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INTRODUCTION
All humans become mosaics over time as somatic stem cells 

acquire genetic mutations throughout life (1, 2). In the hemat-
opoietic compartment, this leads to the condition termed 
clonal hematopoiesis (CH) when specific mutations (e.g., JAK2 
V617F) provide a competitive advantage without evidence of 
overt hematologic dysfunction (3). These hematopoietic clones 
are long-lived, arise from hematopoietic stem and progenitor 
cells (HSPC), and often expand over time (4, 5). CH increases 
in prevalence with age and is associated with an increased risk 
for hematologic malignancy and all-cause mortality (6–8). The 
mutations observed in CH strongly overlap with those observed 
in hematologic malignancies (9, 10). Although CH is universal, 
little is known about the nongenetic intrinsic and extrinsic fac-
tors driving clonal evolution and malignant transformation.

Prior work has shown that clonal mutations in solid 
organs such as skin and esophagus are spatially constrained 
(1, 2). However, in the hematopoietic compartment, the spa-
tial organization of clones harboring leukemia-associated 
somatic mutations and their interaction with the niche and 
each other is largely unknown. To explore this, we developed 
methods to describe the clonal distribution in the bone mar-
row contained within a femur head explant. Hip arthroplasty 

is a common surgical procedure in the elderly and provides 
a readily accessible window into the hematopoietic system. 
Prior work has examined the incidence of CH in patients 
undergoing hip arthroplasty, which identified a relatively 
high incidence of CH at 50% in this older population and a 
possible connection to autoimmune disease (11). A subse-
quent study of CH in patients with osteoarthritis undergoing 
hip arthroplasty demonstrated that CH clones detected in 
the femur head explant obtained during arthroplasty were 
undetectable in the peripheral circulation after arthroplasty—
suggesting a spatial constraint for the CH clone in the femur 
head (12). Although this prior study isolated bulk bone mar-
row cells from the entire femur head, we present an approach 
to provide millimeter-level resolution for the spatial distribu-
tion of hematopoietic clones within the bone marrow.

As proof of principle, we characterized the hematopoietic 
clonal distribution within a femur head explant from a 50-year-
old man with polycythemia vera (PV). PV is a myeloproliferative 
neoplasm (MPN) driven by the activating JAK2 V617F muta-
tion in more than 90% of cases. This mutation is also found 
in approximately 5% of individuals with CH (4, 13, 14). There 
is increasing evidence that the clonal mutations driving MPNs 
arise early in life, potentially in utero, years before the manifes-
tation of symptoms (15). We chose this patient for a proof-
of-principle study because of the clonal complexity and high 
mutant cell burden often found within the bone marrow of 
MPN patients. We hypothesized that the hematopoietic clones 
would be geographically constrained in distinct niches within 
the bone marrow of this patient. To test this hypothesis, we per-
formed bulk genomic sequencing, droplet digital PCR (ddPCR) 
validation, spatially aware variant detection, single-cell sequenc-
ing, and longitudinal tracking of clonal mutations over time.

RESULTS
Patient Information and Bulk Characterization of 
Hematopoietic Clones

A 50-year-old man (UPN978825) with PV undergoing 
planned hip arthroplasty was selected for bone marrow clonal 
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clones (i.e., >2% variant allele fraction) predispose to hematologic malignancy, but CH is detected at 
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architecture characterization and longitudinal peripheral 
blood mutation tracking (Fig. 1A). The patient initially pre-
sented with abdominal discomfort, fatigue, and weight loss. 
He was found to have splenomegaly on abdominal imaging, 
and bone marrow biopsy confirmed the diagnosis of PV. 
Molecular testing of the peripheral blood obtained at diagno-
sis as standard of care showed a JAK2 V617F mutation at 0.48 
variant allele fraction (VAF) and a DNMT3A R882C mutation 
at 0.03 VAF (Fig.  1B). He was managed conservatively with 
aspirin and phlebotomy for approximately 1.5 years before 
undergoing hip arthroplasty for osteoarthritis.

