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The reprogramming of human somatic cells into induced pluripotent stem cells (iPSCs) a little
over a decade ago raised exciting prospects to transform the study and potentially also the
therapy of human diseases. iPSC models have now been created for a multitude of hemato-
logic diseases, including malignancies. Here we discuss practical aspects of iPSC modeling of
malignant diseases, review recent studies, and discuss the new opportunities that iPSC
models offer, as well as their current limitations and prospects for future development.

he successful demonstration that human
Tpluripotent stem cells (hPSCs) identical to
human embryonic stem cells (hESCs), termed in-
duced pluripotent stem cells (iPSCs), can be
generated from somatic cells through the ectopic
expression of a defined set of genes in 2007 was
quickly succeeded by several proof-of-principle
studies highlighting the potential of using iPSCs
derived from patients to study and potentially
cure inherited genetic diseases via gene and cell
therapy and to test drugs (Hanna et al. 2007;
Takahashi et al. 2007; Yu et al. 2007; Park et al.
2008; Lee et al. 2009). Modeling more complex
diseases and high-throughput screening of small
molecule libraries to identify lead compounds
with iPSCs was demonstrated within the next
few years (Brennand et al. 2011; Lee et al. 2012;
Yang et al. 2013). In 2013, the development of

the CRISPR/Cas9 system as a versatile and user-
friendly genome editing tool took biomedical
research by storm and paired with iPSC technol-
ogy in a perfect marriage. More recent studies
exploring the opportunities that iPSCs offer to
study malignancies, with blood cancers featur-
ing most prominently among them, are breaking
new ground in cancer research (Chao etal. 2017;
Kotini et al. 2017).

TECHNICAL ASPECTS OF iPSC MODELING
OF BLOOD MALIGNANCIES

Reprogramming Malignant Cells

In contrast to the generation of iPSC models of
inherited genetic diseases—for which the choice
of starting cell type is solely based on availability

Editors: Michael G. Kharas, Ross L. Levine, and Ari M. Melnick

Additional Perspectives on Leukemia and Lymphoma: Molecular and Therapeutic Insights available at www.perspectivesinmedicine

.org

Copyright © 2019 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a034868

Cite this article as Cold Spring Harb Perspect Med 2019;9:a034868


mailto:eirini.papapetrou@mssm.edu
mailto:eirini.papapetrou@mssm.edu
mailto:eirini.papapetrou@mssm.edu
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org
http://www.perspectivesinmedicine.org/site/misc/terms.xhtml

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

E.P. Papapetrou

and convenience and encompasses any cell type
of the human body—in the case of malignant
diseases the composition of the starting cell pop-
ulation is of utmost importance. The malignant
cells that iPSC models seek to capture are con-
tained within the bone marrow (BM) and pe-
ripheral blood (PB) of patients with leukemias.
These samples typically contain an admixture of
normal and malignant cells with varying de-
grees of clonal heterogeneity of the latter. These
characteristics necessitate careful genetic char-
acterization of the derivative iPSCs to establish
their provenance in relation to the different
clones present in the starting cell population.
Reprogramming effectively resets the epige-
nome and erases any leukemia-related epigenet-
ic abnormalities. Thus, genetic tracking is the
only guide to ascertain provenance of iPSC lines
from malignant cells as opposed to residual nor-
mal cells in the sample and to assign them to
specific clones and subclones. Thus, although
routine reprogramming of nonmalignant cells
entails random picking of a small number of
iPSC colonies (4-6) and, after further character-
ization, establishment of three or more iPSC
lines, reprogramming malignant cells requires
more stringent procedures to be successful.
Our group has devised a reprogramming strat-
egy tailored to the specific considerations of
leukemic samples—namely, their genetic com-
plexity and clonal heterogeneity. First, we per-
form comprehensive genetic characterization of
the starting sample, which includes karyotype,
mutational analysis with comprehensive gene
panels, fluorescence in situ hybridization (FISH)
for common chromosomal translocations, and
potentially comparative genomic hybridization
(CGH) to characterize chromosomal deletions.
Second, we develop patient-specific polymerase
chain reaction (PCR) (classic or quantitative)-
based assays for genotyping, which enables us
to easily genotype iPSC colonies in real time,
as they emerge, in relatively high throughput.
This, in turn, and in combination with efficient
reprogramming methods—namely, Sendai virus
or lentiviral vectors—enables “deep reprogram-
ming” (i.e., the generation and screening of large
numbers [which can reach the hundreds] of
iPSC colonies in a single reprogramming exper-

iment). This allows us to derive iPSC lines rep-
resenting as many clones as possible, as well as
normal cells. The latter typically have a repro-
gramming advantage over malignant cells and
can most often be captured in iPSCs even if
they are very rare in the starting cell sample.
For the same reasons, premalignant clones can
often be captured even if their representation in
the starting cell sample is small or undetectable
by bulk genetic analyses. This is, however, not a
universal rule, as we have encountered instances
in which leukemia cells reprogram with very
high efficiency, surpassing that of normal cells
(Kotini et al. 2017). TP53 inactivation has been
documented to enhance reprogramming effi-
ciency, and, thus, this higher reprogramming
propensity may be related to TP53 activation
status (Banito et al. 2009; Hong et al. 2009; Ka-
wamura et al. 2009; Li et al. 2009; Marién et al.
2009; Utikal et al. 2009). Although oftentimes
more than one clone and additionally normal
cells can be captured in iPSCs, the clonal repre-
sentation captured by reprogramming is often
skewed (Chao et al. 2017; Kotini et al. 2017).
This strongly implies that reprogramming effi-
ciency is affected by the genetics of leukemia,
including mutations, chromosomal abnormal-
ities, and the presence or absence of genetic
instability, but the underlying rules are not cur-
rently well understood.

