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Abstract

Reprogramming of cells from patients with genetic disorders to pluripotency is a promising
avenue to understanding disease biology. A number of induced pluripotent stem cell (iPSC)
models of inherited monogenic blood disorders have been reported over the past decade.
However, the application of iPSCs for modeling of hematological malignancies has only recently
been explored. Blood malignancies comprise a spectrum of genetically heterogeneous disorders
marked by the acquisition of somatic mutations and chromosomal aberrations. This genetic
heterogeneity presents unique challenges for iPSC modeling, but also opportunities to capture
genetically distinct states and generate models of stepwise progression from normal to malignant
hematopoiesis. Here we briefly review the current state of this field, highlighting current models
of acquired pre-malignant and malignant blood disorders and clonal evolution, and challenges
including barriers to reprogramming and differentiation of iPSCs into bona fide hematopoietic
stem cells.
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1. iPSC models of human disease

Disease models are necessary in order to dissect the biological steps that go awry and to
find ways to ameliorate them. Mouse models remain the gold standard in cancer biology.
However there is an increasing appreciation for the need for human cell models. Human
and mouse hematopoietic stem cells (HSCs) and leukemia-initiating cells are biologically
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distinct (Doulatov et al., 2012; Eppert et al., 2011). Malignant transformation of normal
HSCs typically occurs over many years and involves a temporally ordered acquisition of
genetic lesions, which is difficult to recapitulate in model organisms. Cancer-derived cell
lines have been extensively used; however these lines are adapted for in vitro growth and
harbor numerous genetic and cytogenetic abnormalities. Primary human cells are an ideal
source for in vitro and in vivo xenograft studies. However, the availability of primary
cells is limiting, especially in rare and pre-neoplastic disorders. Most pre-malignant (e.g.
myelodysplastic syndrome, MDS) and leukemic cells cannot be readily cultured in vitro,
have a high degree of genetic heterogeneity, and limited capacity for clonal expansion,
which presents a barrier for genetic manipulation, gene editing, and functional studies.
Thus, there is a significant need for scalable genetically accurate models of benign and
malignant hematological disorders. A growing number of iPSC models of hematological
disease have been reported, including inherited bone marrow failure (BMF) and acquired
malignancies.Fig. 1.

iPSCs can be generated from patient blood samples or skin biopsies by reprogramming with
the Yamanaka factors OCT4, SOX2, KLF4, and MYC (Takahashi et al., 2007; Takahashi
and Yamanaka, 2006). iPSCs retain the genome of the somatic cell and all of its genetic
lesions, but not its epigenome, which is extensively reorganized during reprogramming.
Current methods based on episomal vectors, Sendai virus, or RNA reprogramming are non-
integrating and achieve high efficiencies (Schlaeger et al., 2015), except when disease genes
interfere with the reprogramming process, for instance in Fanconi anemia (Muller et al.,
2012). Comprehensive genomic analysis suggests that iPSCs are completely reprogrammed
and, at least for disease modeling purposes, they can be considered essentially equivalent to
embryonic stem cells (ESCs) (Choi et al., 2015). iPSCs can be stably maintained in culture
over time, and protocols have been established to differentiate them into all major somatic
cell types. These protocols strive to reproduce the developmental cues during embryogenesis
following the normal developmental sequence from gastrulation to the desired cell type.
Protocols for blood differentiation of iPSCs generate hematopoietic stem and progenitor
cells (HSPCs) marked by CD34* and CD45*, and most blood cell lineages, including
myeloid, erythroid, and lymphoid (Ditadi et al., 2017). iPSCs can be clonally expanded

and gene edited to generate isogenic control lines, which enables functional studies in a
defined genetic background. These features make iPSCs an attractive alternative for cell
therapy. However, technical challenges have prevented a wider adoption. Differentiation

of patient iPSCs to HSPCs is laborious, costly, and the efficiency is variable depending

on patient genotype. Additionally, iPSC-derived HSPCs have a limited expansion capacity,
recapitulate fetal instead of adult hematopoiesis, and robust generation of bona fide HSCs
for autologous bone marrow transplantation has remained a long-standing challenge (Vo and
Daley, 2015). Recent advances have improved our understanding of blood development and
used transcription factors to induce HSC properties for disease modeling and drug screening
(Fig. 1) (Doulatov et al., 2013; Sugimura et al., 2017). This review will examine the
considerations and biological insights from iPSC models, in particular for clonal evolution
in complex acquired disorders, such as myeloproliferative neoplasms (MPN), MDS and
acute myeloid leukemia (AML).
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2. Hematopoietic differentiation of iPSCs

