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ABSTRACT The reprogramming of human acute myeloid leukemia (AML) cells into induced

pluripotent stem cell (iPSC) lines could provide new faithful genetic models of
AML, but is currently hindered by low success rates and uncertainty about whether iPSC-derived cells
resemble their primary counterparts. Here we developed a reprogramming method tailored to cancer
cells, with which we generated iPSCs from 15 patients representing all major genetic groups of AML.
These AML-iPSCs retain genetic fidelity and produce transplantable hematopoietic cells with hallmark
phenotypic leukemic features. Critically, single-cell transcriptomics reveal that, upon xenotransplanta-
tion, iPSC-derived leukemias faithfully mimic the primary patient-matched xenografts. Transplantation
of iPSC-derived leukemias capturing a clone and subclone from the same patient allowed us to isolate
the contribution of a FLT3-ITD mutation to the AML phenotype. The results and resources reported
here can transform basic and preclinical cancer research of AML and other human cancers.

SIGNIFICANCE: We report the generation of patient-derived iPSC models of all major genetic groups of
human AML. These exhibit phenotypic hallmarks of AML in vitro and in vivo, inform the clonal hierarchy
and clonal dynamics of human AML, and exhibit striking similarity to patient-matched primary leuke-

mias upon xenotransplantation.

See related commentary by Doulatov, p. 252.

INTRODUCTION

Since reprogramming of human somatic cells to pluri-
potency through transcription factors was made possible, a
plethora of induced pluripotent stem cell (iPSC) lines have
been generated as models of numerous inherited genetic
diseases (1, 2). Cancers are fundamentally somatic genetic
diseases, and thus iPSC technology could offer new opportu-
nities for their study (3). iPSC models of cancer have distinct
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advantages, notably providing faithful human genetic mod-
els of driver genetic lesions in their endogenous genomic
environment and in disease-relevant cell types and enabling
functional studies through genetic perturbations and high-
throughput assays, such as multiomics and screens. However,
efforts to generate stable iPSC lines from human cancers—
immortalized cell lines or primary tumors—have been mostly
unsuccessful or yielded incompletely reprogrammed cells
(4-7). These reports have led to speculation that inherent bio-
logical properties of malignant cells hinder their reprogram-
ming to a pluripotent stem cell state (6, 7). In addition, how
well iPSC-derived cells resemble their primary counterparts
remains largely unknown, and very limited studies have been
designed to address this fundamental question.

Acute myeloid leukemia (AML) is a hematologic malig-
nancy with fulminant course and poor prognosis, charac-
terized by excessive proliferation of hematopoietic stem/
progenitor cells (HSPC), which are blocked in their differ-
entiation. AML is a genetically heterogeneous disease with
over 100 known genetic drivers, which include gene muta-
tions, chromosomal translocations, generating fusion onco-
genes, and large chromosomal deletions (8). Although the
landscape of AML genetic drivers has now been extensively
characterized, the mechanisms by which specific gene muta-
tions drive leukemogenesis remain incompletely under-
stood. The development of genetically engineered mouse
models (GEMM) of some of these mutations has pro-
vided important insights, but GEMMs do not always pro-
vide accurate genetic models due to species differences in
genome organization, synteny, the physiologic regulation of
hematopoiesis, and the kinetics of leukemia development,
among others. On the other hand, primary leukemia cells
isolated from the bone marrow (BM) or peripheral blood
(PB) of AML patients survive poorly and only short-term ex
vivo. Although patient-derived xenograft (PDX) models can
often be generated from these primary cells and enable drug
testing and other preclinical studies, they impose limits to
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mechanistic interrogation due to clonal heterogeneity and,
critically, due to the very limited—practically absent—ability
of primary AML cells to be genetically modified to enable
functional studies.

Here, we describe “Complete Capture of Mutational Bur-
den (CCoMB)” reprogramming, a method tailored to the
reprogramming of cancer cells. With this method, we derived
a panel of AML-iPSCs from 15 different patients, with nor-
mal matched lines for 7 of them, capturing 8 genetic groups
of AML [t(15;17) - PML-RARA; splicing factor-mutated,;
TPS3/aneuploidy; t(8;21) - AMLI1-ETO; MLL-rearranged;
NPMI1-mutated; FLT3-ITD; post-MPN], in 21 genotypes with
combinations of 24 distinct recurrent AML genetic lesions
(mutations, translocations, and deletions). We thus demon-
strate that most AML driver mutations do not impose abso-
lute biological barriers to the reprogramming of AML cells,
with a notable exception being the NPM1 gene mutation.

We demonstrate that hematopoietic cells derived from a
range of genetically diverse AML-iPSC lines are engraftable in
immunodeficient mice, in striking contrast to normal human
pluripotent stem cell (hPSC)-derived hematopoietic cells
that are invariably nonengraftable (9). Importantly, taking
advantage of this engraftment ability, we generated patient-
matched primary and iPSC-derived leukemias and corre-
sponding mouse xenografts. Although leukemia cells derived
through directed differentiation of AML-iPSCs in vitro show
significant differences in their cellular composition and tran-
scriptomes to the matched primary leukemia cells, these
differences are largely eliminated upon transplantation and
xenografted AML-iPSC-derived leukemias are strikingly simi-
lar to their primary counterparts. The results and resources
that we report here can transform the modeling and study of
human acute leukemia and, possibly, of other cancers.

RESULTS

A Panel of iPSC Lines Represent the Genetic
Diversity of AML

We previously described the derivation of bona fide iPSC
lines from 3 patients with AML harboring MLL transloca-
tions (10) and del7q (11, 12). To increase the efficiency
and success rate of iPSC derivation from AML patient sam-
ples, we developed Complete Capture of Mutational Burden
(CCoMB) reprogramming (Fig. 1A). We reasoned that specific
genetic (and potentially epigenetic) alterations of cancer cells
likely exert a sizable (positive or negative) impact on repro-
gramming efficiency (13-20), thus skewing the clonal repre-
sentation of the heterogeneous starting cell population after
reprogramming. With these restrictions in mind, in CCoMB
reprogramming, we incorporated two key modifications to
standard reprogramming protocols: comprehensive genetic
characterization of the starting cell sample and inference
of its clonal composition, to then guide saturating targeted
genetic screening of all clonally reprogrammed cell colonies
that can be derived.

We obtained 33 AML patient samples (Supplementary
Tables S1 and S2) and performed detailed genetic characteri-
zation of the starting cells, which included next-generation
sequencing (NGS) of a comprehensive panel of myeloid malig-
nancy driver genes and recurrent karyotypic abnormalities.

Variant allele fraction (VAF) information was used to infer the
clonal composition of the starting cell population and to inform
the design of targeted PCR-based genotyping, suitable for rapid
screening of tens to hundreds of individual iPSC colonies using
low-input methods (21, 22). Clones with unique genotypes were
selected and expanded to derive iPSC lines representative of as
many distinct clones of the starting cell pool as possible, as well
as normal [wild-type (WT)] cells, whenever possible.