Bulk peripheral blood and bone marrow aspirate mononu-
clear cells obtained perioperatively during hip arthroplasty 
were sequenced in duplicate using a targeted, error-corrected 
myeloid panel (Supplementary Table  S1). The bulk bone 
marrow and peripheral blood specimens were sequenced to 
2811-3810x and 3128-3142x coverage across the target space, 
respectively (Supplementary Table S2). In the bulk bone mar-
row, JAK2 V617F and DNMT3A R882C mutations were iden-
tified at 0.64 and 0.02 VAF, respectively, and a previously 
undetected TET2 L1081* mutation was identified at 0.05 VAF 
(Fig. 1C). In the peripheral blood, the JAK2 V617F and TET2 
L1081* mutations were detected at 0.27 and 0.02 (one repli-
cate) VAF, respectively, and the DNMT3A R882C mutation was 
not detected (Fig. 1C). These sequencing results were validated 

by ddPCR (Fig. 1B and C). Additionally, ddPCR confirmed a 
GNAS R844H mutation not identified by bulk sequencing but 
discovered by single-cell analysis detailed below (Fig.  1B and 
C). Approximately 15 months after hip arthroplasty, ddPCR 
analysis of peripheral blood mononuclear cells identified JAK2 
V617F, TET2 L1081*, DNMT3A R882C, and GNAS R844H 
mutations at 0.68, 0.10, 0.012, and 0.014 VAF, respectively 
(Fig. 1D). These clonal mutations showed variable evolution in 
the peripheral blood over time with the JAK2 V617F and TET2 
L1081* mutations increasing after hip arthroplasty (Fig. 1A).

Single-Cell DNA Sequencing and 
Immunophenotyping to Resolve Clonal Hierarchy

Bone marrow mononuclear cells were subjected to single-cell 
targeted DNA sequencing and immunophenotyping using the 
Mission Bio Tapestri platform (Supplementary Table  S3). In 
total, 1,486 high-quality cells were analyzed with an average 
of 129x coverage per cell per amplicon for genomic muta-
tions and 300x coverage per cell per antibody tag. Analy-
sis identified the JAK2 V617F, DNMT3A R882C, and TET2 
L1081* mutations identified previously, as well as a previously 
undetected GNAS R844H mutation (Fig.  2A). The single-cell 
analysis disentangled the clonal complexity of this patient’s 
disease—a large JAK2 V617F homozygous clone, a small TET2 
L1081* heterozygous subclone, a small JAK2 V617F heterozy-

Figure 1. Patient information and bulk 
characterization of hematopoietic clones. 
A, Clinical course for UPN978825 (top). 
Somatic mutations detected by ddPCR in 
the peripheral blood plotted longitudinally 
over time (bottom). B, Somatic mutations 
detected in the peripheral blood (blue) at 
initial diagnosis by sequencing (striped 
bars) and verified by ddPCR (solid bars). 
C, Somatic mutations detected in the 
bone marrow (red) and peripheral blood at 
time of hip arthroplasty. D, Somatic muta-
tions detected in the peripheral blood by 
ddPCR at follow-up. ND, not detected; 
VAF, variant allele fraction.
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Figure 2. Single-cell DNA sequencing and immunophenotyping to resolve clonal hierarchy. A, Somatic mutations detected in each single-cell isolated 
from bone marrow and clustered by mutation profile. B, Clonal hierarchy of bone marrow hematopoietic cells depicting a large population of wild-type 
cells, JAK2 V617F heterozygous and homozygous clones with a TET2 L1081* heterozygous subclone, and independent GNAS R844H and DNMT3A 
R882C heterozygous clones. C, Immunophenotype profile of individual cells isolated from the bone marrow aspirate and clustered by cell type into CD3+ 
T cells, CD19+ B cells, a malignant population of cells highly expressing CD141 and CD71, and a mixed population of malignant and nonmalignant progeni-
tor cells. D, Clustering of single cells by immunophenotype profile and colored by cell type (left facet) and compared with the relative expression of key 
hematopoietic markers including CD34, CD38, CD71, and CD141 (right facets). (continued on following page)
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gous clone, and independent GNAS R844H heterozygous and 
DNMT3A R882C heterozygous clones (Fig.  2A). The GNAS 
R844H mutation is a recurrent hotspot mutation frequently 
observed in pancreatic and gastrointestinal cancers and also 
observed in hematologic malignancies (16, 17). From these 
observations, the simplest sequence of mutational events 
implied that the JAK2 V617F heterozygous mutation arose 
first, followed by a second biallelic JAK2 V617F mutation 
that expanded significantly, and subsequently acquired a TET2 
L1081* mutation (Fig. 2B).