Blood development involves spatially and temporally distinct waves, which must be
recapitulated during differentiation of pluripotent cells. In the mouse embryo, the first
waves of blood cells arise at 7.5 days post-conception (dpc) in the extra-embryonic yolk
sac vasculature. These early waves produce primitive and erythro-myeloid progenitors
(EMPs) with lineage-restricted potential (Palis and Yoder, 2001). A distinct wave of
“definitive” progenitors and pre-HSCs arises in the dorsal aorta and arteries of the
developing conceptus around 9.5 dpc, with the first transplantable HSCs arising at 10.5 dpc
(Ilvanovs et al., 2011; Medvinsky and Dzierzak, 1996). Broadly speaking, the goal of iPSC
differentiation is to recapitulate the later definitive wave of hematopoiesis that specifies
HSCs. Although existing differentiation protocols recapitulate both primitive and definitive
waves of specification, they give rise to progenitors with fetal properties (for instance,
HbF-expressing erythroid cells) and no transplantable HSCs (e.g. Vo and Daley, 2015).

The most salient reason is that our understanding of early hematopoietic development
remains incomplete (Dzierzak and Bigas, 2018; Dzierzak and Speck, 2008). HSPCs arise
from specialized hemogenic endothelial (HE) precursors. This endothelial-to-hematopoietic
transition (EHT) is critically dependent on Notch signaling (Robert-Moreno et al., 2008)
and requires induction of blood-specific transcription factors RUNX1, GATA2, GFI1,
ETV6, among others. Detailed protocols established by the Keller group and others specify
definitive HE precursors by BMP4 and Whnt, followed by Notch-dependent EHT (Ditadi et
al., 2015; Kennedy et al., 2012; Sturgeon et al., 2014). During EHT, specification of HSCs,
as opposed to lineage-restricted progenitors, is closely dependent on activation of the medial
HOXA genes: HOXAS5, HOXA?7, and HOXAS9 (Dou et al., 2016), which in turn is regulated
by the Trithorax complex (MLL) and Polycomb repressive complex (PRC1 and PRC2) (Jude
etal., 2007; Lee et al., 2006). HOXA dependence appears to be a unique property of human
HSCs; by contrast, mouse HSCs are HOXB-dependent (HOXB4 and HOXB5) and can be
efficiency specified from ESCs by ectopic HOXB4 expression (Kyba et al., 2002; Wang

et al., 2005). Medial HOXA genes are inactive in human iPSC-HSPCs and conditions to
activate them remain a focus of intense study (Dou et al., 2016; Ng et al., 2016; Wang et al.,
2005).

Several groups have previously explored activation of the HOXA genes to specify
multipotential HSPCs from iPSCs by: 1) expression of HOXAQ and other factors in
already specified iPSC-HSPCs (Doulatov et al., 2013), 2) induction of HOXAS5 and HOXA9
during EHT (Sugimura et al., 2017), and 3) suppression of EZH1 (Mo et al., 2018). The
first approach does not enable complete re-activation of HSC potential, but generates
expandable multipotential HSPCs (CD34-5F), a useful system for disease modeling and
drug screens. HOXA5 and HOXA9 induction during EHT gives rise to HSPCs with
increased repopulation potential, although this approach is technically more challenging
since the timing of expression during EHT is important. Lastly, inactivation of PRC2
component EZH1 reactivates lymphoid potential from iPSCs, and EZH1 deletion drives
precocious HSC formation in mice (Mo et al., 2018). Heterozygous loss of EZH1 confers
increased HSC potential compared with loss of both alleles suggesting that fine-tuning of
PRC2 activity may be required to reactivate HSC gene expression.
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Taken together, these studies highlight the importance of HOXA expression for specifying
HSCs from iPSCs and present novel strategies for disease modeling studies. Current
protocols use embryoid body or stromal co-culture differentiation of iPSCs to CD34*CD45*
HSPCs, followed by conditional expression of HSC transcription factors. Further
refinements would enable activation of HOXA in CD34*CD43~ HE, or replacing ectopic
HOXA delivery with selective inactivation of EZH1. These would create a technically
simplified and robust protocol to use iPSCs for disease modeling studies in the near

term. The ultimate goal is to replace transgenes with morphogens to instruct definitive

HSC potential during iPSC differentiation paving the way for their use in bone marrow
transplantation and cell replacement therapies.

