to applications testing. Antibody clones are tested in a variety of assays to see which
applications they are suited for. As an example, clone 13A3-1 for phosphorylated STAT3 (Tyr705) demonstrated excellent
performance in flow cytometry, western blot, and chromatin immunoprecipitation. Thus, the clone cross-validates itself by
demonstrating functionality across orthogonal testing methods. Additionally, the biological induction of the phosphorylated state
using IL-6 further validates the specificity of the antibody. Knockout or knockdown of gene expression, such as with siRNA, is also an
excellent tool for target validation. Our SIRTS antibody, clone 091G9, was verified by western blot using Hela cells treated with SIRTS
targeting siRNA. Lane 1 indicates untreated Hela cells, lane 2 contains scrambled siRNA control treated cells, and lane 3 contains
SIRTS-specific siRNA treated cells."

R&D Validation (https://www.rndsystems.com/quality/antibodies-built-for-reproducibility): "R&D Systems® takes rigorous steps
towards antibody validation and reproducibility. We have been since the beginning. For 30 years, we have used our industry-leading
production standards and quality control specifications to develop antibodies that can be relied on for specificity and reproducibility.
By developing and testing our products in-house, we can ensure a validated and specific antibody. We are confident in our antibodies
and provide 100% guarantee for our products. With R&D Systems® antibodies your results will stand the test of time."

BD Validation (https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/quality-and-
reproducibility): "BD Biosciences identifies key targets of interest in scientific research and develops its own specific antibodies or
collaborates with top research scientists around the world to license their antibodies. We then transform these antibodies into flow




cytometry reagents by conjugating them to a broad portfolio of high-performing dyes, including our vastly popular portfolio of BD
Horizon Brilliant™ Dyes. A world-class team of research scientists helps ensure that these reagents work reliably and consistently for
flow cytometry applications. The specificity is confirmed using multiple methodologies that may include a combination of flow
cytometry, immunofluorescence, immunohistochemistry or western blot to test staining on a combination of primary cells, cell lines
or transfectant models. All flow cytometry reagents are titrated on the relevant positive or negative cells. To save time and cell
samples for researchers, test size reagents are bottled at an optimal concentration with the best signal-to-noise ratio on relevant
models during the product development. To ensure consistent performance from lot-to-lot, each reagent is bottled to match the
previous lot MFI."

Thermo Validation: This eBio1-21 antibody has been pre-diluted and tested by intracellular staining followed by flow cytometric
analysis of Daudi cells using the Intracellular Fixation & Permeabilization Buffer Set (Product # 88-8824-00) and protocol. Please refer
to "Staining Intracellular Antigens for Flow Cytometry, Protocol A: Two step protocol for intracellular (cytoplasmic) proteins" located
at www.thermofisher.com/flowprotocols. This may be used at 5 L (0.5 ug) per test. A test is defined as the amount (ug) of antibody
that will stain a cell sample in a final volume of 100 uL. Cell number should be determined empirically but can range from 1075 to
1078 cells/test.
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Policy information about cell lines

Cell line source(s) HEK293T cells from ATCC (CRL-3216) were used for virus generation. NALM6 cells were obtained from Ron Levy (Stanford)
and were used to test shRNA constructs for TCL1A knockdown efficiency.

Authentication Additional authentication of HEK293T or NALM6 cells was not performed after acquiring the cells.

Mycoplasma contamination Mycoplasma testing of HEK293T cells was not performed. NALM6 cells were tested for mycoplasma prior to using for
experiments.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals B6.SJL (Strain #:002014) from Jackson Laboratory were used as recipient transplant mice for murine bone marrow from C57BL/6J
(Strain #:000664) from Jackson Laboratory. The mice were housed under a 12-h light/12-h dark cycle with dark hours from 18:30-
06:30 and housed at 68—73°F under 40-60% humidity.

Wild animals Provide details on animals observed in or captured in the field, report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,

say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Mouse study protocol was approved by Stanford APLAC (APLAC protocol-32928).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics In TOPMed, the median age was 55 years, the mean age 52.5, and the maximum age 98. The samples have diverse reported
ethnicity (40% European, 32% African, 16% Hispanic/Latino, 10% Asian).

For the Women's Health Initiative (WHI) longitudinal assessment of clonal hematopoiesis, all participants were women and
the median age at baseline was 64 years.

Recruitment In TOPMed, 49 cohorts were included, each with differing sample recruitment protocols. More information can be found at
the dbGaP page for each of the constituent cohorts. See supplementary tables for more information.

Women aged 50-79years were enrolled from forty WHI clinical centers in the United States between 1993 and 1998.

Ethics oversight Each of the 49 cohorts obtained IRB permission from their respective institutions and are supported by NHLBI. Each of the
studies obtained informed consent from each participant.

Blood samples from WHI participants were obtained with informed consent and the CHIP longitudinal assessment study was
reviewed and approved by the Fred Hutchinson Cancer Center Institutional Review Board (IRB #10186).

For the purchased CD34 cells, donors were recruited and consented, and mobilized peripheral blood was obtained using
protocols approved by the Fred Hutchinson Cancer Center Institutional Review Board.




Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

g All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Cells in suspension were harvested from plates, washed with PBS, stained with extracellular or intracellular antibodies,
washed, and finally strained before acquistion

Aria lll
FlowJo v10.8.1

500-1000 human HSC/MPPs were sorted per well for the liquid culture expansion assays as described in the methods for
each experiment. Sorted cell purity >95% was confirmed by performing flow on an aliquot of sorted cells.

Human HSC/MPP: FSC vs SSC, Doublet Exclusion, Live/Dead, Lineage Exclusion, CD34+, CD38-, CD45RA-; TCL1A+/-; DAPI DNA
staining +/-

Mouse HSC/MPP subsets: FSC vs SSC,Doublet Exclusion, Live/Dead, Lineage Exclusion, c-Kit+, Sca-1+, FIk2+/-, CD48+/-,
CD150+/-

Mouse granulocytes: FSC vs SSC, Doublet Exclusion, Live/Dead, CD3- CD19-, CD11b+ Ly6G+

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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