Single-cell immunophenotyping analysis revealed cell popu-
lations in the bone marrow that clustered into four pre-
dominant groups including CD19+ B lymphocytes, CD3+ T 
lymphocytes, a population of cells highly expressing CD141 
(thrombomodulin) and CD71 (transferrin receptor 1), and a 
mixed population of largely CD38+ hematopoietic progenitors 
(Fig. 2C). Dimensional reduction by uniform manifold approx-
imation and projection (umap) analysis separated the B- and 
T-lymphocyte populations away from the mixed stem and 
progenitor and the high CD141/CD71 populations (Fig. 2D; 
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Figure 2. (Continued) E, Clustering of single 
cells by immunophenotype profile and colored by 
somatic mutation cluster (left facet) and compared 
with the VAF of detected somatic mutations in each 
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marker abundance for each single cell separated by 
somatic mutation profile cluster. HET, heterozy-
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VAF, variant allele fraction, WT, wild-type.
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Supplementary Fig.  S1). Combining the genotyping and 
immunophenotyping single-cell analyses demonstrated that 
the high CD141/CD71 cluster likely represented the neoplastic 
clones comprised of the JAK2 V617F homozygous population 
and the TET2 L1081* heterozygous subclone; the lymphoid 
cells were largely devoid of somatic mutations; and the mixed 
population (containing the HSPCs) was comprised of JAK2 
homozygous cells, wild-type cells, and the GNAS R844H and 
DNMT3A R882C heterozygous clones (Fig. 2C and E).

Overlaying the mutational information on the UMAP dem-
onstrated the overlap between the CD141/CD71 cluster and 
the JAK2 V617F homozygous clone and the TET2 L1081* 
subclone, the maturation of wild-type hematopoietic pro-
genitor cells, and the maturation of JAK2 V617F homozygous 
mutated cells from a CD38-positive progenitor population 
(Fig. 2D and E). Focusing on the most discriminatory markers 
reinforced the relationship between CD141/CD71 positivity 
and JAK2 V617F mutation status (Fig. 2F). Additionally, the 
GNAS R844H and DNMT3A R882C heterozygous mutant cells 
were largely identified in a progenitor state marked by vari-
able CD34 positivity and uniform CD38 positivity (Fig. 2F). 
Together, these results describe a complex clonal composition 
of the patient’s hematopoietic compartment where multiple 
independent hematopoietic clones coevolved simultaneously.

Mutation Detection in HSPC Subpopulations
To validate the single-cell findings and further describe 

mutation distribution in HSPC subpopulations, CD71+ eryth-
roblasts (Fig. 3A) and distinct HSPC subpopulations (Fig. 3B) 
were purified by flow cytometry from a separate bone marrow 
specimen. In these purified cell populations (Supplementary 
Table S4), the JAK2 V617F mutation burden was highest in 
the CD71+ fraction of CD34+ HSPCs (0.41 VAF) and CD33+ 
myeloid cells (0.57 VAF) and lowest in the CD71− fraction of 
CD34+ HSPCs (0.069 VAF) and lymphoid cells (not detected) 
when assessed by ddPCR (Fig.  3C). From the single-cell 
sequencing studies, the TET2 L1081* mutation arose within a 
hematopoietic cell homozygous for the JAK2 V617F mutation 
(Fig. 2A). Interestingly, the TET2 L1081* mutation was most 
prevalent in the CD71+ erythroblasts (0.025 VAF) and CD33+ 
myeloid cells and not detected in the CD71− fraction of  
CD34+ HSPCs or lymphoid cells (Fig.  3D). In the CD33+ 
myeloid cells, increasing expression of CD71 (negative vs. low) 
was associated with a small increased mutational prevalence of 
TET2 L1081* (0.035 vs. 0.067 VAF, respectively; Fig. 3D). The 
JAK2 V617F and TET2 L1081* mutations were not detected 
in lymphoid cells, suggesting a myeloid-restricted cell of 
origin. Conversely, the DNMT3A R882C and GNAS R844H 
mutations were identified in both myeloid and lymphoid  
populations (Fig. 3D).