3. The spectrum of myeloid malignancies

To date, iPSCs have been most extensively used to model inherited bone marrow failure
(BMF) disorders. BMF are monogenic disorders in which the differentiation of one or more
blood lineages is severely curtailed (Dokal and Vulliamy, 2010). The advantages of using
iPSCs for modeling BMF is that these disorders are rare and primary patient cells are
limiting; the monogenic origin simplifies generation of iPSCs from available patient cells
(such as skin biopsy) as well as gene editing for isogenic controls; and in many cases the
mouse models, if available, only partially capture the relevant molecular phenotypes. iPSC
models of BMF that have been created include: Fanconi Anemia, Congenital Neutropenia,
Familial Platelet Disorder, and Diamond-Blackfan Anemia, among others (Connelly et al.,
2014; Dannenmann et al., 2019; Garcon et al., 2013; Jung et al., 2018; Liu et al., 2014;
Sakurai et al., 2014). By contrast, the use of iPSCs for modeling myeloid malignancies

has only been reported more recently and presents additional challenges, notably genetic
and epigenetic heterogeneity, barriers to reprogramming, context of the aging adult HSCs
and pro-inflammatory microenvironment, and re-establishment of premalignant or malignant
state upon differentiation (Papapetrou, 2016).

Myeloid malignancies including myeloproliferative neoplasms (MPN), myelodysplastic
syndromes (MDS), and acute myeloid leukemias (AML) comprise a spectrum of clonal
disorders marked by accumulation of genetic alterations that confer aberrant HSC self-
renewal and differentiation (Cai and Levine, 2019; Sperling et al., 2017). Myeloid
neoplasms are driven by recurrent somatic mutations and cytogenetic alterations involving
splicing, epigenetic regulation, signaling, transcription factors, and DNA damage response
genes (Papaemmanuil et al., 2013; Sperling et al., 2017; Welch et al., 2012). Individual
patients typically harbor multiple driver mutations which are acquired in a specific order
during disease evolution. Several studies have highlighted the importance of the order of
mutation acquisition and the temporal sequence of events (Ortmann et al., 2015) but this
remains poorly understood. Development of malignancy is preceded by an extended period
of premalignant clonal evolution termed age-related clonal hematopoiesis (CH), in which a
driver mutation in an HSC confers a fitness advantage leading to clonal expansion (Sperling
etal., 2017; Steensma et al., 2015). Sequencing of AML patient and control blood samples
has shown the presence of CH years before diagnosis (Desai et al., 2018; Shlush et al.,
2014). While CH is associated with an increased risk of malignancy, most individuals with
CH do not develop overt malignancy. It is thus critical to develop genetically accurate
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models of disease that inform the mechanisms of progression from CH or preleukemia to
MDS/MPN/AML.

Genetically engineered mouse models and, more recently, human xenotransplant models
have been the gold standard in studying myeloid malignancies (Morotti et al., 2017;
Mullally et al., 2012; Thomas and Majeti, 2017). For human cell models, primary

patient HSPCs generally expand poorly in vitro, and at least for MDS and preleukemia,
poorly engraft immunodeficient mice, despite advancements in the development of
humanized mouse strains (Song et al., 2019). iPSC models provide a genetically

relevant context, as compared to artificial gene overexpression, in which to study how
combinations of mutations and chromosomal aberrations promote leukemic transformation.
Premalignant subclones can be captured by reprogramming to create models of disease
progression. In addition, gene editing can be used to introduce combinations of mutations
into iPSCs followed by HSPC differentiation. Despite the challenges outlined above,

the reprogramming approach enables functional studies of leukemia-associated genetic
abnormalities in a genetically accurate context.