Four of the 33 samples did not contain viable cells after
short-term culture, and reprogramming was thus aborted
(Fig. 1B; Supplementary Table S2). For the remaining 29 patient
samples, the reprogramming outcomes were: AML-iPSCs, i.e.,
iPSCs harboring at least one AML driver genetic lesion, were
obtained from 15 of the samples (52%); 8 samples (28%) yielded
only normal iPSCs, i.e., iPSCs without any driver mutations; 5
samples (17%) gave no colonies; and 1 sample gave only par-
tially reprogrammed colonies, from which iPSC lines could not
be established (Fig. 1B; Supplementary Table S2). The 15 AML
cases from which AML-iPSCs could be derived included the 6
most common AML genetic groups, namely NPM1-mutated
(patients AML-16, AML-45, and AML-46); t(15;17)-PML-RARA
(patient AML-38); splicing factor-mutated (patients AML-32,
AML-42, AML-43, and AML-47); TP53/aneuploidy (patients
AML-4 and AML-24); t(8;21) RUNX1-RUNX1T1 (also known
as AMLI-ETO, patient AML-37); and t(9;11) X-KMT2A (MLL-
rearranged, patient AML-9; Figs. 1C-E and 2A; Supplementary
Fig. S1A and Supplementary Table S2). One additional sample
(AML-25) had FLT3-ITD and NRAS mutations, but no other
identified genetic lesions, and was assigned as “FLT3-ITD” and
two more (AML-20 and AML-44) were from AML cases follow-
ing a myeloproliferative neoplasm (post-MPN AML). Six of the
15 patients had clinically documented (AML-4, AML-24, and
AML-32) or inferred—based on the presence of splicing factor
mutations—(AML-42, AML-43, and AML-47), antecedent mye-
lodysplastic syndrome (MDS) and one (AML-9) was a therapy-
related case (Supplementary Table S1). We were able to derive
matched normal (WT) iPSCs from 7 of the 15 patients (Sup-
plementary Table S2). Furthermore, we were able to capture
two or more distinct AML clones from 4 of the patients. Spe-
cifically, we obtained iPSCs from two AML clones/subclones
from 3 of the samples: AML-32 (TET2, IDH2, SRSF2, ASXL1
with/without CEBPA mutations); AML-38 (PML-RARA with/
without FLT3-ITD); and AML-4 (del7q with/without KRAS
mutation; Fig. 1B; Supplementary Table S2). A fourth sample
(AML-37) yielded 4 distinct clones: AML1-ETO alone; AML1-
ETO with one of two distinct KIT mutations; and AML1-ETO
with one KIT and one STAG2 mutation (Fig. 2A; Supplemen-
tary Table S2).

The reprogramming efficiency varied considerably across
samples (Fig. 1E; Supplementary Fig. S1B and Supplemen-
tary Table S2).

The tumor burden of the sample, as determined by the allele
fraction of the driver genetic lesions (highest or average of all
allele fractions for each sample), did not appear to have a major
impact on reprogramming success (Supplementary Fig. S1C
and S1D). The age or sex of the patients did not influence the
outcome either (Supplementary Fig. S1E and S1F). We also
observed comparable efficiency of AML-iPSC generation from
either BM or PB mononuclear cells, whereas BM was a better
source for normal iPSCs (Supplementary Fig. S1G and S1H).
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Figure 1. Generation of a panel of patient-derived iPSCs representative of the genetic diversity of human AML. A, Schematic overview of the repro-
gramming method. Bone marrow mononuclear cells (BMMC) or peripheral blood mononuclear cells (PBMC) from AML patients were first subjected to
comprehensive genetic characterization (including karyotyping and FISH analysis for recurrent translocations and mutational analysis with gene panel
sequencing) to infer the genetic and clonal/subclonal composition of the starting sample. Following transduction with Sendai vectors or a lentiviral vector
expressing 0CT4, SOX2, KLF4, and cMYC, the cells were plated in clonal density and all colonies were genotyped for all genetic alterations present in the
primary sample using low-input methods (FISH and PCR with Sanger sequencing). Single-cell colonies corresponding to unique genotypes were selected
and expanded to establish iPSC lines. B, Flowchart summarizing the reprogramming outcome of all 33 AML patient samples. C, Pie chart showing the
distribution of the 15 AML patients from which AML-i{PSCs could be established based on their genetic classification into AML genetic groups. Numbers
in parentheses denote the number of patients within each genetic group. (Detailed information on patient and genetic characteristics is provided in
Supplementary Tables S1 and S2.) D, Representative interphase FISH analyses for the indicated characteristic chromosomal translocations, as indicated.
The respective iPSC line names are shown in the top. Scale bars, 20 pm. E, Bar plot showing the number of normal, AML-iPSC, as well as partially repro-
grammed AML colonies obtained from each of the 29 patient samples with which reprogramming was attempted (from B, excluding the 4 samples with
aborted reprogramming due to very low viability). Sample name and genetic groups are indicated. More detailed information is presented in Supplemen-
tary Table S2. Note that the term “AML-i{PSC” here and throughout the manuscript refers to iPSC lines that harbor at least one myeloid malignancy driver
mutation. Thus, preleukemic cells are also included under this umbrella term.

Although the relatively small number of samples prohibits Second, more strikingly, out of 11 NPMI1-mutated cases
derivingstrongcorrelations between reprogrammingefficiency with viable cells, none gave AML-iPSCs after one round of
and AML genetic groups, we made two notable observations. reprogramming (Supplementary Fig. S1I). All colonies gen-

First, reprogramming success was overall low for AML1- erated from these samples were either WT (4 cases: AML-11,

ETO cases (with only 1 out of 4 samples with viable cells AML-13, AML-137, and AML-41) or had only DNMT3A
yielding AML-iPSCs; Fig. 1E; Supplementary Table S2). without NPM1 mutations (AML-45). Three NPM1-mutated
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Figure 2. AML-iPSCs capture both late and preleukemic clones arising during the clonal evolution of AML. A, Oncoplots showing all genetic lesions
present in the AML patient samples (left) or the AML-{PSC lines generated (right). Letters (A, B, C, D) correspond to iPSC lines derived from different
AML clones of the same patient. Classification refers to the genetic group classification of the patient AML. (Note that whereas AML-25 was classified
as “FLT3-ITD; all AML-{PSC lines obtained harbored NRAS and not FLT3 mutations. See also Supplementary Table S2.) B, Table showing the mutations
captured in iPSCs from each of the 15 patients with respect to all mutations present in each starting patient sample. Numbers in parentheses show VAFs.
The numbers on top represent the order by which mutations were acquired in each patient, inferred from VAF values and reprogramming outcomes (see
also Fig. 3; Supplementary Fig. S2). U2AF1-1 and U2AF1-2 denote two different U2AF1 mutations—S34F and Q157R, respectively—present in patient
AML-47 and in the derived iPSCs. TET2-1 and TET2-2 denote two different TET2 mutations—4044+1G>C and G1913D, respectively—present in patient
AML-43. (See also Supplementary Table S2 for details.) KIT-1 and KIT-2 denote two different KIT mutations—N822K and D816V, respectively—present
in patient AML-37 and in the derived {PSCs.
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samples gave no colonies at all. NPM1-mutated colonies
obtained from 3 samples were all partially reprogrammed
and could not be established into bona fide iPSC lines
with passaging. Finally, following a second round of repro-
gramming of an initially partially reprogrammed clone, we
were able to derive one single iPSC line from one sample,
AML-16 (Supplementary Fig. S1I; Supplementary Table S2).
However, because of this multistep derivation history with
presumed strong selection pressure, this NPMI1l-mutant
iPSC line was not further used in this study. These results
show strong negative selection against NPM1-mutated cells
during reprogramming.

In summary, so far we showed that it is possible to repro-
gram all major genetic subtypes of AML into patient-derived
iPSCs with a refined protocol, which we used to generate
human genetic models of all major AML genotypes, encom-
passing 8 genetic groups (including post-MPN), 21 distinct
genotypes, and 24 distinct AML driver genetic lesions (single-
gene mutations, translocations, and aneuploidy; Fig. 2A; Sup-
plementary Table S2).

CCoMB Reprogramming Aids Reconstruction of
the Evolutionary Hierarchy of AML

Although we and others have previously shown that patient
cell reprogramming can capture distinct clones and subclones
(10, 11, 23), whether reprogramming per se can inform cases
of ambiguous clonal composition that bulk sequencing can-
not resolve or uncover unsuspected clonal complexity has not
been shown. In 7 of the 15 patients, reprogramming captured
the most advanced disease clone, i.e., the clone harboring the
complete set of mutations (Fig. 2B). In 4 of the remaining
cases, the AML-iPSCs generated had all mutations except for
the last subclonal mutation. In 4 more, the iPSCs captured
only the preleukemic clone, which harbored single isolated
mutations—specifically in DNMT3A (AML-45 and AML-46)
or SRSF2 (AML-34 and AML-44; Fig. 2B). In 13 of the 15
cases from which we generated AML-iPSCs, reprogramming
was informative with regard to clonal composition (Fig. 3A;
Supplementary Fig. S2). (Partially reprogrammed clones were
also included in these analyses to inform clonal composition.)
In 7 of the cases, reprogramming confirmed a clonal hierarchy
that could be relatively readily inferred from allele frequencies
and past findings from population genetics studies (24-26).
These included the occurrence of FLT3-ITD or PTPN11
mutations late in clonal progression (in cases AML-16, AML-
9, AML-38, and AML-47; Supplementary Fig. S2A-S2D); the
divergent acquisition of signaling activating mutations in
independent subclones (AML-4 and AML-25; Supplemen-
tary Fig. S2E and S2F); and DNMT3A mutation being the
initiating event in AML with DNMT3A, NPM1, and FLT3
mutations (AML-46; Supplementary Fig. S2G). In 4 cases,
reprogramming helped resolve clonal relations that could
not be inferred based on the bulk sequencing of the starting
cells (AML-32, AML-42, AML-43, and AML-44; Fig. 3B; Sup-
plementary Fig. S2H-S2J). More interestingly, in 2 additional
cases, genotyping of the derivative iPSC lines yielded unex-
pected findings about the clonal composition of the starting
sample. In patient AML-37, the reprogramming outcome
revealed that a clone with the AMLI-ETO ¢(8;21) transloca-
tion diverged into two clones, which then acquired a different