The peripheral blood was largely comprised of CD33+ 
myeloid cells and CD3+ or CD19+ lymphoid cells with few 
circulating CD34+ HSPCs or CD71+ erythroblasts (Fig.  3E; 
Supplementary Table  S4). In the peripheral blood, the rare 
CD34+ HSPCs had high JAK2 V617F mutation prevalence, 
which was higher in the CD71+ fraction (0.58 VAF) compared 
with the CD71− fraction (0.35 VAF) by ddPCR (Fig. 3F). The 
JAK2 V617F mutation was less prevalent in the CD33+ mye-
loid cells (0.11 VAF) and CD71+ erythroblasts (0.21 VAF) and 
even less prevalent in lymphoid cells (undetected in T cells 

and 0.0008 VAF in B cells; Fig. 3F). The TET2 L1081* muta-
tion was largely restricted to CD34+ HSPCs, CD33+ myeloid 
cells, and CD71+ erythroblasts and not detected in lymphoid 
cells in the peripheral blood (Fig.  3G). Similar to the bone 
marrow, the GNAS R844H and DNMT3A R882C mutations 
were detected in HSPCs, myeloid cells, and lymphoid cells 
in the peripheral blood (Fig.  3G). Together, these findings 
suggest a myeloid-restricted HSPC cell of origin for the JAK2 
V617F-mutated clone and TET2 L1081*-mutated subclone, 
and distinct multipotent HSPC cells of origin for the separate 
DNMT3A R882C- and GNAS R844H-mutated clones.

Spatial Distribution of Hematopoietic Clones
To further characterize the spatial distribution of these 

hematopoietic clones in the bone marrow, the patient’s femur 
head was partitioned into approximately 400 bone marrow 
fragments, of which 24 were selected for targeted panel DNA 
sequencing. These bone marrow fragments were sequenced 
using a myeloid panel (Supplementary Table S1). Variants were 
independently identified in each sample while retaining infor-
mation on the spatial position for each fragment in the bone 
marrow. In the sequenced bone marrow fragments, the JAK2 
V617F mutation was identified in 24/24 fragments (0.12–0.69 
VAF), the TET2 L1081* mutation was identified in 11/24 frag-
ments (0.03–0.05 VAF), and the DNMT3A R882C mutation was 
identified in 1/24 fragment (0.02 VAF; Supplementary Fig. S2A). 
The GNAS R844H mutation detected by single-cell sequencing 
was not identified in the bone marrow fragments using the 
gene panel sequencing approach (Supplementary Fig. S2A). In 
parallel, each mutation detected by bulk and single-cell sequenc-
ing was interrogated by ddPCR in 96 bone marrow fragments 
(including the 24 subjected to targeted sequencing), revealing 
significant spatial variability in mutational abundance (Fig. 4A). 
In contrast to targeted myeloid panel sequencing, which only 
identified the TET2 L1081* (n  =  11/24) and the DNMT3A 
R882C (n  =  1/24) in a subset of fragments (Supplementary 
Fig.  S2A), ddPCR identified each mutation in every assayed 
fragment (Fig. 4A). However, when a mutation was detected by 
both modalities, there was high concordance in VAF between 
ddPCR and sequencing (Supplementary Fig. S2B and S2C). To 
describe the spatial heterogeneity in clonal architecture across 
the tissue, hierarchical clustering of bone marrow fragments by 
normalized VAF, as determined by ddPCR, demonstrated four 
clusters (Fig. 4B; Supplementary Fig. S3). This clustering identi-
fied bone marrow fragments marked by high JAK2 V617F and 
TET2 L1081* VAF (cluster 2), representing increased prevalence 
of the neoplastic clone in that local bone marrow niche (Fig. 4C). 
Other clusters represented high prevalence of the JAK2 V617F-
mutant clone without TET2 L1081* (cluster 3) and lower preva-
lence of any clones (clusters 1 and 2; Fig. 4C). Interestingly, the 
GNAS R844H and DNMT3A R882C-mutant clones were equally 
represented in clusters 1 and 2, suggesting that, although inde-
pendent, these clones colocalized in the bone marrow with the 
neoplastic JAK2 V617F-mutant clones (Fig. 4C). These clusters 
were also spatially constrained, representing contiguous areas 
with similar clonal composition (Fig. 4D). Imaging mass cytom-
etry (IMC) analysis of bone marrow fragments from this indi-
vidual also demonstrated clustering of CD71+ cells (high JAK2 
V617F-mutant burden) separate from largely JAK2 wild-type 
CD15+ myeloid cells and CD61+ megakaryocytes (Supplemen-
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tary Fig. S4). Together, this provides the first, to our knowledge, 
characterization of spatial distribution of clonal mutations in 
the human bone marrow niche.