The reprogramming efficiency of leukemic
cells can be controlled by several mechanisms.
Epigenetic alterations, such as DNA methyla-
tion, may very well impact the reprogramming
efficiency, as aberrant DNA methylation pat-
terns have been well documented in acute mye-
loid leukemia (AML) and profound methylation
changes need to occur during reprogramming to
pluripotency, including demethylation of pro-
moters of key pluripotency genes (Figueroa et
al. 2010; Apostolou and Stadtfeld 2018). More-
over, the capacity of leukemic cells for ex vivo
growth also impacts greatly their ability to repro-
gram. Cell division is critically required both for
efficient transduction with reprogramming vec-
tors to initiate reprogramming, as well as for the
epigenome remodeling required to complete re-
programming to pluripotency. Thus, inability to
enter a proliferative state severely hampers a
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cell’s reprogramming ability (Hanna et al. 2009;
Ruiz et al. 2011; Guo et al. 2014). For example,
the ability for ex vivo proliferation of myelodys-
plastic syndrome (MDS) and AML cells varies
considerably across samples, but is generally
poor. In contrast, cells from patients with mye-
loproliferative neoplasms (MPNs) typically
grow robustly in culture, at least for a limited
time period, and can be reprogrammed into
iPSCs with high efficiencies (Hu et al. 2011;
Kumano et al. 2012; Gandre-Babbe et al. 2013;
Hosoi etal. 2014; Ye et al. 2014; Mulero-Navarro
et al. 2015; Miyauchi et al. 2018). The cellular
pathways underlying the capacity of leukemic
cells to grow ex vivo and their putative correla-
tion with specific genetic groups remain un-
known. It is possible that an inverse correlation
exists with a proapoptotic phenotype (Potter
and Letai 2016). Because of all the reprogram-
ming barriers mentioned above, several investi-
gators have reported very low success rates of
reprogramming leukemia samples, excluding
MPNs (Munoz-Lopez et al. 2016; Lee et al.
2017). It is likely that these low success rates
can be significantly increased with tailored,
more efficient, and genetically informed repro-
gramming strategies. In our hands, approxi-
mately half of MDS and AML samples that can
be induced to enter cell division by cytokine
stimulation yield at least one or a few malignant
iPSC lines. As more leukemias of diverse genetic
groups and specific mutations are repro-
grammed, principles of how reprogramming ef-
ficiency is affected by different factors discussed
above will likely begin to emerge and may even
provide some insights into the pathogenesis and
signaling dependences of different leukemias.
The process of reprogramming per se can
also be informative in elucidating the clonal ar-
chitecture and evolution of a leukemia sample, in
a way akin to what has been previously done
using colony forming assays in methylcellulose
(Fig. 1;Janetal. 2012; Ortmann etal. 2015). First,
reprogramming can determine the order of mu-
tation acquisition (Fig. 1A). The order by which
driver mutations are acquired may affect clinical
features and response to therapy (Kent and
Green 2017; Levine et al. 2019). Genetic analyses
of the bulk tumor cannot always determine the

Modeling Leukemia with iPSCs

mutational order through inference based on
variant allele fractions (VAFs). Such instances
may include cases in which two mutations arose
close together in time and their VAFs are very
similar to each other or cases of advanced disease
in which the earlier clones have been almost en-
tirely replaced by the most evolved ones. In the
latter case, rare cells of a parental clone may be
captured in iPSCs if they have a reprogramming
advantage, which they often do, over the fully
leukemic clone. Second, reprogramming can
help clonal deconvolution in cases with low mu-
tational burden, in which bulk sequencing
cannot discriminate whether two mutations are
present in the same or in separate clones (Fig.
1B). Capturing these clones by reprogramming
can unambiguously determine the clonal com-
position of the starting sample. For reprogram-
ming to inform on the clonal parameters of the
starting leukemia, however, it is critical that iPSC
derivation is performed in conditions ensuring
and preserving clonality. These include line es-
tablishment and passaging techniques (e.g.,
manual picking of a single colony under a mi-
croscope, single-cell subcloning in case of mixed
clonality) and mutational analyses. If integrating
vectors were used for reprogramming, integra-
tion site analysis can provide an additional
means to ascertain clonality (Kotini et al. 2017).

Hematopoietic Specification of iPSCs

Virtually all phenotypic and molecular assays
are performed and all readouts are obtained fol-
lowing the in vitro directed differentiation of
iPSCs into hematopoietic cells. The efficiency
and robustness of this process weighs heavily
on the quality of all iPSC-based studies. Most
evidence to date suggests that in vitro hPSC-
derived hematopoiesis consists of cells corre-
sponding to different developmental stages, with-
outaclear temporal separation of their emergence
(Choi et al. 2012; Pearson et al. 2015). Thus,
hematopoietic lineages of all three waves that
are successively generated during normal devel-
opment of the hematopoietic system may be
present in in vitro differentiation cultures. These
include a first wave, referred to as “primitive,”
giving rise only to erythroid, megakaryocyte,

Cite this article as Cold Spring Harb Perspect Med 2019;9:a034868 3



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

E.P. Papapetrou

A Mutational order

Mutation X (e.g., TET2) VAF~0.5
Mutation Y (e.g., JAK2) VAF~0.5

Tt ©-
o \ ‘ +

AML patient blasts

X (TET2) first

||:> Y (JAK2) first
iPSCs

B Clonal deconvolution

Mutation X (e.g., KRAS) VAF~0.2
Mutation Y (e.g., NRAS) VAF~0.2

i . . _’_’____) @ + II:> Different clones
@ ..
‘ Ilf‘> Same clone

iPSCs

AML patient blasts

Figure 1. Mutational order reconstruction and clonal deconvolution by reprogramming. (A) Reprogramming
into induced pluripotent stem cells (iPSCs) can decipher the order of mutation acquisition and thus illuminate
the clonal history of the disease. In the example shown, two mutations (X and Y, e.g., TET2 and JAK2) have
similar allele burden at presentation precluding bulk genetic analyses from determining the order by which they
were acquired. iPSCs can capture the precursor single-mutant clone and thus determine which mutation oc-
curred first. (B) Generation of iPSCs can deconvolute the clonal composition of a sample in the case of mutations
with low variant allele fractions (VAFs) from the bulk analysis, which cannot determine whether they are present
in the same or different clones. In this case, KRAS and NRAS mutations can frequently arise in divergent clonal

evolution (example on top) or, alternatively, coexist in the same clone (example in the bottom).