KIT point mutation each, and one of them went on to acquire
a subsequent STAG2 mutation (Fig. 3C). Reprogramming of
the DNMT3A-NPM1-FLT3 AML-45 case revealed a more
complex pattern of mutational acquisition than the expected
linear DNMT3A—-NPM1—FLT3 sequence. An initiating
DNMT3A-mutant clone diverged into two lineages: one that
evolved along the expected evolutionary path (with the acqui-
sition of, first,an NPM1 mutation and, second, an FLT3-ITD
mutation); and a second that acquired a different FLT3-ITD
without an NPM1 mutation (Fig. 3D).

These results highlight examples in which CCoMB repro-
gramming unveiled clonal hierarchies and show that repro-
gramming can provide new insights into the evolutionary
process of AML.

AML-iPSCs Exhibit Phenotypic Hallmarks of AML

Reprogramming to pluripotency remodels the epigenome
and resets a transcriptional and epigenetic state that sustains
a pluripotency gene regulatory network (27). We previously
showed that iPSCs derived from AML patients with MLL trans-
locations and 7q deletions reset their epigenome at the pluripo-
tent state, but reacquire a leukemic phenotype, transcriptome,
and epigenome upon differentiation into HSPCs (10-12).

To test if this is a generalizable observation that extends
to other genetic classes of AML, we phenotypically charac-
terized our panel of genetically diverse AML-iPSCs follow-
ing hematopoietic differentiation to HSPCs. We included in
these analyses our previously derived AML-iPSC lines AML-
4.10 and AML-4.24, harboring del7q (11) and the SU042.2
AML-iPSC line, harboring an MLL translocation (10). We
excluded from these analyses 4 patients: AML-16, because of
the strong selection pressure applied during two reprogram-
ming rounds that were required for derivation of the only
NPMI1-mutated line from this patient; AML-45 and AML-
46, because all derived lines captured only the preleukemic
clone (with DNMT3A mutation only) and were thus not
expected to exhibit leukemic features; and AML-37, because
differentiation of multiple lines from this patient repeatedly
yielded insufficient numbers of cells for meaningful pheno-
typic assessment or transplantation. We thus phenotypically
assessed a total of 18 AML-iPSC lines, which encompassed 15
distinct genotypes (and 3 independent lines corresponding
to the same clone), derived from 12 patients (Supplementary
Table S3). For 3 of the patients (AML-4, AML-32, and AML-
38), we characterized AML-iPSC lines capturing two distinct
AML clones (Supplementary Table S3).

We previously showed that AML-iPSC-derived HSPCs
(AML-iPSC-HSPC) are able to engraft into immunodeficient
mice, in stark contrast to normal iPSC-HSPCs that are unable
to engraft (10-12). We thus first assessed the engraftment
ability of HSPCs from the new AML-iPSC panel, as the most
stringent leukemic phenotype. We found that 6 AML-iPSC
lines from 4 patients (AML-9, AML-38, AML-32, and AML-
47), as well as the 3 previously characterized AML-iPSC lines
(from patients AML-4 and SU042), gave rise to HSPCs that
were able to engraft into NSG or NSGS mice. All mice had
detectable engraftment of human cells, which were exclusively
myeloid, in the BM, spleen, and PB (Fig. 4A-F). The mice
showed signs of illness and splenomegaly, consistent with
leukemia (Fig. 4G; Supplementary Fig. S3A and S3B). With
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Figure 3. Reprogramming illuminates the evolutionary history and clonal composition of AML. A, Schematic showing how reprogramming to pluripo-
tency in clonal conditions can aid reconstruction of the clonal hierarchy of AML. As an example, the VAF values of 4 hypothetical mutations (A-D) in the
patient cells (top) and in two derivative AML-iPSC lines (iPSC 1, iPSC 2) are shown. All mutations are clonal (VAF = 0.5 for heterozygous mutations) in the
{PSCs, because each line is derived from a single starting cell. Because iPSC 1 contains mutations A-C and iPSC 2 contains mutations A-D, it can be con-
cluded that mutation D was acquired after mutations A-C. The circles of different colors in the right represent the mutations A-D and the arrow denotes
the order of mutational acquisition. Partially reprogrammed iPSC lines were also included in the clonal evolution analyses. B-D, Reconstruction of clonal
evolution in 3 patients. The numbers to the left of each circle representing an iPSC clone denote numbers of colonies with the indicated genotype (see
also Supplementary Table S2). In all fish plots each clone is represented by a different color and its height is proportional to the percentage of total
cells that belong to a given clone (estimated from the VAF). Blue fonts and adjacent circles represent partially reprogrammed clones (which did not give
{PSC lines but still informed clonal composition). B, Clonal evolution in patient AML-32. Two distinct clones were captured, one with 4 mutations (TET2,
IDH2, SRSF2, and ASXL1) and one with 5 (the same 4 plus CEBPA). This result indicates that CEBPA was acquired after the other 4 mutations. Because
no clones with CSF3R mutation were obtained, it cannot be determined if the CSF3R mutation (present in the patient sample) was acquired by the clone
with 4 or 5 mutations. The two scenarios are thus represented with dashed arrows. C, Clonal evolution in patient AML-37.iPSC lines corresponding to 4
distinct clones were obtained. One clone only contained the t(8;21) translocation. Notably, two clones harbored each a different KIT mutation in addition
to the translocation and a fourth clone harbored the t(8;21), one of the KIT mutations and, additionally, a STAG2 mutation. This result indicates the paral-
lel evolution of two distance lineages with KIT mutations, one of which went on to subsequently also acquire a STAG2 mutation. (The cell fraction for the
t(8;21) translocation in the starting sample was not available. Note that the STAG2 gene locus is on the X chromosome and the AML-37 patient is male;
thus, the VAF for STAGZ is higher than that of the antecedent KIT mutations, which are heterozygous.) D, Clonal evolution in patient AML-45. Of the 4
clones obtained in iPSCs, one harbored an isolated DNMT3A mutation, which is thus unequivocally the initiating event. The other 3 clones all harbored
the DNMT3A mutation and, in addition, an FLT3-ITD, an NPM1 mutation, or both an FLT3-ITD and an NPM1 mutation, respectively. Sequencing of the
duplicated FLT3-ITD region in each clone revealed two different ITDs. These results allow us to conclude that, in this patient, an initial DNMT3A-mutant
clone diverged into two lineages, one of which acquired an FLT3-ITD and the other both an NMP1 and an FLT3-ITD mutation.
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Figure 4. AML-iPSC-derived hematopoietic cells exhibit cardinal leukemia features. A, AML-iPSCs were differentiated into HSPCs and injected

into immunodeficient mice (NSG or NSGS). Human cell engraftment was assessed after 13-15 weeks or earlier if signs of illness. B-D, Levels of human
engraftment in the BM, spleen, and blood of NSG and NSGS mice, as indicated, 5 to 22 weeks after transplantation with 1 x 106 HSPCs derived from the
indicated AML-iPSC lines. Each data point represents one mouse. Error bars show mean and SEM. E, Fraction of myeloid (CD33*) lineage cells within the
hCD45* population in the BM of mice transplanted with HSPCs derived from the indicated AML-iPSC lines. Each data point represents one mouse. Error
bars show mean and SEM. F, Representative flow cytometry analyses from BM of recipient mice transplanted with HSPCs from the indicated AML-iPSC
lines. G, Representative image showing marked splenomegaly in 4 mice transplanted with HSPCs from the AML-47.1 line. UT: untransplanted mouse.