4. Malignant cell epigenetic state

The epigenome of the somatic cell is largely erased during reprogramming. Thus, one
important question is whether the malignant cell epigenome is re-established during
differentiation. The classical experiments with somatic cell nuclear transfer (SCNT) by
John Gurdon in the early 1960s were the first to demonstrate that the oocyte can

reprogram a mature differentiated cell into a pluripotent state. However, it remained unclear
if the epigenome of a cancer cell could also be reprogrammed to pluripotency and re-
established during differentiation. The classical study demonstrating this was carried out by
Hochedlinger and Jaenisch who performed SCNT with murine cancer cell lines and primary
tumors, including p53-null lymphoma, moloney murine leukemia virus-induced leukemia,
PML-RAR leukemia, and a hypomethylated Chip/c lymphoma (Hochedlinger et al., 2004).
All of the reprogrammed cancer cell lines, but none of the primary tumor cells, were able
to form blastocysts. From a total of 57 blastocysts derived from multiple cancer types,

only two ESC lines were established from RAS-inducible melanoma nuclei. Importantly,
RAS-mutant ESCs gave rise to live chimeras which developed RAS-mutant tumors at a
much higher frequency. These seminal findings suggest that: 1) the oocyte environment can
suppress a malignant epigenetic state, but specific genetic alterations are incompatible with
the establishment or maintenance of an ES cell state, and 2) that the malignant epigenetic
state can be in some cases re-established during differentiation and give rise to tumors.

5. iIPSC models of myeloproliferative neoplasms

The first successful attempts at reprogramming acquired hematological disorders were from
patients with chronic myeloid leukemia (CML) driven by the Philadelphia chromosome.
Primary CD34* HSPCs from CML patients, as well as cells from the human CML KMB7
cell line, were reprogrammed, and the CML-iPSCs were shown to harbor the BCR-ABL
translocation (Carette et al., 2010; Hosoi et al., 2014; Hu et al., 2011). The CML-iPSC
model recapitulated the features of the disease and provided insights into the sensitivity

Stem Cell Res. Author manuscript; available in PMC 2023 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reilly and Doulatov

Page 6

of CML to imatitnib, a classical BCR-ABL tyrosine kinase inhibitor (Druker et al., 2001).
Since pluripotent cells do not require tyrosine kinase signaling for proliferation, CML-
derived iPSCs were resistant to imatinib. By contrast, CML iPSC-derived HSPCs were
sensitive to imatinib (Carette et al., 2010; Hosoi et al., 2014). These results suggest that the
iPSC model recapitulates the BCR-ABL-dependent oncogenic state of CML cells.

BCR-ABL-negative myeloproliferative neoplasms (MPN), including polycythemia vera,
essential thrombocytosis, and myelofibrosis, are characterized by myeloproliferation and
risk of transformation to AML (Spivak, 2017). The JAK2-V617F mutation is the most
prevalent mutation in MPN (Kilpivaara and Levine, 2008). Multiple groups have isolated
iPSC lines harboring homozygous and heterozygous JAK2-VV617F mutations from MPN
patients and showed that the JAK2-V617F lines had an enhanced myeloid potential
compared to healthy donor iPSCs, consistent with the disease phenotype (Saliba et al., 2013;
Ye et al., 2009). These studies provided evidence that clones from malignant hematological
cancers can be captured through iPSC reprogramming and used to investigate aberrant JAK/
STAT signaling and its contribution to MPN pathogenesis.

In juvenile myelomonocytic leukemia (JMML) hyperactive RAS/MAPK (Niemeyer, 2018)
and JAK/STAT (Kotecha et al., 2008) signaling leads to extensive proliferation of the
granulocytic and monocyte lineages, often in young children (Niemeyer and Kratz, 2008).
Reprogramming bone marrow samples from two patients with different JMML-associated
mutations, as well as a healthy patient, yielded control and JIMML-derived iPSC lines
(Tasian et al., 2019). Characterizing the iPSC-derived myeloid cells revealed differences

in the hyperactive signaling pathways: P7PNI11 mutants exhibited increased RAS/MAPK
signaling, while CBL mutants had elevated JAK/STAT. Importantly, treatment with pathway-
specific kinase inhibitors diminished the constitutive signaling (Tasian et al., 2019).
Childhood leukemias, such as IMML, can arise form somatic mutations in fetal progenitors
(Boiers et al., 2018; Tarnawsky et al., 2018), making iPSCs particularly relevant as an
alternative to more controversial primary fetal human cells. This study demonstrates how
iPSC models facilitate drug testing in a rare MPN, and that iPSC models are suitable for
both adult and pediatric malignancies.

6. IPSC models of myelodysplastic syndromes

Myelodysplastic syndromes (MDS) are clonal disorders characterized by cytopenias

and morphologic dysplasia affecting one or more blood lineages (Bejar, 2014; Ogawa,
2019). The most common driver mutations in MDS affect splicing (SF3B1, SRSF2),
epigenetic regulation (7ET2, ASXL1I), and deletions on long arm of chromosomes 5 and
7 (Papaemmanuil et al., 2013). These mutations impart clonal advantage to HSCs and
perturb differentiation giving rise to aberrant dysplastic cells. Over time, normal HSCs
are outcompeted leading to cytopenias, while continued accumulation of oncogenic hits
predisposes to AML progression.