and macrophage lineages; a second wave that
consists primarily of erythro-myeloid progeni-
tors (EMPs) and some lymphoid progenitors;
and a third wave that—unlike the first two, which
are extraembryonic—arises in the embryo prop-
er and gives rise to hematopoietic stem cells
(HSCs) (Ivanovs et al. 2017; Lacaud and Kous-
koff 2017). The terms “primitive” and “defini-
tive” hematopoiesis were originally coined based
on pronounced differences of the erythroid
products of the first and last wave (size, enucle-
ation, and globin gene expression). With better
characterization of the EMPs, the term “defini-
tive” was extended to include the second wave
(Frame et al. 2013). However, inconsistency in
the use of the term remains in the literature, as
some investigators save the term “definitive” ex-

clusively for adult-type HSC-generating hema-
topoiesis. Notably, this confusion extends to the
description of the developmental stage of hPSC-
derived hematopoietic products. Earlier proto-
cols for the in vitro hematopoietic differentiation
of hPSCs yielded mostly primitive hematopoie-
sis. More recently, however, the findings that
definitive lineages could be generated through
activin inhibition or WNT stimulation, acting
at the level of early mesoderm patterning, has
enabled contemporary protocols to derive pri-
marily definitive- and not primitive-type cells
(Kennedyetal. 2012; Sturgeon et al. 2014). How-
ever, it is still not clear if these newer protocols
better capture the second or third wave of hema-
topoiesis or a mixture of the two. As mentioned
earlier, HSCs are only generated in the third
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developmental wave, but it is now believed that
all hematopoietic lineages can be generated by
more restricted progenitors of the second wave.
The fact that hPSC-derived hematopoietic cells
can produce all mature lineages, but do not
engraft in immunocompromised recipients (as
further discussed below), has prompted the
speculation that they may more closely represent
EMP-type hematopoiesis.

An important limitation of hematopoietic
differentiation protocols is the current inability
to derive true HSCs with long-term multilineage
engraftment capability, potentially related to the
developmental immaturity of hPSC-derived he-
matopoiesis, discussed above (Vo and Daley
2015). This is a technical and not biological
limitation, as multilineage engraftable hemato-
poiesis can be derived from human iPSCs via
teratoma formation (Amabile et al. 2015; Suzuki
et al. 2015). Whereas this method is impractical
and not clinically translatable, it shows that
HSCs can, in principle, be derived from hPSCs
once the appropriate conditions are worked out,
which may also include in vivo niche-derived
signals. The unavailability of robust cell culture
conditions to maintain and expand primary
HSCs in vitro despite years of effort by several
investigators is a related problem and attests to
the challenge of this endeavor. Although bona-
fide HSCs cannot be derived through hPSC-di-
rected differentiation in vitro, mature cells of all
hematopoietic lineages, and thus hematopoietic
progenitor cells (HPCs) of all lineages, can be
derived from them. However, the timing of their
emergence, lineage potential, and developmen-
tal stage have not been well characterized and
likely differ among differentiation protocols.
Mapping the HPC populations in terms of uni-
or multilineage potential and developmental or-
igin with relation to timing of emergence and
surface marker expression would greatly help
boost the efficiency and reproducibility and har-
monize findings across studies using diverse dif-
ferentiation methods.

Genome Editing of iPSCs

Whereas for some time hPSCs were thought to
be rather refractory to genetic modifications,

Modeling Leukemia with iPSCs

particularly those involving homologous recom-
bination, advances in their culture—crucially
the enhancement of survival and clonal growth
of hPSCs by Rho kinase (Rock) inhibition—
together with the advent of more efficient gene
delivery and gene editing methods, like the
CRISPR/Cas9 system, has now turned the genet-
ic engineering of hPSCs into an almost routine
practice (Watanabe et al. 2007; Kim and Kim
2014; Hockemeyer and Jaenisch 2016). The ge-
netic engineering of iPSCs uses techniques and
principles from the field of genetically engi-
neered mouse models and can, similarly, be
used to create reporter, knockout, and knock-
in lines. Most crucially, gene editing of iPSCs
offers the unique opportunity to derive isogenic
lines (i.e., lines differing in only one gene that are
otherwise genetically identical) either by intro-
ducing specific mutations found in hematologic
malignancies in normal iPSCs, by correcting
them in patient-derived iPSCs, or, ideally, by
both strategies (Chang et al. 2018). Isogenic pairs
of lines are more superior controls than unrelat-
ed or even patient-matched normal lines, as the
latter will still have multiple genetic differences
from the disease lines, both pathogenic and non-
pathogenic (Fig. 2). The CRISPR/Cas9 system
can be used both to inactivate genes to model
common loss-of-function mutations in leuke-
mias (e.g., TET2, RUNX1, EZH2, TP53, cohesin)
through nonhomologous end joining repair of
Cas9-mediated double strand DNA breaks and
to introduce hotspot mutations in oncogenic
driver genes (e.g., splicing factors, JAK2 V617F,
DNMT3A R882H, NRAS G12D, NPMIc, FLT3-
ITD) through homology-directed repair from a
donor DNA template.

STUDIES USING iPSC MODELS OF
HEMATOLOGIC MALIGNANCIES

MPNs, including chronic myeloid leukemia
(CML), essential thrombocytopenia (ET), poly-
cythemia vera (PV), and primary myelofibrosis
(PMF), were the first malignant blood diseases
that were modeled with patient-derived iPSCs
(Ye et al. 2009, 2014; Carette et al. 2010; Hu et
al. 2011; Kumano et al. 2012; Bedel et al. 2013;
Gandre-Babbe et al. 2013; Saliba et al. 2013;
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Figure 2. Control induced pluripotent stem cell (iPSC) lines. Normal iPSCs derived from the same patient (from
either hematopoietic or other types of somatic cells) can be used as genetically matched controls (A). If these are
derived from hematopoietic cells, careful genetic analyses should clarify whether they represent completely
normal cells or a precursor premalignant or clonal hematopoiesis (CH) clone, by ascertaining that they harbor
none of the pathogenic mutations of the patient’s malignant clone. These controls share the same genetic
background with the disease iPSCs derived from the same patient, but are not technically isogenic, as they almost
certainly differ from the malignant iPSCs in more than one gene. Alternatively, normal lines can be derived from
healthy family members of the patient, if such material is available (B). Finally, existing lines derived from
unrelated healthy donors can be used as normal controls (C). In the latter case, multiple lines should be used
to control for variation because of differences in the genetic background. In all cases, gene editing can be used to
develop isogenic matched lines by either correcting a given mutation in patient iPSCs or introducing it in normal
iPSCs. Isogenic lines are far superior controls and should always be preferred over nonisogenic controls.