H, Kaplan-Meier curves showing survival of mice transplanted with HSPCs from the indicated AML-iPSC lines. I, Human engraftment levels in the BM of
secondary recipient mice. Each data point represents a unique mouse. Mean and SEM are shown.

the exception of mice transplanted with AML-iPSC-derived
cells from patient AML-32, which had very low engraftment
levels (0.1% or fewer hCD45" cells), all mice succumbed to
their disease (Fig. 4H). Transplantation of engrafted cells
into secondary recipients resulted in robust engraftment

and lethal leukemia in the case of AML-iPSCs from patients
AML-4, AML-9, and AML-47 (Fig. 4I). Cells from the AML-
38.8 line (patient AML-38) were not serially transplantable,
despite robust engraftment in the primary recipients. We
did not serially transplant engrafted iPSC-derived cells from
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Figure 5. AML-iPSC-derived hematopoietic cells mimic the in vivo clonal dynamics of patients. A, Cell counts of HSPCs derived from the indicated

AML-iPSC lines at the indicated days of hematopoietic differentiation liqu
independent differentiation experiments for each line is shown. B, Number

id culture. N-2.12: a normal iPSC line is shown for comparison. Mean of 3
of colonies obtained from 5,000 HSPCs derived from the indicated AML-

{PSC lines seeded in methylcellulose assays on day 14 of hematopoietic differentiation. Error bars represent mean and SEM of 1-3 independent differ-
entiation experiments. C, Wright-Giemsa staining of representative cytospin preparations of hematopoietic cells derived from the AML-9.9 line on days
37 and 57 days of hematopoietic differentiation liquid culture, showing predominantly cells with immature myeloid progenitor morphology and promi-
nent mitotic figures. Scale bars, 10 um. D, Levels of human engraftment (hCD45%) in the BM of NSGS mice transplanted with 1 x 10 HSPCs derived
from the indicated 3 pairs of AML-iPSC lines. Each pair is derived from one AML patient and represents an earlier and a later clone, as indicated below
the plot. n.s.: not significant (unpaired t test). E, Top panel: schematic overview of the experimental design. HSPCs derived from two lines representing

an early (AML-24) and late (AML-4.10) clone from the same AML patient—

the latter stably expressing GFP—were mixed 1:1 and intravenously injected

into NSGS mice. Bottom: Left: flow cytometry assessment pre-transplant confirming equal mixing of the two clones. Right: flow cytometry assessment

of 4 independent mice 5 weeks after transplantation.

patient AML-32 because of the low level of engraftment in
the primary recipients. We have previously demonstrated the
serial engraftment ability of the SU042.2 line (10).

HSPCs from these AML-iPSC lines also exhibited in vitro
leukemic features, specifically prolonged growth in culture,
overall increased clonogenicity and markedly impaired dif-
ferentiation along the monocytic and granulocytic lineages

(Fig. SA-C). These phenotypic findings are consistent with our
previous observations of blocked differentiation and increased
proliferation in vitro in other AML-iPSC models (11, 12, 28).
We also compared the engraftment of iPSC-HSPCs from
lines capturing two distinct AML clones from 3 patients
(AML-4, AML-32, and AML-38). In all 3 cases, iPSC-HSPCs
from the more advanced clone of the patient AML tended to
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engraft at higher levels (Fig. 5D; Supplementary Fig. S3C and
S3D). To assess this in more defined conditions, we competi-
tively transplanted two AML-iPSC lines, both derived from
patient AML-4, harboring a t(1;7;14) translocation with del7q
and subclonal RAS mutations (Supplementary Table S2):
AML-4.24 harboring the translocation only; and AML-4.10,
harboring, in addition, a KRAS mutation—the latter lenti-
virally marked with GFP. 5 weeks after transplantation with
premixed equal numbers of HSPCs from each line, all 4 mice
developed lethal leukemia that was almost exclusively derived
from the more advanced AML-4.10 (GFP*) clone (Fig. SE).
These results show that AML-iPSC-HSPCs model the relative
clonal fitness of the leukemia clones in the patients.
iPSC-HSPCs generated from preleukemic lines harboring
isolated SRSF2 P9SL mutations from patients AML-43 and
AML-44 showed no detectable engraftment, as expected (Sup-
plementary Fig. S3E; refs. 11, 28). AML-iPSC-HSPCs from
two different lines from patient AML-42 (AML-42.19 and
AML-42.28) did not show detectable engraftment (Supple-
mentary Fig. S3F). Interestingly, matched primary leukemia
cells from this patient did not engraft either (Supplementary
Fig. S3F). This is consistent with the well-documented varia-
bility in the engraftment ability of primary human leukemias
(29-31) and lends further support to the ability of the AML-
iPSC model to mimic the behavior of the patient-specific
leukemia. Finally, 5 AML-iPSC lines derived from 3 patients
(AML-20, AML-24, and AML-25) repeatedly failed to produce
CD45* hematopoietic cells (Supplementary Fig. S4A). Upon
hematopoietic differentiation, these lines produced KDR*
mesoderm and expressed CD34 and other endothelial mark-
ers, but failed to upregulate hematopoietic genes or markers
of endothelial-to-hematopoietic transition (Supplementary
Fig. S4B and S4C). These data are consistent with an early
developmental block at a stage prior to the specification of
the hematopoietic lineage, which prohibits the phenotypic
assessment of the hematopoiesis derived from these lines.

AML-iPSC-Derived Xenografts Recapitulate the
Cellular Architecture of Primary PDXs

The data presented so far here and our previous work
(10-12, 28) establish that human leukemia cells can be
reprogrammed to pluripotent stem cell lines and reproduce
leukemic phenotypic features when differentiated back to
hematopoietic cells. We have also previously shown that
AML-iPSC-HSPCs recapitulate a phenotypic hierarchy, with
cells with functional and genomic features of hematopoietic
stem cells (HSC)/multipotent progenitor cells (MPP) on the
apex, giving rise to more committed progenitors and mature
cells, mimicking a leukemia stem cell hierarchy (12). However,
how iPSC-derived leukemia cells compare to the primary
patient leukemia remains unknown.

To investigate this, we first selected 4 patients from which
we obtained AML-iPSCs—AML-4, AML-9, AML-32, and
AML-47 (based on sample availability)—and created PDXs in
NSGS mice. PDXs from all patients had very high levels of
engraftment and developed lethal leukemia (Supplementary
Fig. S5A and S5B). Comparison of immunophenotypic mark-
ers between human cells from these primary PDXs and the
patient-matched AML-iPSC-derived PDXs revealed largely
concordant immunophenotypes (Supplementary Fig. SSC).