DISCUSSION
Here, we present a novel method for spatially aware muta-

tion detection in human bone marrow. Using this approach 
to characterize the spatial clonal distribution within the bone 

marrow of a patient with PV, we made several interesting and 
unexpected observations.

First, the clonal composition revealed by single-cell sequenc-
ing differed substantially from the one inferred by bulk 
sequencing. From the high VAF of JAK2 V617F detected by 
bulk sequencing, the clinical interpretation was that a large 
proportion of the bone marrow cells were heterozygous for 
this mutation. But, the biology was more complex. Single-cell 
analysis revealed co-occurring JAK2 V617F heterozygous and 
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homozygous clones and a TET2 L1081*-mutated subclone 
that likely contributed variably to the patient’s disease, con-
sistent with prior observations in the field (18). Moreover, 
mutations that initially appeared as JAK2 V617F-mutated 
subclones by bulk sequencing (DNMT3A R882C and GNAS 
R844H) were actually in separate clones lacking the JAK2 
V617F mutation and likely did not contribute significantly to 
the patient’s disease. This distinction was further supported 
by the bulk sequencing obtained a year after hip arthroplasty, 
showing the JAK2 V617F and TET2 L1081* mutations had 
increased, whereas the GNAS R844H and DNMT3A R882C 
mutations remained unchanged (Fig.  1A). These findings 
underscore the ever-evolving views of the genetic complexity 
of myeloid neoplasms.

Second, hematopoietic clones in the bone marrow were not 
well mixed. There were regions of high clonal diversity comprised 
of both the neoplastic and largely normal clones and separate 
regions of low clonal diversity. Within the bone marrow, there 
was considerable clonal variability within millimeters of marrow 
space. This highlights the complexity of making clinical man-
agement decisions for patients with hematologic malignancies 
from a single 2 mm core biopsy. Samples taken only millimeters 
apart had a vastly different representation of these malignant 
mutations. Future work will delve into understanding what 
bone marrow niche cell types and local microenvironment 

factors drive selection for local clonal expansion and evolution 
of specific mutations.