Hosoi et al. 2014; Amabile et al. 2015; Mulero-  etal. 2015). In contrast, the dependency of CML
Navarro et al. 2015; Suknuntha et al. 2015; Go- cells on BCR-ABL could be recapitulated in pa-
mez Limia et al. 2017; Liu et al. 2017; Sloma et al. tient-derived iPSCs (Carette et al. 2010; Ku-
2017; Miyauchi et al. 2018; Takei et al. 2018). In  mano et al. 2012; Bedel et al. 2013; Suknuntha
one study, CML-iPSCs could produce mature et al. 2015; Miyauchi et al. 2018). CML-iPSCs
erythroid and myeloid cells and could not  were not responsive to imatinib at the pluripo-
engraft leukemia in mice upon in vitro dif-  tent state, but sensitivity was reestablished in
ferentiation, suggesting that reprogramming  hematopoietic cells in vitro differentiated from
and/or directed differentiation impaired their = them. The finding that BCR-ABL, while ex-
oncogenic potential. This phenotype might be  pressed, does not confer dependency at the plu-
related to the finding of decreased DNA meth-  ripotent state, highlights the requirement of co-
ylation levels in the CML-iPSCs and the  operation between an oncogenic genetic lesion
hematopoietic cells differentiated from them,  and the appropriate cellular context for malig-
compared to the primary CML cells (Amabile = nant features to manifest. MPN patient-derived
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iPSCs with heterozygous and homozygous JAK2
V617F, MPL, and CALR mutations have been
generated, reflecting the ease of reprogramming
of MPN cells, but these studies have not gone
beyond reproducing known cellular phenotypes
from ex vivo cultured MPN cells, mainly their
disease-defining ability for cytokine-indepen-
dent colony formation in methylcellulose (Sa-
liba et al. 2013; Ye et al. 2014; Gomez Limia
et al. 2017; Liu et al. 2017; Takei et al. 2018).
The possibility of modeling responses of JAK2
V617F MPN to JAK inhibitors was demonstrat-
ed in one study (Ye et al. 2014).

Juvenile myelomonocytic leukemia (JMML),
a pediatric MDS/MPN overlap syndrome
caused by various signaling mutations, has
also been modeled in iPSCs (Gandre-Babbe et
al. 2013; Mulero-Navarro et al. 2015; Gagne
et al. 2018; Tasian et al. 2019). Specifically,
patient-derived iPSCs with PTPN11 and CBL
mutations were generated and shown to recapit-
ulate disease phenotypes, such as hypersensitiv-
ity to growth factors and increased proliferation.
JMML-iPSC-derived myeloid cells were also
shown to model differential signaling pathway
activation and sensitivity to kinase inhibitors:
PTPNI1-mutant JMML-iPSC-derived hemato-
poietic cells exhibited constitutive activation of
RAS/MAPK signaling and were sensitive to
MEK inhibition, whereas CBL-mutant JMML-
iPSC-derived hematopoietic cells showed JAK/
STAT signaling activation and sensitivity to JAK
inhibitors (Tasian et al. 2019).

In contrast to MPN cells, MDS and AML
cells are relatively refractory to reprogramming.
Our group derived the first MDS-iPSCs from
two patients with chromosome 7q deletion
(del7q) (Kotini et al. 2015). We found that all
del7qlines had a markedly diminished potential
for generation of CD34"/CD45" HPCs upon in
vitro differentiation and almost absent ability to
generate all types of hematopoietic colonies in
methylcellulose assays. By studying the hemato-
poietic potential of a series of iPSC lines with
corrected chr7q dosage, as well as lines with en-
gineered deletions spanning various chr7q re-
gions, we were able to pinpoint a critical region
whose hemizygosity was sufficient to confer
this loss of differentiation potential. We then

Modeling Leukemia with iPSCs

selected candidate haploinsufficient genes by
means of reduced expression in the hemizygous
compared to normal lines and further prioritized
hits of a pooled rescue screen of 75 candidate
cDNAs. Four genes, EZH2, LUC7L2, HIPK2,
and ATP6VOE2, were validated to partially res-
cue the del7q phenotype. Interestingly, the first
three genes have also been found to harbor
monoallelic loss-of-function mutations in
MDS, in further support of a function as hap-
loinsufficient tumor suppressor genes in MDS.
This work highlights how iPSCs combined with
sophisticated genetic engineering strategies can
be used to functionally map critically lost regions
within recurrent chromosomal deletions, which
cannot easily be modeled in the mouse or other
organisms because of lack of conservation of
synteny. A subsequent study focused on model-
ing a hotspot mutation in a splicing factor gene,
SRSF2 P95L, in MDS-patient-derived iPSCs to-
gether with del7q and showed proof of principle
of the usefulness of iPSC modeling to connect
specific driver genetic lesions with cellular phe-
notypes and drug responses, such as sensitivity
of SRSF2-mutant iPSC-derived hematopoietic
cells to splicing inhibitors (Chang et al. 2018).
Studies like this can inform precision medicine
approaches, whereas the knowledge of which
cellular phenotypes are conferred by a specific
mutation (and which are not) can guide assay
development for drug testing and drug discovery.

More recently, our group reported a larger
collection of iPSC lines derived from patients
with low-risk MDS, high-risk MDS, and second-
ary AML (sAML), one of which also harbored a
germline GATA2 mutation, conferring predis-
positionto MDS/AML (Kotinietal. 2017). Guid-
ed by comprehensive mutational analyses of the
starting patient cells and the derived iPSC lines,
we assembled a panel of lines capturing the dif-
ferent stages of disease, from familial predispo-
sition to low-risk MDS, high-risk MDS, and
sAML. By characterizing their hematopoiesis
with a battery of assays, we constructed a frame-
work of cellular phenotypes characterizing the
distinct stages of myeloid malignancy from pre-
leukemia to AML through an MDS stage. Using
this system and phenotypic map we showed that
we can model transitions between stages, includ-
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ing disease progression and reversal, by intro-
ducing and correcting, respectively, progres-
sion-associated mutations by CRISPR/Cas9.
We also uncovered potential disease stage-
specific effects of 5-azacytidine, a drug used as
frontline therapy for MDS. Furthermore, tran-
scriptome analyses of iPSC-derived CD34" he-
matopoietic progenitors of all stages revealed
gene expression signatures associated with dis-
ease progression and enrichment for gene sets
derived from primary AML patient cells. Sur-
prisingly, given the inability of iPSC-derived
hematopoiesis to engraft in immunodeficient
mice, we found that AML-iPSC-derived hema-
topoietic cells robustly engrafted into NSG mice
via intravenous injection, giving rise to a serially
transplantable lethal myeloid leukemia. Similar
findings were reported at the same time by the
group of Ravi Majeti, who derived iPSCs from
patients with MLL-translocated AML (Chao
et al. 2017). This study also reported serial en-
graftment of AML-iPSC-derived hematopoietic
cells administered intravenously, as well as or-
thotopically into NSG mice harboring human
ossicles that mimic a humanized hematopoietic
niche (Reinisch et al. 2016). This study addi-
tionally demonstrated, through detailed trans-
criptome and DNA methylation analyses, that
AML-associated epigenetic changes were erased
upon reprogramming, as AML-iPSCs were very
similar to normal control iPSCs and clearly dis-
tinct from primary AML cells. Consistent with
this, AML-iPSCs were able to differentiate into
tissues of all germ layers without overt signs of
malignancy in vitro and in teratomas. However,