Kotini et al. established iPSCs from MDS patients with different oncogenic lesions,
including deletion of 7q [del(7q)], 20qg, and GATAZ mutations (Kotini et al., 2017), and
demonstrated that the MDS stage correlates with hematopoietic differentiation efficiency
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(Hsu et al., 2019; Kotini et al., 2017). iPSC lines from advanced MDS showed decreased
HSPC differentiation, and correction of del(7q) restored hematopoietic differentiation
(Kotini et al., 2017). By contrast, introduction of del(7q) into premalignant iPSCs abrogated
hematopoietic differentiation potential resembling high-risk MDS. Even though in this study
the clones representing the different disease stages were derived from distinct patients, the
experiments were able to demonstrate how the acquisition of particular genomic lesions

can exacerbate the disease phenotype. It is unclear why MDS iPSCs display reduced
hematopoietic differentiation. One possibility is that common driver mutations affect genes
that are required for hematopoietic specification. Alternatively, driver mutations may block
MDS HSPCs differentiation into mature cells leading to reduced hematopoietic output.
Since current differentiation protocols do not support robust HSC specification, modeling of
HSC-specific phenotypes in MDS such as clonal dominance remains difficult using iPSC
models.

Mutations in splicing factor SF3B1 are found in ~ 25% of MDS and ~ 80% of MDS with
ring sideroblasts (MDS-RS) suggesting a causal connection between mutant SF3B1 and ring
sideroblasts (RS), erythroid precursors with iron-laden mitochondria (Malcovati et al., 2015,
2011; Papaemmanuil et al., 2011). However, the mechanisms by which SF381 mutations
cause RS formation remains poorly understood since SF3B1-mutant mouse models and
human cell lines do not recapitulate RS formation in vitro (Mupo et al., 2017; Obeng et

al., 2016). Hsu et al. showed that SF3B1-mutant iPSCs give rise to erythroid precursors
with damaged mitochondria and RS (Hsu et al., 2019). Mutant SF3B1 was sufficient for

RS formation, while £ZH2 co-mutations modified mitochondrial activity during erythroid
differentiation (Hsu et al., 2019). The authors used the 5F transcription factors system

to conditionally expand CD34" HSPCs, to enable genetic, proteomic, biochemical and

drug screening studies (Doulatov et al., 2017). This study shows that iPSC models can
recapitulate key dysplastic features of MDS differentiation that may be difficult to capture in
other models.

Cytogenetic aberrations, especially deletions on chromosomes 5 and 7, encompassing
hundreds of genes, are common in MDS (Jerez et al., 2012a, 2012b). Modeling these
disorders in mouse models has been problematic because the corresponding syntenic
regions are present on multiple chromosomes. Recent experiments have demonstrated that
reprogramming can be utilized to generate models of chromosomal deletions. Del(7q) iPSCs
were derived from the bone marrow of MDS patients, or were engineered using a Cre-Lox
strategy (Kotini et al., 2015). More recently, Kotini et al. showed that CRISPR-Cas9 could
be used to generate large deletions more precisely (Kotini and Papapetrou, 2020). Using this
model in conjunction with a spontaneous complementation strategy, Kotini et al. identified
the critical 7q region responsible for hematopoietic differentiation (Kotini et al., 2015). In
Shwachman-Diamond Syndrome (SDS), a BMF disorder with predisposition to MDS/AML,
Ruiz-Gutierrez et al. developed a model where del (7q) was engineered into SDS iPSCs, a
model of progression from BMF to MDS (Ruiz-Gutierrez et al., 2019). Del(5q) is a hallmark
of an MDS subtype marked by macrocytic anemia and good prognosis, however 5q loss

is also associated with high risk MDS and AML with 7P53 mutations. Hsu et al. derived
TP53-mutant iPSCs with del(5q) and showed that 5¢ loss contributes to impaired DNA
damage response (Hsu et al., 2019). These studies show that iPSCs are a useful model
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of MDS with chromosomal deletions identifying key genes involved in pathogenesis using
forward and reverse genetic screening strategies.