Third, the neoplastic cells identified by single-cell analysis 
showed high levels of CD141 and CD71, which has been 
observed previously in patients with PV (19). Additionally, 
normal hematopoietic markers were not expressed, aside 
from a small population of maturing progenitor cells marked 
by CD38. These findings highlight the limitations of using 
immunophenotype alone when detecting malignant disease, 
as there is variability in cell-surface phenotype across the pop-
ulation of cells marked by the same genetic drivers of disease. 
Additionally, the DNMT3A R882C and GNAS R844H clones 
were restricted to immature stem and progenitor cells. This 
is consistent with murine models that show a strong fitness 
effect and differentiation block for DNMT3A loss-of-function 
mutations in HSCs (20, 21). These independent lines of evi-
dence support a model whereby DNMT3A mutations disrupt 
the balance between HSC self-renewal and differentiation. As 
such, inferring CH rates from peripheral blood analysis of 
mature circulating cells may vastly underestimate the clonal 
abundance in the bone marrow, particularly in immature 
HSPC populations (the presumptive disease-initiating cells).

This study is limited by only studying a single individual 
but is a critical proof of principle for this technique and 
analysis pipeline. Future work will expand this study to more 

Figure 4. Spatial distribution of hematopoietic clones. A, Somatic mutations within 96 bone marrow fragments identified by ddPCR and color-coded by VAF. 
B, Clustering of individual bone marrow fragments by normalized somatic mutation VAF. C, Pairwise dot plots comparing VAF for each bone marrow fragment, 
color-coded by cluster identified in B. D, Overlay of bone marrow fragment clustering relative to position in the original tissue. VAF, variant allele fraction.
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individuals with a wider array of malignant and nonmalignant 
hematologic conditions. The single-cell sequencing studies 
were limited by panel size, binding affinity of the immunophe-
notyping probes, and antigen prevalence/stability on the cells. 
Additionally, this study could not combine mutation detection 
with microscopic characterization in the same bone marrow 
fragment as the tissue was consumed during DNA extraction. 
Future work will seek to identify somatic mutations in situ while 
preserving the tissue for histologic characterization in the  
same cells.

In conclusion, we characterized the spatial distribution of 
clonal architecture in human bone marrow. We integrated bulk 
mutation detection, single-cell genotyping and immunophe-
notyping analysis, and spatial mutation detection to describe 
how these clones coexist within the bone marrow niche. Future 
applications of this platform will answer fundamental ques-
tions regarding how well hematopoietic clones mix in the bone 
marrow and further our understanding of the intrinsic and 
extrinsic factors governing local clonal evolution in the hemat-
opoietic niche.

METHODS
Patient Selection

Peripheral blood, bone marrow, and femur head explant specimens 
were obtained from a patient (UPN978825) with PV after obtain-
ing written informed consent in accordance with the Declaration of 
Helsinki ethical guidelines. The patient provided written informed 
consent for tissue banking and genomic analysis in accordance with 
protocol no. 201011766 approved by the Washington University in St. 
Louis Institutional Review Board. Human studies were approved by 
the Washington University Human Studies Committee (WU 01-1014).

Bone Marrow Partitioning
The femur head explant was obtained directly following hip arthro-

plasty and transported submerged in phosphate-buffered saline 
(Thermo Fisher Scientific). The femur head was sectioned into 2-mm 
slices using a band saw (Exakt 312 Pathology Saw). First, the specimen 
was leveled by sawing perpendicularly through the femur neck. Second, 
a 2-mm deep notch was introduced to approximate the middle of the 
flat surface made by the first step. Third, the specimen was sectioned 
into 2-mm–thick slices perpendicular to the notch created in the second 
step. This notch marked the bottom center of each slice to orient the 
sections. After sectioning, each slice was further partitioned into 2 mm3 
fragments using a combination of hand tools, including a bone chisel 
(Mopec), trimming blade (Sakura Finetek), and razor blade (VWR). Bone 
marrow fragments were stored in nontreated, sterilized 96-well plates 
(VWR) such that the location of each fragment was preserved relative to 
the original position in the slice. Likewise, bone marrow fragments that 
were adjacent in the original femur head slice were adjacent to the plate. 
A subset of fragments were selected for genomic DNA extraction, and 
the remainder were formalin-fixed and decalcified for imaging.

For the fragments selected for genomic DNA extraction, the bone 
marrow fragments were snap-frozen using liquid nitrogen in 1.5 mL 
microcentrifuge tubes (VWR). Frozen bone marrow fragments were 
pulverized in the microcentrifuge tube using a disposable pestle 
(USA Scientific). Genomic DNA was extracted as described below.