AML patient blasts

o0 O %o’
@@ e®

90—
- QQ@

Malignant

Undifferentiated AML-iPSCs

Nonmalignant
Expandable in vitro

in stark contrast, their hematopoietic progeny
were similar to primary AML blasts in their
gene expression and DNA methylation patterns,
consistent with reacquisition of phenotypic leu-
kemic features in vitro and in vivo. No evidence
of “epigenetic memory” of leukemia was found
in the undifferentiated AML-iPSCs, suggesting
that the reestablishment of leukemia was exclu-
sively driven by the AML genetic lesion (MLL
rearrangement) in conjunction with the acquisi-
tion of the correct cellular identity. The afore-
mentioned studies thus uniquely highlight the
sufficiency of genetic lesions for leukemia estab-
lishment on one hand and the importance of the
appropriate cellular context for leukemic proper-
ties to manifest on the other (Fig. 3). In both stud-
ies, iPSCs could be derived both from major AML
clones and subclones with KRAS mutations.
These iPSCs shared all other leukemia-associated
genetic lesions except for the KRAS mutation,
highlighting the opportunities that iPSC model-
ing presents to isolate clones and study their prop-
erties and differential drug susceptibilities.

In contrast to myeloid malignancies, no stud-
ies of iPSC modeling of lymphoid leukemias or
lymphomas have been reported to date. Al-
though it is possible that lymphoid blasts are
even harder to reprogram than myeloid blasts,
the scarcity of such studies likely also reflects
the challenges in the derivation of lymphoid lin-
eages through directed in vitro differentiation of
hPSCs (Muifioz-Lopez etal. 2016; Montel-Hagen
and Crooks 2019a). Of note, a recent study used
gene targeting of normal human iPSCs to model
childhood acute B-lymphoblastic leukemia har-

AML-iPSC-derived blasts

OO

Malignant

Figure 3. Induced pluripotent stem cells (iPSCs) derived from acute myeloid leukemia (AML) patients. AML-
iPSCs do not exhibit malignant features at the undifferentiated pluripotent state, but only once they are differ-
entiated along the hematopoietic lineage. Unlike primary AML blasts that have limited growth potential in vitro,
iPSC-derived blasts can be extensively, potentially indefinitely, expanded in culture.
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boring the ETV6-RUNXI1 translocation (Boiers
et al. 2018). The authors first characterized B
lymphoid development in first-trimester human
embryos and provided evidence of an IL-7R*
progenitor cell population. They next showed
that hPSCs recapitulate this developmental tran-
sition and that ETV6-RUNXI1 expression specif-
ically affects it, causing expansion of the IL-7R"
progenitor compartment, block of B lineage
commitment, and aberrant myeloid gene expres-
sion signatures in pro-B cells. These findings
support the idea that ETV6-RUNXI targets a
specific susceptible progenitor cell type that is
uniquely present in embryonic and fetal life for
preleukemic initiation, which can explain why
ETV6-RUNXI translocations are rarely found
in adult acute lymphoblastic leukemia (ALL).
Familial forms of predisposition to MDS/
AML caused by inherited mutations have also
been modeled in iPSCs. Our group described
subtle phenotypic changes consistent with a pre-
leukemic state in iPSC-derived hematopoietic
cells from a patient with a germline GATA2 mu-
tation and modeled progression to low-risk or
high-risk MDS by engineering additional
genetic lesions that frequently occur in AML
arising on the grounds of inherited GATA2 de-
ficiency—namely, mutational inactivation of the
second GATA?2 allele and del7q (Kotini et al.
2017). Familial platelet disorder (FPD), caused
by germline mutations of RUNXI and charac-
terized by thrombocytopenia, platelet dysfunc-
tion, and predisposition to MDS/AML, has been
modeled with iPSCs by several groups (Connelly
et al. 2014; Sakurai et al. 2014; Antony-Debre
et al. 2015; Iizuka et al. 2015). A study using
iPSCs from different FPD pedigrees showed
that RUNXI1 haploinsufficiency causes only
megakaryocytic defects, whereas dominant neg-
ative mutations confer additional phenotypic
changes, supporting the idea that only the latter
confer risk of leukemia progression (Antony-
Debre et al. 2015). iPSC models of several inher-
ited BM failure syndromes, which are often
accompanied by predisposition to leukemia
development, have been created, including Fan-
coni anemia, Shwachman-Diamond syndrome,
Diamond-Blackfan anemia, dyskeratosis conge-
nita, and severe congenital neutropenia. These

Modeling Leukemia with iPSCs

studies mostly focused on modeling gene cor-
rection strategies and providing proof of princi-
ple of rescue of disease-relevant phenotypes by
gene therapy rather than on the propensity to
malignancy and have been reviewed elsewhere
(Georgomanoli and Papapetrou 2019).