(AML-32 was excluded from this analysis because of very low-
level engraftment of the AML-iPSC-derived cells; Fig. 4B-D.)
To further compare patient-specific iPSC-derived leuke-
mias with the matched primary AML before and after trans-
plantation, we performed single-cell transcriptome analyses
of patient-matched primary and iPSC-derived leukemia cells
ex vivo/in vitro or after transplantation and isolation from pri-
mary and matched iPSC-derived PDXs from 3 of the patients,
AML-4, AML-9, and AML-47 (Figs. 6A-G, and 7A-E; Sup-
plementary Figs. S6A-S6F and S7A-S7I). AML-iPSC-derived
cells engrafted into secondary recipients were also analyzed in
2 of the 3 patients (AML-9 and AML-47). Two time points—7
and 13 weeks following transplantation—were analyzed in
the case of AML-9 patient-derived iPSCs to evaluate potential
changes in cellular composition over time. AML-32 was again
excluded because engraftment of the AML-iPSC-derived cells
was too low to yield sufficient cells for these analyses. DNA
sequencing of cells isolated from PDXs from patient AML-4
determined that the vast majority of transplanted cells con-
tained the subclonal NRAS mutation (VAF: 0.45). Thus for a
more accurate comparison, we chose the AML-4.10 iPSC line,
harboring a KRAS mutation (and not the AML-4.24 line that
lacks a RAS mutation) as the comparator. In contrast, cells
isolated from PDXs from patient AML-9 lacked the subclonal
FLT3-ITD mutation of this patient and were thus compared
with the AML-9.9 line that also lacks FLT3-ITD mutation.
Each set of samples from each of the 3 patients was inte-
grated and visualized with uniform manifold approximation
and projection (UMAP). Clustering and manual assignment of
clusters to cell types based on marker gene expression (Supple-
mentary Table S4) revealed cells corresponding to HSC/MPPs,
hematopoietic progenitor cells (HPC), and more mature cells of
the myeloid lineage in all samples from all 3 patients at varying
frequencies (Figs. 6A-C and 7A and B; Supplementary Fig. S6A
and S6B). Identification of HSC/MPPs was further aided by
the use of an “HSC6 score,” derived from the expression of 6
genes (RUNXI, HOXA9, MLLT3, MECOM, HLF, and SPINK2),
recently identified as a signature that distinguishes HSCs from
HPCs throughout developmental stages of human hematopoie-
sis in a comprehensive single-cell transcriptome study of human
embryos (refs. 32; Figs. 6D and 7C; Supplementary Fig. S6C).
Additionally, we used an established leukemia stem cell score,
LSC17 (33). Overall cluster assignment was also informed by cell
cycle and pseudotime analyses of the single-cell transcriptome
data (Supplementary Fig. S7A-S7I). To facilitate comparisons
across samples, we derived two metaclusters, primitive HSPC
and mature myeloid, by merging the primitive (HSC/MPP and
HPCs) and mature (myeloid, monocytic, and myelomonocytic)
clusters, respectively (Figs. 6E and 7D; Supplementary Fig. S6D).
Leukemias derived through in vitro differentiation from
iPSC lines exhibited both similarities and differences in their
cellular composition and transcriptome, compared with the
patient-matched ex vivo leukemias (Figs. 6B, F, and G, and 7B
and E; Supplementary Figs. S6B and S6E, and S6F). However,
the same primary and iPSC-derived cells, after transplantation,
became strikingly more similar to each other (Figs. 6B, F, and
G, and 7B and E; Supplementary Figs. S6B and S6E, and S6F).
(The primary PDX sample from patient AML-47 did not pass
quality control and was thus excluded from these analyses.)
Integration and clustering of the single-cell RNA sequencing
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Figure 6. Single-cell RNA sequencing analyses of matched primary and iPSC-derived leukemia cells from patient AML-4 in vitro/ex vivo and after
transplantation. A, Schematic representation of the experimental design. The samples analyzed by single-cell RNA sequencing are: (1) AML-4-Primary:
peripheral blood mononuclear cells (PBMC) from AML patient AML-4; (2) AML-4-Primary-PDX: cells (sorted hCD45*) from a mouse xenograft of the
AML-4-Primary cells; (3) AML-4-iPSC-HSPCs: cells obtained following in vitro differentiation of the iPSC line AML-4.10, which was derived from the
AML-4-Primary cells; (4) AML-4-iPSC-PDX: cells (sorted hCD45*) from a mouse xenograft of the AML-4-iPSC-HSPCs. B, UMAP representation of
single-cell transcriptome data colored by cluster. Left: Integrated analysis of all AML-4 subsets. Right: Individual samples, as indicated. Clusters were
annotated using known lineage and stem cell marker genes found amongst the most differentially expressed genes in each cluster. HSC/MPP: hematopoi-
etic stem cell/multipotent progenitor; HPC: hematopoietic progenitor cell; MEP: megakaryocyte/erythroid progenitor; EryP: erythroid progenitor; LyP:
lymphoid progenitor; Myelomono: mature cells of myelomonocytic lineage; Mono: mature monocytic lineage cells. C, Dot plot showing the expression level
of selected marker genes in each cluster. Dot size represents the percentage of cells expressing the marker gene, while dot color represents the scaled
average expression of the gene across the various clusters (a negative value corresponds to expression level below the mean). D, HSC6 score based on
the expression of the 6 genes RUNX1, HOXA9, MLLT3, MECOM, HLF, and SPINK2 (top) and LSC17 score (bottom), projected onto the integrated analysis

UMAP from B. (continued on following page)

(scRNA-seq) data using orthogonal methods gave very similar
results, reinforcing that the high similarity between primary
and iPSC-derived leukemias after transplantation is not an
artifact of the data integration approach (Supplementary
Fig. S8A-S8C). In all 3 AML cases, leukemic cells derived in
vitro from iPSCs contained a high proportion of cells within
the primitive HSPC metacluster. This fraction decreased upon
transplantation, gradually, as a function of time, in primary
recipients sampled at different time points and in secondary
recipients (Figs. 6F and G, and 7A, B, and E; Supplementary

Fig. S6E and S6F). Conversely, the fraction of iPSC-derived
cells within the mature myeloid metacluster increased pro-
gressively upon primary and secondary transplantation (Figs.
6F and G, and 7A, B, and E; Supplementary Fig. S6E and S6F).
These results mimic the gradual loss of stemness upon serial
transplantation, well-documented in PDX models.

To further investigate the similarities and differences
between primary and iPSC-derived cells, we performed pseu-
dobulk differential gene-expression (DGE) analyses (Supple-
mentary Fig. S8D-S8F). Principal component analysis showed
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that primary and iPSC-derived cells are closer to each other
after transplantation than before transplantation (Supple-
mentary Fig. S8D). Comparison of primary to iPSC-derived
cells prior to transplantation revealed 4,779 differentially
expressed genes (DEGs), whereas this number dropped to
913 after transplantation (Supplementary Fig. S8E). To gain
further insights into the sources of these differences and simi-
larities, we performed DGE analysis specifically in the HSC/
MPP cluster, which comprises the leukemia-initiating cells.
These cells were essentially identical between primary and pri-
mary PDX samples (only 3 DEGs), and near-identical between
primary PDX and iPSC-PDX (only 17 DEG), although they
were more dissimilar between iPSC-PDX and iPSC-HSPCs
(95 DEGs) or between primary cells and iPSC-HSPCs (604
DEGs). These results are consistent with a model whereby
iPSCs give rise to a diverse repertoire of HSPC types in vitro
and transplantation selects for leukemia-initiating cells that
are transcriptionally very similar, if not indistinguishable, to
the leukemia-initiating cells of the primary leukemias.

These results collectively demonstrate that patient-specific
iPSC-derived myeloid leukemias recapitulate the cellular com-
position of the matched primary AML upon xenotransplanta-
tion, thus representing faithful models of human leukemias.

AML-iPSCs Provide Insights into the Contribution
of Specific Mutations to the AML Phenotype

Currently, our ability to link genotypes to phenotypes
of primary human AML is limited because no cell-surface
markers exist to separate clones and subclones. Methods to
combine the detection of mutations with transcriptomes or
other genomic readouts at the single-cell level are increasingly
improving, but the insights that can be derived from them
remain limited. We therefore exploited the ability to capture

distinct clones from the same patient in iPSC lines and thus
isolate the effects of specific mutations in isogenic condi-
tions, to interrogate the contribution of FLT3-ITD mutation
to the AML phenotype. To this end, we used CRISPR/Cas9-
mediated gene editing to introduce an FLT3-ITD mutation in
line AML-9.9. Line AML-9.9 was derived from patient AML-9,
who had an MLL-AF9 translocation and subclonal FLT3-ITD,
and contained the MLL-AF9 translocation only (Fig. 2; Sup-
plementary Table S2). We derived a CRISPR-edited iPSC line,
AML-9.9F, with a clonal heterozygous FLT3-ITD mutation,
which was differentiated and transplanted into NSGS mice.

Single-cell transcriptome analysis showed that the AML-
9.9F clone generated more primitive HSPCs and, conversely,
fewer mature myelomonocytic cells than the main clone
without the FLT3-ITD mutation (AML-9.9; Fig. 7A, B, and E).
Although the AML-9.9 line, representing the FLT3-WT clone,
contained 48% primitive HSPCs after 7 weeks and only 9%
primitive HSPCs at 13 weeks after transplant, the AML-9.9F
line, representing the FLT3-ITD mutant subclone, contained
44% primitive cells at 18 weeks after transplant. These results
suggest that the acquisition of an FLT3-ITD mutation skews
the hierarchical structure of the mutant subclone toward a
more primitive phenotype, which may account for the unfa-
vorable prognosis and frequent emergence during disease
relapse of FLT3-ITD mutations. More broadly, these experi-
ments demonstrate the value of AML-iPSC models to reveal
clonal and subclonal cellular hierarchies of AML.