iPSC models of AML and generation of transplantable leukemias

A consistent feature of normal pluripotent cell differentiation is the lack of transplantable
HSCs. In contrast, recent studies have shown that differentiation of iPSCs derived from
AML patients generates transplantable leukemia-initiating stem cells (LSCs). Kotini et al.
and Chao et al. showed that iPSCs can be reprogrammed from fully transformed AML
samples and give rise to LSCs that robustly engraft and cause acute disease in mice (Chao
etal., 2017; Kotini et al., 2017). This indicates that oncogenic mutations can specify the
LSC epigenetic state during differentiation. Measuring the engraftment potential of HSPCs
derived from low-risk MDS, high-risk MDS, and AML revealed that only the AML iPSCs
were able to give rise to leukemia in vivo, and could be maintained long term in vitro (Kotini
etal., 2017). Chao et al. further compared the engraftment potential of KRAS G13D-mutant
and wild-type AML iPSC subclones derived from the same patient. AML cells derived from
KRAS-mutant iPSCs engrafted, while the KRAS wild type cells did not (Chao et al., 2017).
Both lines were equally sensitive to MLL inhibitor EPZ-5676, but only KRAS mutant cells
were responsive to MEK inhibitor PD98059 and Trametinib (Chao et al., 2017). The relapse
sample from the same patient showed that the KRAS wild-type clone became dominant, and
accordingly KRAS wild-type cells were more resistant to the chemotherapy drug cytarabine.
These findings suggest that AML mutations can instruct a malignant epigenetic state that

is compatible with in vivo engraftment. Moreover, AML-derived LSCs can identify drug
sensitivity of diagnostic and relapse subclones.

LSCs are a rare and epigenetically distinct cell population that can initiate leukemia in
vivo (Dick and Bonnet, 1997; Lapidot et al., 1994). Interestingly, AML iPSCs generate
heterogeneous leukemic populations with LSC-like properties. Wesely et. al. recently
isolated two different AML iPSC-derived hematopoietic populations termed iLSC and
iBlast and demonstrated that only the iLSC could initiate leukemia in vivo. Further
characterization of the iLSCs revealed RUNX1 as a critical player in the maintenance

of the iLSC population. Attenuating RUNX1 protein by 50% in the iLSC population
abrogated their ability to engraft or to survive long term in vitro (Wesely et al., 2020).
Moreover, RUNX1 depletion in primary AML samples of multiple subtypes impaired their
proliferative potential. In addition, the group was able to identify a RUNX1 target gene,
TSPAN18, that upon overexpression was able to partially rescue the RUNX1 depletion effect
(Wesely et al., 2020). These studies collectively show how patient-derived iPSC models
inform leukemogenesis in multiple ways: first, to gain insight into the genetic lesions that
contribute to leukemic transformation. Second, to provide evidence for the LSC model,
better characterize LSC properties, and uncover therapeutic vulnerabilities.

8. Barriers to reprogramming

Despite these and other reports of AML iPSCs, malignant transformation imposes
significant barriers to reprogramming. Some of the malignant clones that reprogrammed
harbored MLL rearrangements (Chao et al., 2017; Lee et al., 2017), suggesting that MLL
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rearrangements might enhance reprogramming potential. In another study, bone marrow
from an AML patient with the high-risk der(7)t(7;13) translocation was reprogrammed.

The iPSC lines derived did not harbor the translocation and were cytogenetically normal
(Yamasaki et al., 2019). Similarly, reprogramming an AML patient sample with a t(8;21)
translocation resulted in only the successful reprogramming of cytogenetically normal

iPSC lines (Hoffmann et al., 2016). These studies provide further evidence that particular
chromosomal abnormalities and point mutations are selected against during reprogramming.
One possibility is that genes mutated in myeloid neoplasms often involve epigenetic
regulators which are required for successful reprogramming. Another possibility is that

high mutation burden and aneuploidy can trigger cell stress responses such as p53 activation
that impede reprogramming (Marion et al., 2009). Thus, likely not all genetic abnormalities
found in leukemias can be directly reprogrammed to a pluripotent state.