NEW OPPORTUNITIES AFFORDED BY iPSCs
FOR THE STUDY OF LEUKEMIA BIOLOGY
AND PRECLINICAL RESEARCH

Arguably the most appealing property of iPSC
modeling for hematologic malignancies is the
possibility to create precise genetic models.
The capturing of intact human leukemic ge-
nomes enables modeling of disease-driving mu-
tations and other genetic lesions in their native
genomic context, in the appropriate cellular set-
ting, following differentiation to the desired cell
type, and in isogenic conditions. This can be
particularly valuable in instances of mutations
in genes whose functions are not well conserved
among species or for the modeling of large-scale
structural abnormalities, such as translocations,
large chromosomal deletions, trisomies, or com-
plex karyotypes that cannot be easily engineered
or modeled in the mouse because of synteny
issues (Kotini et al. 2015). A wealth of infor-
mation on recurrent gene mutations in MDS
and AML has become available in recent years,
and currently no good models exist for several of
them. Conventional immortalized cell lines
(ICLs) with mutations such as IDH1 and IDH2
arelacking. Similarly, there are no hematopoietic
cell lines with splicing factor mutations. Al-
though ectopic expression of mutant genes or
in situ introduction of mutations in the endog-
enous locus through CRISPR is often used, these
approaches still suffer from uncontrolled levels
of expression and stoichiometry imbalances, as
most ICLs are aneuploid and contain variable
numbers of copies of most endogenous genes.
Altered stoichiometry and levels of expression
of splicing factors can artificially affect their
RNA-binding properties. Furthermore, alterna-
tive splicing and intronic sequences are not well
conserved between mouse and human. Thus,
the modeling of splicing factor mutations and
other heterozygous hotspot mutations in iPSCs,
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through reprogramming or gene editing, can
provide a physiological genomic context to study
their downstream effects (Chang et al. 2018).
Finally, the reprogramming of entire leukemic
genomes offers the opportunity to capture the
patient’s genetic background including any in-
herited variation and other unknown mutations
or polymorphisms that may modify the pheno-
type or disease risk (Kilpivaara et al. 2009).

Reprogramming technology also presents
exciting opportunities to study the relative con-
tribution of genetic and epigenetic factors in
leukemogenesis. The studies of AML-iPSCs, dis-
cussed above, clearly established the requirement
for an interplay between the leukemia genome
and an appropriate cellular milieu (Chao et al.
2017; Kotini et al. 2017). They also showed that a
leukemia genome is sufficient to establish leuke-
mia in the correct cell type, as reprogramming
erases all preexisting leukemic epigenetic alter-
ations (Chao et al. 2017). Furthermore, these
studies showed that AML-iPSC-derived blasts
can model at least to some extent the transcrip-
tome and epigenome of primary cells, as signa-
tures shared with primary AML were found.
However, more detailed comparisons between
equivalent populations of iPSC-derived and pri-
mary AML blasts are required to understand how
faithfully the former recapitulate the chromatin
and gene expression landscape of the latter. Also,
although current evidence suggests that epige-
netic changes that are genetically determined
by mutations in epigenetic modifiers (e.g.,
TET2, DNMT3A, ASXLI1, EZH2, and others)
should be reestablished in iPSCs upon differen-
tiation, formal demonstration is still missing.
The finding that, in contrast to AML-iPSCs,
CML-iPSCs do not exhibit overt leukemic fea-
tures upon differentiation is puzzling and may
reflect a requirement for a specific cell type (e.g.,
HSCs) that was not produced in the differentia-
tion cultures (Amabile et al. 2015). This may
provide an example of how reprogramming
could be used to determine the cell of origin of
specific leukemias and to investigate the cell type
requirements of cancers more broadly. iPSC
models of familial cancer forms with different
tissue preponderance may prove particularly
useful for this (Lee et al. 2015).

iPSCs offer unique opportunities to model
disease progression and clonal evolution of ma-
lignancy. Reprogramming can be performed in
clonal conditions and often favors normal or
premalignant over malignant cells (Kotini
et al. 2017). Thus, unlike ICLs that can only be
derived from malignant cells, iPSCs can be de-
rived from normal and preleukemic cells har-
boring initiating mutations without the full set
of late mutations. Additionally, the ease of step-
wise addition of targeted mutations by CRISPR
and the recent wealth of information on patterns
of mutational cooperation open the possibility
of modeling clonal evolution through synthetic
biology approaches (Papaemmanuil et al. 2016).

One of the most highly advertised uses of
iPSC technology from the outset was its use in
drug testing and screening. Responses to
DOTI1L inhibitors in MLL-rearranged AML, to
rigosertib and MEK inhibitors in the context of
AML with KRAS mutations, and to splicing
modulators in SRSF2-mutant MDS have been
modeled in iPSC-derived cells, with cytotoxicity
as the main readout (Chao et al. 2017; Kotini
et al. 2017; Chang et al. 2018). Efforts to model
drug resistance to imatinib in CML and to cy-
tarabine-based chemotherapy in AML have also
been reported (Chao et al. 2017; Miyauchi et al.
2018). Because they provide a theoretically un-
limited source of cells, iPSC models can be used
to develop platforms for high-throughput small-
molecule screens. Additionally, they offer the
possibility to perform phenotype-driven screens
in cases in which there are no known targets,
empowered by the availability of isogenic nor-
mal controls (Chang et al. 2018). Current work
on drug screening in iPSC hematopoietic deriv-
atives has not yet moved past proof-of-principle
studies and is limited by scalability, as will be
further discussed below.

COMPARISON TO OTHER PATIENT-
DERIVED MODELS (IMMORTALIZED CELL
LINES, PATIENT-DERIVED XENOGRAFTS)

Once established, iPSC lines can be expanded
indefinitely at the pluripotent state, cryopre-
served, and shared with other investigators.
Thus, iPSC modeling enables experimentation
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with patient-derived material that, in contrast to
primary cells, is unlimited, allowing for robust
and well-controlled experiments that were hith-
erto only possible with ICLs. However, iPSCs are
fundamentally different than ICLs. iPSCs are
maintained in a self-renewing state by a pluripo-
tency gene network that is self-sustaining and
that, although some of its components may be
shared with cancer, is clearly distinct from onco-
genic signaling that maintains ICLs, which are
dependent on strong viral or cellular oncogenes.
iPSCs maintain normal diploid karyotypes and
are genetically more stable than ICLs, which are
typically aneuploid. As mentioned above, unlike
ICLs that can only be derived from fully trans-
formed cells and typically aggressive cancers,
iPSCs can be derived from normal and premalig-
nant cells. Although acquisition of genetic le-
sions over time is a problem with all cultured
cells, measures for its mitigation are much
more readily applied in iPSC research. The
stem cell community is more aware of the risks
of genetic diversification of cultured lines and
their monitoring is a routine practice, whereas
passage number is almost never tracked or re-
ported in studies using ICLs. Aneuploid status
and copy-number variation, present evenamong
individual cells within the same ICL, can pose
problems with modeling leukemia-associated
mutations. Furthermore, copy-number aberra-
tions may confound the results of CRISPR
screens, as multiple Cas9-mediated DNA breaks
can impair cell proliferation in a gene-indepen-
dent manner, a phenomenon referred to as the
CRISPR copy-number effect. While the argu-
ment can be made that iPSCs could replace
ICLs in many applications, the latter are still pop-
ular because of low cost and ease of use. Gener-
ation of iPSC-derived expandable progenitor cell
lines, further discussed later, may overcome most
of the practical obstacles to the broader use of
iPSCs.