For the fragments selected for fixation, the bone marrow fragments 
were preserved using standard techniques (22). First, the fragments 
were submerged in 10% buffered formalin (Thermo Fisher Scientific) 
for 12 hours, after which the formalin was removed and the bone 
marrow fragments were decalcified using a 14% ethylenediaminetet-
raacetic acid (EDTA) solution, pH to 7.2 (Millipore Sigma). Bone 

marrow fragments were decalcified in EDTA that was changed every 
3 to 4 days for 14 days total. After decalcification was complete, the 
samples were dehydrated in ethanol (Thermo Fisher Scientific). In this 
step, the samples were rinsed in deionized water (Millipore Sigma). 
Next, the samples were placed in 30% ethanol, then transferred to 50% 
ethanol, and finally transferred to 70% ethanol at room temperature for  
long-term storage.

Peripheral Blood and Bone Marrow Aspirate Processing
Peripheral blood and bone marrow aspirate were obtained perio-

peratively during hip arthroplasty. Mononuclear cells were isolated 
using SepMate tubes (STEMCELL Technologies) using their stand-
ard protocol. These mononuclear cells were isolated for genomic 
DNA extraction or viably frozen for single-cell sequencing. A subset 
of cells (5 million cell aliquots) were viably frozen in a 1:1 mixture 
suspended in Hanks’ Balanced Salt Solution (HBSS; Corning) and 
freezing media. The freezing media were a 4:1 mixture of heat-
inactivated fetal bovine serum (Thermo Fisher Scientific) and dime-
thyl sulfoxide (DMSO; Thermo Fisher Scientific). Cells were stored 
at −80°C for 24 hours and then transferred to liquid nitrogen for  
long-term storage.

Genomic DNA Extraction, Library Preparation, 
and Sequencing

Genomic DNA was isolated from pulverized bone marrow frag-
ments, bulk peripheral blood, or bulk bone marrow aspirate using 
the PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific). 
Genomic DNA was quantified using Qubit fluorometric quantifica-
tion (Thermo Fisher Scientific). Libraries were prepared for targeted 
error-corrected sequencing using the Myeloseq assay (Supplementary 
Table S1) as described previously (23). Consensus reads were gener-
ated from read families with three or more reads sharing the same 
unique molecular index and mapped to the human reference genome 
(hg38) using version 3.10.4 of the DRAGEN pipeline (Illumina). 
Variants were annotated using Ensemble version 105 using VEP and 
COSMIC version 92 (16). Variants were filtered to exclude polymor-
phisms with >0.1% minor population allele frequency based on the 
gnomAD database version 2.1.1 (24).

Droplet Digital PCR (ddPCR)
Variants identified by bulk sequencing, bone marrow fragment 

sequencing, and single-cell sequencing were validated by ddPCR on 
the QX200 platform (Bio-Rad; ref. 25). For each sample, 20 to 50 ng 
of genomic DNA was utilized per reaction. Droplets were generated 
using the QX200 droplet generator (Bio-Rad) using their standard 
protocol. Droplets were PCR-amplified using the following thermo-
cycler protocol: 95°C for 10 minutes, 40 cycles of 94°C for 30 seconds, 
56°C for 1 minute, 98°C for 10 minutes, and 4°C hold. Droplets 
were analyzed on the QX200 droplet reader (Bio-Rad).