One strategy to circumvent reprogramming barriers is engineering mutations directly into
iPSCs by using CRISPR/Cas9. For example, a high-risk MDS patient sample reprogrammed
by Kaotini et al., yielded iPSCs derived from normal cells or from a high-risk MDS clone
(Kotini et al., 2017). The normal iPSC line was genetically edited to introduce a truncating
mutation in ASXL1, and a further deletion of 7q in the ASXL1-mutant clone. This yielded
a panel of patient-derived iPSC lines representative of each stage of disease progression,
from normal to preleukemic to MDS. Kotini et al. also performed this manipulation

starting with a preleukemic clone that harbored a GATAZ2 mutation. Inactivation of the
second GATAZallele generated a low-risk MDS clone, while deletion of 7q using Cre/
Lox-based recombination strategy generated a high-risk MDS clone (Kotini et al., 2017).
More recently, the same authors developed a CRISPR/Cas9-based system to more simply
introduce precise chromosomal deletions in iPSCs (Kotini and Papapetrou, 2020). Thus even
though barriers to reprogramming impede the capture of all disease clones in a patient,
normal or preleukemic subclones can be genetically edited to produce a set of clones on the
same genetic background that simulate the disease development.

While reprogramming barriers often impede reprogramming of leukemic or fully malignant
cells, this favors reprogramming of rare preleukemic cells that remain in the marrow of
MDS and AML patients, which can inform the history of clonal evolution in myeloid
neoplasms.

9. Clonal evolution and preleukemia

Myeloid malignancies are the end product of age-related molecular evolution of HSCs
(Bowman et al., 2018). Most mutations are benign while rare driver mutations confer a
competitive advantage. This dynamic clonal expansion occurs over many years subject to
Darwinian forces of mutation, selection, and drift, and in many cases is only discovered
once the patient presents with overt malignancy (Greaves, 2015; Nowell, 1976). Pioneering
studies have shown that clonal expansions in the blood are surprisingly common in aging,
and are driven by oncogenic mutations most commonly in epigenetic modifiers DNMT3A,
TETZ2 and ASXL1 (Buscarlet et al., 2017; Genovese et al., 2014; Jaiswal et al., 2014;
Shlush et al., 2014). Similar clonal expansions have since been reported in solid tissues
maintained by stem cells (Blokzijl et al., 2016; Yokoyama et al., 2019) suggesting that
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clonal evolution is a common physiological feature of normal aging. Although CH is widely
considered to be a common preleukemic state, dissecting the order of mutations and how
they cooperate towards malignant transformation remains a challenge. Preleukemic clones
can be detected in the bone marrow long after disease initiation and can serve as a reservoir
for further clonal evolution and relapse (Corces-Zimmerman et al., 2014; Jan et al., 2012;
Shlush et al., 2017). However, preleukemic clones are typically very rare since they are
outcompeted by their more malignant descendants and their direct detection has been a
challenge.

Whole genome and exome sequencing has been the main tool to track clonal histories.
Driver mutations in AML can be found at different variant allele frequencies (VAF) (Ding
etal., 2012; Ley et al., 2010; Mardis et al., 2009), which can be used to reconstruct the
chronological order of driver mutations (Papaemmanuil et al., 2013; Welch et al., 2012).
However, many mutations have similar allele frequencies making it difficult to reconstruct
the order (Makishima et al., 2017; Nagata et al., 2019). Access to serially collected samples
can greatly improve the resolution (Da Silva-Coelho et al., 2017; Makishima et al., 2017).
However, serially-collected samples are only available for a small number of patients.
Additionally, bulk sequencing does not offer definitive evidence of whether mutations are
present in the same subclone. Single-cell DNA or RNA sequencing of patient samples can
accurately inform the clonal hierarchy (Miles et al., 2020; Nagata et al., 2019; Paguirigan
et al., 2015; Petti et al., 2019; van Galen et al., 2019). These approaches use single cell
targeted DNA sequencing, RNAseq, or combination of RNAseq and DNA sequencing (e.g.
Genotyping of Transcriptomes). These methods enable the sampling of transcriptomes of
genetically distinct subclones, but technical limitations remain (Baslan and Hicks, 2017;
Luquette et al., 2019). Fundamentally, preleukemic clones can be rare and difficult to detect.
More importantly, these methods do not permit functional interrogation of the observed
subclones to inform how individual mutations affect HSPC self-renewal and differentiation

(Fig. 2).