iPSCs can be derived from leukemia cells
passaged through xenotransplantation and,
conversely, hematopoietic cells derived from
AML-iPSCs can generate xenografts. Such “sec-
ondary” patient-derived xenografts (PDXs) can
offer opportunities not afforded by primary
PDXs—namely, the generation of clonal PDX
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models devoid of genetic drifts and amenable
to extensive genetic manipulations prior to
transplantation. For other applications (e.g.,
use as patient-specific models or avatars) in
which capturing the genetic and epigenetic het-
erogeneity of the primary AML is desirable, pri-
mary PDXs may be preferable. Finally, how
epigenetically similar iPSC xenografts are to
primary PDXs and to primary AML cells is yet
unknown. iPSC xenografts should thus be more
valuable for genotype-to-phenotype studies, for
which similarity to primary tumor is less rele-
vant than the faithful representation of geno-
types in the correct genomic environment.

MISCONCEPTIONS AND TRUE
LIMITATIONS OF iPSC MODELS

As experience with iPSC modeling is building,
some misconceptions are still plaguing the field,
whereas important current limitations of the
approach provide opportunities for future im-
provements.

Genetic Stability of iPSC Lines

Early studies reported a high degree of chromo-
some aberrations, copy-number variation, and
point mutations in iPSCs and stirred serious
concerns that reprogrammed cells accumulate
multiple abnormalities at the chromosomal,
subchromosomal, and single-base level (May-
shar et al. 2010; Gore et al. 2011; Hussein et al.
2011; Laurent et al. 2011). Subsequent studies
revealed that the majority of these genetic vari-
ants are preexistent in the starting somatic cells
(Abyzov et al. 2012; Cheng et al. 2012; Young
et al. 2012). Numerous other studies have now
established that reprogramming in itself is not
mutagenic and that iPSCs are not inherently ge-
netically unstable, as they acquire mutations dur-
ing expansion in culture or during differentiation
at a rate similar to that of normal adult somatic
cells and consistent with spontaneous mutation
acquisition rates during cell division (Chengetal.
2012; Liang and Zhang 2013; Peterson and Lor-
ing 2014; Tapia and Schéler 2016). However,
several real issues remain and need to be consid-
ered in iPSC experiments. First, reprogramming
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can cause “founder effects,” akin to those in ICLs
and other patient-derived models, by selecting
for rare cells of the starting population. This
can skew the representation of the primary tu-
mor and may even select for “ultrafit” clones—
for example, cells with epigenetic inactivation of
TP53. Second, mutations will always accumulate
with increased passage. Importantly, the selec-
tion forces driving genetic evolution in culture, as
well as in PDX models, seem to be different than
those acting in patients, leading to increased ge-
nomic divergence between the models and the
primary leukemia over time (Hussein et al. 2011;
Ben-David et al. 2017, 2018). In particular, an-
euploidies and copy-number alterations tend to
disappear in iPSCs and other models over time.
In our study, we observed a growth disadvantage
and strong selection pressure for correction of
chr7q dosage in del7q MDS-iPSC lines over in-
creasing passage, whereas del7q cells presumably
have a selection advantage in the in vivo patient
setting (Kotini et al. 2015). Third, while normal
iPSCs are not more unstable than any other cell
type, cancer driving mutations may involve
genes regulating genome integrity and may im-
pact genomic stability. Importantly, as further
discussed below, with awareness and adherence
to good laboratory practices most of these issues
can be resolved.

Developmental Stage of hPSC-Derived
Hematopoiesis and Its Impact on Disease
Modeling

iPSC differentiation to desired cell types mimics
development, and this has severe implications
for disease modeling. First, developmental phe-
notypes may confound disease-relevant pheno-
types. For example, some recurrent MDS and
AML mutations, such as GATA2, RUNX1, and
others, affect genes with important roles in the
development of the hematopoietic system and
may block the differentiation of iPSCs at early
stages. For example, RUNXI mutations may im-
pair or abolish the generation of HPCs from he-
mogenic endothelium (HE). This problem is
analogous to the problem of embryonic lethality
in knockout mouse models and, similarly, it
could be overcome by engineering conditional

alleles. Second, as discussed above, current pro-
tocols yield developmentally immature and
mixed cells. Despite this, it is encouraging that
several studies have shown that disease-relevant
phenotypes—such as low clonogenicity, reduced
proliferation, and increased apoptosis in MDS;
cytokine independency in MPN; and differenti-
ation block and increased self-renewal in AML—
can be recapitulated in iPSC models (Ye et al.
2014; Kotini et al. 2015, 2017; Chao et al. 2017;
Chang et al. 2018). Developmental immaturity
may pose more of a problem for modeling
disease features critically dependent on aging.
Artificial induction of aging in iPSCs through
expression of progerin could be used to reveal
age-related disease manifestations (Miller et al.
2013). Most crucially, better protocols that can
specify adult-type hematopoiesis exclusively or
at least temporally separated from earlier waves
and/or markers for purification of the formerare
needed. To this end, protocols that early on in-
duce the right type of mesoderm and HE with
potential for adult-type hematopoiesis will need
tobedevised (Kennedy et al. 2012; Sturgeon et al.
2014; Ditadi et al. 2015; Guibentif et al. 2017).