DISCUSSION

Here we report the generation of a comprehensive panel
of patient-derived AML-iPSC lines by tailoring a reprogram-
ming protocol to genetically and clonally heterogeneous
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Figure 7. Single-cell RNA sequencing analyses of matched primary and iPSC-derived leukemia cells from patient AML-9 before and after xenotrans-
plantation. A, Schematic representation of the experimental design. The samples analyzed by single-cell RNA sequencing are: (1) AML-9-Primary: periph-
eral blood mononuclear cells (PBMCs) from AML patient AML-9; (2) AML-9-Primary-PDX: cells from a mouse xenograft of the AML-9-Primary cells;

(3) AML-9.9-iPSC-HSPCs: cells obtained following in vitro differentiation of the iPSC line AML-9.9, which was derived from the AML-9-Primary cells;

(4) AML-9.9-{PSC-PDX 7 weeks and AML-9.9-{PSC-PDX 13 weeks: cells recovered from mouse xenografts of the AML-9.9-iPSC-HSPCs 7 and 13 weeks
post transplant, respectively; (5) AML-9.9-iPSC-PDX-Secondary: cells obtained after serial transplantation of the AML-9-iPSC-PDX cells into second-
ary recipient mice; (6) AML-9.9F-iPSC-PDX: cells from a mouse xenograft of iPSC-HSPCs from the AML-9.9F line (see text for details). (The number of
weeks post transplantation when the cells were recovered is indicated in parentheses next to the sample name.) B, UMAP representation of single-cell
transcriptome data colored by cluster. Integrated analysis of all AML-9 datasets and the indicated individual samples are shown. Clusters were anno-
tated using known lineage and stem cell marker genes found amongst the most differentially expressed genes in each cluster. HSC/MPP: hematopoietic
stem cell/multipotent progenitor; HPC: hematopoietic progenitor cell; MEP: megakaryocyte/erythroid progenitor; LyP: lymphoid progenitor; My: mature
myeloid lineage cells; Mono: mature monocytic lineage cells. C, HSC6 score based on the expression of the 6 genes RUNX1, HOXA9, MLLT3, MECOM, HLF,
and SPINK2 (top) and LSC17 score (bottom), projected onto the integrated analysis UMAP from B. D, UMAP plot from B colored by metacluster. E, Bar
plots showing the proportion of cells in each metacluster for each sample.
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malignant cells. Our panel comprises iPSC models of all
major genetic classes of human AML, including NPM1-
mutated (approximately 30% of all AML); t(15;17) - PML-
RARA (approximately 13% of all AML); splicing factor-mutated
(approximately 13% of all AML); TPS53/aneuploidy
(approximately 10% of all AML); ¢(8;21) - AML1-ETO (approx-
imately 7% of all AML); MLL-rearranged (approximately 4% of
AML) and others. These provide new human genetic models
of AML that can empower in vitro and in vivo functional
studies into leukemia biology, as well as preclinical studies.

Human AMLs have characteristically very simple genomes,
compared with most adult solid tumors, harboring only 2 to §
genetic driver genetic lesions (8, 24). This has led to speculation
that nongenetic lesions, such as heritable epigenetic lesions, or
noncell autonomous factors, such as insults from the micro-
environment, may also serve as drivers and contribute to the
disease. Reprogramming to pluripotency erases any epigenetic
marks of the starting cell and, as we show here, single leukemic
cells reestablish the phenotypic and transcriptomic features
of the original leukemia after reprogramming and differentia-
tion back to hematopoietic cells. These results argue that, at
least in many cases, the leukemia genome is largely sufficient
to reproduce the leukemia epigenome and cellular phenotype.
Additionally, the observation that the growth advantage of the
more evolved subclone was recapitulated in cases where iPSCs
from AML clones and subclones were available (Fig. SD and E)
argues that this advantage is largely cell autonomous.

Although the derivation of cellular models is the primary
and most valuable output of reprogramming human AML
samples, the reprogramming process per se allows the clonal
deconvolution of the genetic composition of a given leukemia
sample, much as was hitherto possible only by single-cell
plating and assessment of colonies grown in methylcellu-
lose media (34). Single-cell DNA sequencing approaches are
increasingly informing the clonal architecture of AML, but
the sensitivity of detection of different mutations remains
highly variable (35). Although reprogramming to inform
clonal relationships is neither a practical nor scalable
approach to be useful in clinical practice, it could be of use to
elucidate unclear cases of mutational order and comutation
for research applications or even to aid minimal residual dis-
ease monitoring by NGS approaches in select cases.

Our results show that preleukemic clones—harboring iso-
lated initiating preleukemic mutations—were more rarely cap-
tured, compared with fully leukemic clones, with the exception
of NPM1-mutant cases (in which NPM1 mutations prevent
reprogramming of the leukemic clone). This possibly reflects
the rarity of preleukemic cells, compared with the fully evolved
AML cells, in the blood or BM of patients with full-blown
AML. At the same time, subclonal mutations were also less
likely to be captured than clonal mutations, again likely reflect-
ing the underrepresentation of the subclones, compared with
the major clones, in the starting cells. In 11 of the 15 cases, only
one leukemic or preleukemic clone per patient was captured,
underscoring the complementarity of reprogramming with
gene editing to add or correct specific mutations, in order to
more comprehensively model clonal evolution (28, 36).

A subset of lines from 3 patients (AML-20, AML-24,
and AML-25) presented a differentiation block prior to
the specification of the hematopoietic lineage, akin to the

embryonically lethal phenotype observed in some GEMMs
with constitutive genetic lesions. Two distinct but geno-
typically identical lines from patients AML-24 (AML-24.14
and AML-24.15) and AML-25 (AML-25-14 and AML-25.16)
showed identical phenotypes (Supplementary Fig. S4; Sup-
plementary Table S3), arguing against spurious line-to-line
variation as a potential source of this differentiation defect.
Although underlying genetic lesions are the likely culprits,
these are hard to pinpoint, as there appear to be no shared
genetic lesions among the lines of these 3 patients. iPSCs
from patient AML-24 had a complex karyotype and patient
AML-25 likely harbored additional undetected mutations or
larger-scale lesions, in addition to the characterized subclonal
FLT3 and NRAS mutations.

Distinct but genetically identical lines derived from the
same patients (AML-24, AML-25, and AML-42; Supplemen-
tary Table S3) showed identical phenotypes, in agreement
with our previous observations (10-12, 28, 36-38). This con-
sistent observation effectively eliminates random line-to-line
variation as a discernible source of phenotypic differences in
our study. AML-iPSC-HSPCs from different lines showed var-
iable engraftment ability into immunodeficient mice, which,
importantly, tracked with patient of origin. Even though
lines from more advanced clones showed a relative advan-
tage compared with the more ancestral ones, lines derived
from the same patient exhibited comparable overall engraft-
ment ability. Engraftment and survival of transplanted mice
were also comparable between primary and iPSC-derived cells
(Supplementary Fig. SSA and S5B). All MLLr lines generated
from two patients showed high-level engraftment, as well as
exceptionally high proliferation ability and clonogenic capac-
ity ex vivo (Figs. 4 and 5A-C), mirroring the well-documented
unusually high self-renewal capacity of this AML type in
patients and other research models (39). Leukemia cells from
lines derived from patient AML-42, whose primary leukemia
was nonengraftable, also lacked engraftment ability them-
selves. In the case of AML-47, engraftment was slightly lower
with iPSC-derived than with primary cells, but the primary
xenografts survived longer than the iPSC-derived (Supple-
mentary Fig. S5A and SSB), indicating that these differences
are likely spurious. (It should also be noted that the endpoint
for engraftment assessment was not fixed, but determined
by the time of overt disease, and that the cohort size of the
mice included in these analyses was limited by the number
of primary cells.) Collectively, these observations support
the ability of AML-iPSCs to accurately reproduce and model
behaviors of primary human leukemia cells.

Although some differences revealed in our scRNA-seq
analyses between the primary nontransplanted AML and the
iPSC-derived cells could be due to comparison of a genetically
heterogeneous primary AML sample to a clonal iPSC line, our
DGE analyses suggest that a more likely source of these dif-
ferences is the heterogeneity of the types of HSPCs generated
in vitro from iPSCs through current directed differentiation
protocols. Most of these differences are eliminated follow-
ing the selection of a more rare subset of leukemia-initiating
stem/progenitor cells that are transcriptionally very simi-
lar, if not identical, to the primary leukemia-initiating cells
upon transplantation (Supplementary Fig. S8F). Both pri-
mary and iPSC-derived leukemia cells underwent maturation
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upon xenotransplantation in a time-dependent manner. This
gradual maturation has been well documented in primary
AML xenografts and is again mirrored by our iPSC models.