Single-Cell Sequencing and Immunophenotyping
Single-cell sequencing was performed using the Mission Bio Tap-

estri platform (26) using methods similar to previous single-cell 
studies of myeloid malignancies (27, 28). Cryovials of patient bone 
marrow were thawed, resuspended in HBSS, and quantified by cel-
lometer (Nexcelom Bioscience). Cells were stained with 1:100 dilu-
tion of 7AAD viability staining solution (BioLegend) and live cells 
were isolated using a MoFlo cell sorter (Dako). One million live cells 
were suspended in cell staining buffer at 25,000 cells/μL. Cells were 
stained with the TotalSeq-D Heme Oncology Cocktail V1.0 (BioLe-
gend) targeting 42 hematopoietic-specific proteins (Supplementary 
Table  S3). After staining, the cells were washed with cell staining 
buffer and diluted to 3,000 to 4,000 cells/μL in cell buffer. Stained 
cells were encapsulated into microfluidic droplets using the Tapestri 
instrument, lysed, and barcoded for library amplification. Library 
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amplification utilized the Mission Bio myeloid panel targeting 45 
genes with 312 amplicons that are recurrently mutated in myeloid 
malignancies (Supplementary Table S3; ref. 9). Afterward, the emul-
sions were broken and libraries were isolated by Ampure XP bead 
cleanup (Beckman Coulter). The protein libraries were enriched by 
biotinylated oligonucleotide bait pulldown. Each separate library 
underwent PCR amplification using sequencing primers containing 
library-specific indexes. Libraries were purified by Ampure XP bead 
cleanup. Library quality was assessed by TapeStation using the High 
Sensitivity D1000 ScreenTape (Agilent Technologies) and Qubit 
fluorescence quantification (Thermo Fisher Scientific). Libraries were 
sequenced on the Illumina NovaSeq 6000 platform using the 300-
cycle kit targeting 173 million read pairs for the DNA myeloid panel 
and 150 million read pairs for the protein panel to ensure adequate 
coverage per panel for each cell captured.

FASTQ files containing the sequenced read information were 
analyzed using the cloud-based Tapestri Pipeline without modifica-
tion. The pipeline trimmed the adapter sequences, mapped reads to 
the human reference genome (hg19) using BWA, and assigned reads 
to unique cells. Next, the GATK v4/Haplotypecaller was used to call 
genotypes for each cell. Variants were filtered using Tapestri Insights 
using the standard parameters (27). Somatic mutations were retained 
if they were observed in  >1% of cells and were not likely to arise 
due to allelic dropout. Sequencing results were further normalized, 
clustered, and annotated using the Mission Bio Mosaic version 2.4. 
Figures were generated using the Mission Bio Mosaic v2.4 pipeline.

Cell Purification for Mutation Detection
Cryopreserved bone marrow and peripheral blood samples were 

thawed to 37°C and resuspended in HBSS buffer supplemented 
with 100 U/mL penicillin–streptomycin (Thermo Fisher Scientific) 
and 10 mmol/L HEPES (Thermo Fisher Scientific). The following 
antibodies were diluted 1:100 to stain the specimens for flow sorting: 
anti-human CD71 APC/Cy7 (clone CY1G4, BioLegend, no. 334110), 
anti-human CD141 BV421 (clone M80, BioLegend, no. 344113), anti-
human CD34 PE (clone 561, BioLegend, no. 343606), anti-human 
CD33 BV605 (P67.6, BioLegend, no. 366611), anti-human CD19 
FITC (clone 4G7, BioLegend, no. 392508), and anti-human CD3 PE/
Cy7 (clone HIT3a, BioLegend, no. 300316). Flow-cytometric sorting 
was performed on the Cytek Aurora (Cytek Biosciences). Individual 
subpopulations of hematopoietic cells isolated by flow sorting were 
subsequently interrogated for somatic mutations by ddPCR using the 
methods described above.

Imaging Mass Cytometry
Bone marrow fragments selected for IMC were formalin-fixed and 

paraffin-embedded after decalcification using established protocols 
(22). IMC was conducted on sectioned bone marrow fragments using 
as previously described (29). The following cell-surface markers and 
isotope tags were utilized: 148Nd-CD71 (eBioscience, no. 14-0718-
93, clone MRQ-48, 1:50), 164Dy-CD15 (Fluidigm, no. 3164001B, 
clone W6D3, 1:150), 160Gd-CD61 (Sigma-Aldrich, clone 2f2, 1:75), 
and 193Ir-DNA (Fluidigm, no. 201192A).
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