Reprogramming is essentially a single cell technology in which single somatic cells
reprogrammed to pluripotency retain their genome and any somatic mutations (Fig. 2).
By contrast with sequencing-only approaches, iPSCs can be differentiated to HSPCs,
lending themselves to both genetic and functional interrogation of clonal progression.
Recently, iPSC reprogramming has been used to capture genetically distinct preleukemic
subclones from individual MDS patients (Hsu et al., 2019). Consistent with prior findings,
malignant clones displayed a strong barrier to reprogramming, especially in patients with
complex karyotype. By contrast, rare premalignant and normal HSCs were preferentially
reprogrammed. We can thus take advantage of this ‘barrier’ to capture preleukemic
intermediates which may be too rare to be directly detected by other approaches. This
provides an opportunity to sample whole genomes of preleukemic cells. In addition,
differentiation of clonal and subclonal iPSC to HSPCs can be performed in parallel.
Echoing previous results, progressive acquisition of mutations resulted in reduced HSPC
differentiation potential, providing an opportunity to investigate the functional impact

of cooperating mutations and mutation order on gene expression, proliferation, and
differentiation.
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Isogenic iPSC lines can capture inter-clonal genetic heterogeneity as well as intra-clonal
epigenetic heterogeneity (Beke et al., 2020). However, the delivery method of the OSKM
factors can affect the reprogramming efficiency (Schlaeger et al., 2015), with the episomal
method generally capturing more subclones. It is important to note that not all oncogenic
mutations are compatible with reprogramming or cell culture, skewing which clones can be
positively identified by reprogramming and the ratios of the clones captured (Shakiba et al.,
2019). Despite these caveats of iPSC technology, it remains one of the few model systems
to study the functional consequences of sequential acquisition of mutations in a genetically
accurate context.

10. Summary and perspectives

There is a need to define the evolutionary steps that lead to tumorigenesis in order to

create more effective treatments and preventative care that allows for early intervention.
This means understanding the interplay between mutations in early clones, identifying
which mutation combinations pose increased risk, and determining the mechanisms that
generate clonal complexity. Employing reprogramming technology to develop models of
hematological disease has proven useful for providing insight into these topics. There

are several advantages of this system: first, it bears a high degree of disease relevance

since the model is patient-derived. Second, it offers an expandable supply of material

for downstream assays. Third, it can model complex malignancies with increased clonal
heterogeneity. And fourth, reprogramming enables capture of rare preleukemic clones that
can otherwise be difficult to detect (Hsu et al., 2019). Studies so far have demonstrated

the viability of patient-derived iPSCs as a drug screening platform, and as a way to
phenotypically characterize cells from different disease stages. iPSC models have provided
insight into how genetic aberrations can alter biological pathways that contribute to aberrant
hematopoiesis in MPN, MDS, and AML. Additionally, the discovery that some iPSC lines
produce serially transplantable leukemias lead to a deeper understanding of LSC biology
and the exposure of new therapeutic targets in AML. Still, it is important to understand

the limitations of iPSC models. iPSCs and reprogramming are time and labor intensive
which is a challenge for large patient cohorts. Some genetic lesions may not be compatible
with reprogramming. Most importantly, the methods for generation of HSCs from iPSC
and developmental maturation into adult-like HSCs require further inspiration. We envision
that iPSC models can complement other methods and model systems, including single-cell
RNA and DNA sequencing, mouse models, or primary normal and patient CD34* cells.
iPSC reprogramming provides a valuable prototype of the human disease context, and future
breakthroughs will usher in more efficacious therapeutics for hematologic malignancies.
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Overview of the iPSC reprogramming process for hematological diseases. Workflow
diagram for iPSC model generation. Starting with a sample of somatic cells from the

patient (e.g. fibroblasts or bone marrow), the OSKM Yamanaka factors are introduced by
one of several methods, such as episomal vectors or lentivirus. After several weeks, iPSC
colonies are isolated, expanded, phenotyped for expression of pluripotency markers, and
genotyped for the patient-specific driver mutations. At this point, gene editing of iPSCs

is also an option. The iPSC lines then undergo in vitro differentiation (10-14 days) to
CD34*CD45* HSPCs. Lentiviral delivery of HSC factors (e.g. 5 factors: HOXA9, MYB,
ERG, SOX4, RORA) to CD34" HSPCs can create conditionally expandable progenitor lines

for downstream hematopoietic differentiation

or molecular assays.
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Fig. 2.

Comparison of single-cell technologies for detection of disease clones. Diagram of a patient
with acquired hematologic malignancy and the readout of each technology for the patient
CD34 + HSPC sample. Table compares criteria for each single-cell method. “+” indicates

the method is useful for the application, “+/=" indicates useful in some cases, and
indicates not usually useful.
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