Differences in cellular composition and immunophenotype
of human AML have long been recognized and reflected in
classification systems used in the past, such as the French-
American-British (FAB) classification. More recent studies
have reinforced these diverse immunophenotypic features and
correlated them with clinical outcomes, such as prognosis,
patient survival, and responses to targeted treatments. A recent
study, using computational approaches for the deconvolution
of the cellular architecture from bulk transcriptomes of a large
number of human AML, identified differences along a primi-
tive-to-mature cell axis as a dominant prognostic factor (40).
This and other recent studies also correlated certain muta-
tions with differentiation state and hierarchy (35, 41). Spe-
cifically, RAS mutations were correlated with a more mature
phenotype, whereas FLT3-ITD mutations were associated with
a more primitive hierarchy (41-43). Although previous data
from AML patient samples revealed these associations, they are
correlative and noisy, due to significant heterogeneity inherent
in these samples. In contrast, here we were able to exploit the
strictly clonal and isogenic conditions afforded by our models
to more unambiguously establish a causative link between the
presence of FLT3-ITD and a more primitive AML phenotype,
at least in one AML case. Thus, our data lend strong support to
the observations in patients of a connection between subclonal
mutations and leukemia maturation stage.

We observed a high overlap between the LSC17 and HSC6
scores, as both were high primarily in the HSC/MPP, MEP-
like, and some HPC clusters (Figs. 6D and 7C; Supplementary
Fig. S6C). Interestingly, in the case of AML-9, which is an
MLLr AML, the cells with the highest LSC17 score were not
the HSC/MPP (Fig. 7C), as in the two other patients (Fig. 6D;
Supplementary Fig. S6C), but cells within an HPC cluster
(HPC-2). This might reflect previous evidence of an origin of
the leukemia-initiating cells in MLLr AML from committed
myeloid progenitors rather than HSC/MPPs (44).

The ability to derive engraftable HSCs from hPSCs remains
a highly desirable but still unattainable goal in the stem cell
research and regenerative medicine fields, which, if realized,
would revolutionize stem cell therapies. So far, AML-iPSCs are
the only hPSCs able to support engraftable hematopoiesis of in
vitro differentiated HSPCs lacking any transgenes. This remark-
able property may inform not only the biology of human AML
but also efforts to derive normal engraftable hematopoiesis
from hPSC sources in the future. Our findings, showing that
the mouse repopulation assay selects for iPSC-derived cells
essentially identical to the primary repopulating cells—at least
in an AML background—validate xenotransplantation as a
relevant assay to aid these efforts toward protocols to generate
engraftable iPSC-derived normal hematopoietic cells.

In summary, we have generated a diverse panel of AML-iPSCs
and associated transcriptome data, as a valuable resource for
the stem cell, leukemia, and cancer communities. Additionally,
the results presented here demonstrate that xenotransplanta-
tion selects for effectively identical cells between primary and
AML-iPSC-derived leukemia cells. Thus, iPSC reprogramming
can faithfully and comprehensively model human AML and
xenotransplantation of AML-iPSC-derived cells is essential to

this end. The results presented here can pave the way toward
the iPSC modeling of other human cancers.

METHODS

Generation of AML-iPSCs Through Patient Cell
Reprogramming

Peripheral blood mononuclear cells (PBMC) or bone marrow mono-
nuclear cells (BMMC) from AML patients were obtained with writ-
ten informed consent under protocols approved by local Institutional
Review Boards at the Icahn School of Medicine at Mount Sinai and
Memorial Sloan Kettering Cancer Center. All studies were conducted
in accordance with Declaration of Helsinki ethical guidelines. Cryopre-
served PBMCs or BMMCs were thawed and cultured in X-VIVO 15 media
with 1% nonessential amino acids (NEAA), 1 mmol/L L-glutamine,
and 0.1 mmol/L B-mercaptoethanol (2ME) and supplemented with
100 ng/mL stem cell factor (SCF), 100 ng/mL Flt3 ligand (Flt3L),
100 ng/mL thrombopoietin (TPO), and 20 ng/mL IL3 for 1 to 4 days.

For induction of reprogramming, 10,000 to 300,000 cells were
transduced with the excisable OKMS CMV-fSV2A lentiviral vector
(37) or the viral cocktail CytoTune-iPS 2.0 Sendai reprogramming
kit (Invitrogen), containing KLF4, OCT4, and SOX2 (KOS) virus, the
c-MYC virus and the KLF4 virus. Twenty-four hours later, the cells
were harvested and plated on mitotically inactivated MEFs in 6-well
plates and the plates were centrifuged at 500 x g for 30 minutes at RT.
The next day and every day thereof, half of the medium was changed
to the hESC medium with 0.5 mmol/L valproic acid (VPA). Colonies
with hPSC morphology were manually picked and expanded.

Mutational Analysis

An aliquot of the cells before culture was used for gene panel
sequencing with a custom capture bait set including the coding
regions of 163 myeloid malignancy genes and 1,118 genome-wide sin-
gle-nucleotide polymorphism (SNP) probes for copy-number analysis,
with on average one SNP probe every 3 Mb. Samples were sequenced
with pair-end Illumina Hi-Seq at a median coverage of 600x per sample
(range, 127-2,480x). Variants with VAF <2%, less than 20 total reads, or
less than 5 mutant supporting reads, were excluded. After prefiltering
of artifactual variants, likely germline SNPs were filtered out by consid-
ering the VAF density of variants, their presence in the Genome Aggre-
gation Database (gnomAD), their annotation in the human variation
database ClinVar and their recurrence in a panel of normal samples.
From the list of likely somatic variants, putative oncogenic variants
were distinguished from variants of unknown significance based on
the mutational consequence and their recurrence in various databases
of somatic mutations in cancer. The HeatmapAnnotation function of
the “ComplexHeatmap” package was used to generate the oncoplots.
iPSC colonies were genotyped by targeted PCR with primers listed in
Supplementary Table S5 and Sanger sequencing.

Human iPSC Culture, Hematopoietic Differentiation,
and In Vitro Phenotypic Characterization

Culture of human iPSCs on mitotically inactivated MEFs was per-
formed as previously described (36). Hematopoietic differentiation
was performed using a spin-EB protocol previously described (36). In
the end of the differentiation culture, the cells were collected and dis-
sociated with accutase into single cells and used for flow cytometry,
cyrological analyses, or clonogenic assays.

Cytological Analyses

Approximately 200,000 cells from liquid hematopoietic differen-
tiation cultures were washed twice with PBS containing 2% FBS and
resuspended in PBS. Cytospins were prepared on slides using a Shan-
don CytoSpin III cytocentrifuge (Thermo Electron Corporation).
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Slides were then air-dried for 30 minutes and stained with the Hema
3 staining kit (Fisher Scientific Company LLC). The slides were read
on a Nikon Eclipse Ci microscope and digital images were taken with
a Nikon DS-Ri2 camera and NIS-Elements D4.40.00 software.

Clonogenic Assays

For methylcellulose assays, the cells were resuspended in StemPro-34
SFM medium at a concentration of 3 x 10*/mL. Cell suspension (500 uL)
was mixed with 2.5 mL MethoCult GF+ (H4435, Stem Cell Technolo-
gies) and 1 mL was plated in duplicate 35-mm dishes. Colonies were
scored after 14 days and averaged between the duplicate dishes.

Transplantation into NSG and NSGS Mice

NSG (NOD.Cg-Prkdc<1i2rg™%/Sz]) and NSGS (NOD.Cg-Prkdc=id
12rg™!WilTg(CMV-IL3,CSF2,KITLG)1Eav/MloySz]) mice were pur-
chased from Jackson Laboratories and housed at the Center for
Comparative Medicine and Surgery at Icahn School of Medicine at
Mount Sinai. One day before transplantation, the mice were injected
intraperitoneally with 30 mg/kg busulfan solution. Primary leuke-
mia patient cells or AML-iPSC-derived hematopoietic cells from days
11 to 16 of hematopoietic differentiation were resuspended in Stem-
Pro-34 and injected via the tail vein using a 25-G needle at 1 x 10°
cells per mouse in 100 pL. The mice were sacrificed when they showed
signs of illness or at 22 weeks, if no signs of illness. BM was collected
from the femurs and tibia. Total blood was collected by cardiac
puncture, and spleens were harvested and their weight recorded. BM,
blood, and spleen cells were hemolyzed with ACK lysing buffer and
stained with anti-mCD4S5, anti-hCD4S5, anti-hCD33, anti-hCD19,
anti-hCD34, and anti-hCD38. All mouse studies were performed
in compliance with Icahn School of Medicine at Mount Sinai labo-
ratory animal care regulations and approved by an Institutional
Animal Care and Use Committee (IACUC). Secondary transplants
were performed by the tail-vein injection of 1 x 10° fresh MACS- or
FACS-sorted hCD45* cells isolated from the BM of primary recipient
mice in busulfan-treated NSGS mouse recipients.

Flow Cytometry and Cell Sorting

The following antibodies were used: CD34-PE (clone 563, BD
Pharmingen), CD45-APC (clone HI30, BD PharMingen), CD33-
BV421 (clone WMS53, BD Horizon), mCD45-PE-Cy7 (clone 30-F11,
BD Biosciences), CD19-PE (clone HIB19, BD Pharmingen), CD38-
PE-CF594 (clone HIT2, BD Horizon), CD15-BV78S (clone W6D3,
BioLegend), CD14-APC (clone MSE2, BD Horizon), and CD44-APC.
Cell viability was assessed with DAPI (Life Technologies). Cells were
assayed on a BD Fortessa and data were analyzed with FlowJo soft-
ware (Tree Star). Cell sorting was performed on a BD FACSAria II.

gRT-PCR

RNA was isolated with TRIzol (Life Technologies). Reverse transcrip-
tion was performed with Superscript III (Life Technologies) and qPCR
was performed with the SsoFast EvaGreen Supermix (Bio-Rad) using
primers listed in Supplementary Table S6. Reactions were performed in
triplicate in a 7500 Fast Real-Time PCR System (Applied Biosystems).

CRISPR/Cas9-Mediated Gene Editing to Introduce
FLT3-ITD Mutation

We used CRISPR/Cas9-mediated homology-directed repair to
introduce the FLT3-ITD mutation in the AML-9.9 line, as previously
described (28). Briefly, a gRNA targeting the FLT3 locus was designed
and cloned under the U6 promoter in a plasmid also expressing Cas9
linked to mCitrine by a P2A driven by the CMV promoter. A donor
template containing a 5' homology arm (923 bp), the ITD sequence
(102 bp), and a 3' homology arm (714 bp), consisting, respectively,
of nucleotides 28,608,318-28,609,240, 28,608,216-28,608,317 and

28,607,604-28,608,317 (hg19 human genome assembly), was assembled
and cloned in a plasmid. The AML-9.9 iPSC line was nucleofected with 5
ug of the gRNA/Cas9 plasmid and 10 pg of the donor plasmid. mCitrine*
cells were FACS-sorted 48 hours after transfection and plated as single
cells at clonal density. After 7 to 10 days, single colonies were picked and
screened by PCR with primers F: CACTCTTTTGTTGCAGGCCC and R:
CGGCAACCTGGATTGAGACT. Monoallelically targeted clones were
selected, and the PCR products were cloned into the PCR-4 TOPO TA
vector (Invitrogen) and sequenced. Clones with one FLT3-ITD allele and
one WT intact allele without indels were selected.

scRNA-seq

Single-cell RNA-sequencing was performed with the Chromium
10x Genomics 3’ protocol (v3.0) on cryopreserved primary AML
patient PBMCs, iPSC-HSPCs from day 11 (AML-9.9 and AML-47.1)
or day 17 (AML-4.10) of differentiation and hCD45" cells from pri-
mary and iPSC-derived xenografts sorted using Magnetic Activated
Cell Sorting (MACS, Miltenyi Biotech Inc.).

scRNA-seq Data Quality Control and Preprocessing

Sequenced fastq files were aligned, filtered, barcoded, and unique
molecular identifiers (UMI) counted using Cell Ranger Chromium
Single-Cell RNA-seq version 6.1.0, by 10X Genomics with Cell
Ranger, GRCh38 database (version 2020-A) as the human genome
reference. Each data set was filtered to retain cells with >1,000
UMIs, >400 genes expressed, and <25% of the reads mapping to the
mitochondrial genome. UMI counts were then normalized so that
each cell had a total of 10,000 UMIs across all genes and these nor-
malized counts were log-transformed with a pseudocount of 1 using
the “LogNormalize” function in the Seurat package. The top 2,000
most highly variable genes were identified using the “vst” selection
method of “FindVariableFeatures” function and counts were scaled
using the “ScaleData” function. Data sets were processed using the
Seurat package (version 4.0.3; ref. 45).

scRNA-seq Data Dimensionality Reduction and Integration

Principal component analysis was performed using the top 2,000
highly variable features (“RunPCA” function), and the top 30 prin-
cipal components were used in the downstream analysis. Diffusion
maps were generated as implemented in the destiny (version 3.4.0)
R package (46) with default parameters and using 10,000 subsam-
pled cells from each integrated data set. Data sets for each patient
were integrated separately by using the “RunHarmony” function
in the harmony package (version 0.1.0). K-Nearest eighbor graphs
were obtained by using the “FindNeighbors” function, whereas the
UMAPs were obtained by the “RunUMAP” function (47). The Lou-
vain algorithm was used to cluster cells based on expression similar-
ity. The resolution was set at 0.4 for the AML-4 integrated data set,
and at 0.2 for AML-9 and AML-47 data sets for optimal clustering.
Cell density estimations were performed using the stat_density_2d
function of the ggplot2 (version 3.3.5) package.

Additionally, AML-4 data sets were also integrated with the Seurat
R package. Individual sample data sets were normalized using the
SCTransform normalization method. Standard Seurat integration
workflow was followed with the identification of integration features
with SelectIntegrationFeatures function where nfeatures was set to
3,000. The selected integration features were used with the Prep-
SCTIntegration and FindIntegrationAnchors methods to identify
the integration anchors with canonical correlation analysis. These
anchors were used to integrate the data with IntegrateData function
using the SCT normalization method.

scRNA-seq Data Cell Type Annotation

Differential markers for each cluster were identified using the Wilcox
test (“FindAllMarkers” function) with adjusted P < 0.05 and absolute
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log, fold change >0.25. The top upregulated genes and curated genes
from the literature were used to assign cell types to the clusters. Meta-
clusters were obtained by merging the manually annotated cell types
into groups. The HSC6, LSC17, and cell-cycle score were generated using
the “AddModuleScore” function from the Seurat package (version 4.0.3).

scRNA-seq Data Pseudotime Analysis

Pseudotime was computed on the diffusion map space as described
(48). Diffusion pseudotime was implemented using the “DPT” func-
tion from the destiny (version 3.4.0) R package and using the HSC/
MPP cell cluster of each patient data set as the root of the trajectories.

Chord Diagram Representation

A chord diagram was generated by merging the metadata between
the Harmony-integrated samples and the Seurat-integrated samples,
generating an adjacency matrix between the corresponding cell anno-
tations, and utilizing the chordDiagram function from the circlize
(version 0.4.13) R package to plot the matrix.

Pseudobulk Analysis

We identified DEGs using the muscat algorithm (ref. 49; version
1.4.0) with default parameters. Briefly, we first sum-collapsed the
data, summing UMIs across cells for each patient and sample, to
produce a bulk RNA-seq-style UMI profile for each sample. Aggregate
raw counts for each gene and each biological sample were generated
using the aggregateData function of the muscat package (v.1.2.1).
The resulting matrix was used as input for DGE analysis with
DESeq2 (v1.28.1) R package (50).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism soft-
ware. Pairwise comparisons between different groups were performed
using a two-sided unpaired unequal variance ¢ test. For all analyses,
P < 0.05 was considered statistically significant. Investigators were
not blinded to the different groups.

Data and Code Availability

Raw scRNA-seq data have been deposited in GEO with the acces-
sion number GSE210889.
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