Line-to-Line Variation

Reports of large variability in differentiation
propensity and phenotypes among diverse nor-
mal iPSC lines have spurred concerns over the
robustness of iPSC modeling in general. Given
that humans are genetically very diverse, it is
hardly a surprise that most of the variation in
phenotypes, differentiation propensity, gene ex-
pression, DNA methylation, and epigenetic
marks has now been attributed to differences
in genetic background (Kyttala et al. 2016; De-
Boever et al. 2017; Kilpinen et al. 2017; Pashos
et al. 2017). Variation among genetically
matched iPSC lines can also be present because
of epigenetic differences established and fixed
upon reprogramming (Liang and Zhang 2013).
These can be further exacerbated if differentia-
tion protocols and assays for readouts allow fora
high degree of noise. Because such noise may be
mistaken as disease-specific phenotypes, it is
imperative that the variation of the differen-
tiation procedure or phenotypic assay used
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does not exceed the effect size of the reported
disease-relevant phenotype. The former can be
measured by estimating the variance in the
phenotypic measures among independent dif-
ferentiations of the same iPSC line and among
different lines of the same genotype and com-
paring it to the phenotypic difference between
normal and disease lines (Kotini et al. 2015).

AREAS FOR IMPROVEMENT

Good Practices

Important in all areas of research, good practices
are particularly critical in hPSC research and,
consequently, stem cell researchers are typically
alert to factors that can compromise their results
and ways to mitigate the risks. Genetic diversifi-
cation caused by selection imposed by culture
conditions or genetic drifts can be detected by
frequent karyotyping and periodic authentica-
tion of iPSC lines by DNA fingerprinting and
mutational status of known mutations and pre-
vented by routine tracking and reporting of pas-
sage number, cryopreservation, and storage of
large stocks of early passage lines. Also, main-
taining cultured lines at a low passage number,
performing experiments of one entire study with
cells at similar passage number, and avoiding
unnecessary passaging and introduction of bot-
tlenecks, such as multiple freeze—thaw cycles,
extreme cell number reductions during passag-
ing, and unnecessary subcloning, are advisable.
Bottlenecks cannot be altogether avoided—for
example, those imposed during initial line estab-
lishment or during genetic engineering (antibi-
otic selection, single-cell cloning)—and are a
feature of all cancer models, including ICLs,
PDXs, and organoid cultures (Ben-David et al.
2019). iPSCs offer the advantage of indefinite
expansion, allowing for any inadvertent genetic
changesto be traced back in time and “corrected”
by retrieval of earlier passage stocks. Additional
good practices include maintaining standardized
cell culture conditions to decrease selection
pressure, regular testing for mycoplasma con-
tamination status, and alertness to any abrupt
phenotypic changes in division time, morpho-
logical features, or any phenotype. Any such
changes should be readily investigated as they
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often indicate underlying genetic changes. For
example, our discovery of spontaneously cor-
rected del7q MDS-iPSC clones was prompted
by the observation of phenotypic rescue of he-
matopoiesis in the corrected clones (Kotini et al.
2015). Finally, the opportunity to have tailored
control lines presents an important asset of iPSC
modeling that should be harnessed (Fig. 2). Us-
ing multiple genetically identical and indepen-
dently propagated lines, which can be relatively
easily generated in one round of reprogramming
or gene editing, can solve most issues of repro-
ducibility arising from genetic divergence.

Future Advances

Three significant current barriers to iPSC mod-
eling of blood cancers present opportunities for
future advances.

Generation of Expandable HPCs (eHPCs)

Currently, iPSC models remain inaccessible to
most of the hematology community because of a
lack of hPSC culture and differentiation exper-
tise, which are both quite laborious and costly
processes. One way by which this could be side-
stepped is the generation of iPSC-derived
eHPCs (i.e., HPCs that can be maintained in a
self-renewing state), thus bypassing the hPSC
culture and differentiation steps. These eHPCs
could be passaged as simple suspension cultures
in media and conditions akin to those used for
conventional ICLs, expanded extensively or even
indefinitely, cryopreserved, and terminally dif-
ferentiated on demand, while preserving all or
most of their mutation-specific characteristics.
Doulatov et al. discovered five factors
(HOXA9, ERG, RORA, SOX4, and MYB) that
could maintain eHPCs. Discontinuation of fac-
tor expression through doxycycline withdrawal
enabled differentiation along the myeloid and
erythroid lineage (Doulatov et al. 2013). Fur-
thermore, these progenitors could give rise to
short-term myeloerythroid engraftment in im-
munocompromised mice. More recently, our
group showed that a combination of 13 factors
can maintain CD34"/CD45" eHPCs long-term
in vitro (Chang et al. 2018). Apart from opening
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up iPSC modeling to the broader community,
eHPC approaches can also, very importantly,
overcome limits of scale of hematopoietic differ-
entiation and dramatically increase the through-
put of assays made possible. The latter can include
biochemical assays requiring large cell numbers,
proteomics, and high-throughput small-mole-
cule or genetic (e.g., CRISPR-based) synthetic
lethality screens to identify therapeutic targets.
For example, five-factor eHPCs derived from
iPSC models of DBA enabled an unbiased chem-
ical screen, which would not have been possible
otherwise, and led to the discovery of a new small
molecule stimulating erythropoiesis through
induction of autophagy (Doulatov et al. 2017).

Generation of Transplantable HSCs

Although hematopoietic cells from AML-iPSCs
from two different AML genotypes (MLL-rear-
ranged and del7q) were shown to engraft in im-
munodeficient mice, it is currently unclear if
this is a generalizable property of all AML-
iPSCs. Furthermore, hematopoietic cells from
CML, MDS, and normal iPSCs clearly do not
engraft (Amabile et al. 2015; Chao et al. 2017;
Kotini et al. 2017). This limitation, which might
be at least in part a result of the developmental
immaturity of hPSC-derived hematopoiesis,
discussed earlier, restricts experimentation in
the in vivo setting. The limited success in estab-
lishing differentiation conditions to generate en-
graftable hematopoiesis by many investigators
over two decades has been reviewed elsewhere
(Vo and Daley 2015; Rowe et al. 2016; Wahlster
and Daley 2016). More recently, the Daley lab-
oratory accomplished long-term multilineage
engraftment of iPSC-derived cells, albeit at rel-
atively modest efficiency, by forced expression of
seven transcription factors (ERG, HOXAS5,
HOXA9, HOXA10, LCOR, RUNXI, and SPI1)
(Sugimura et al. 2017).

Incorporation of Microenvironment
Components and Three-Dimensional
Cultures

iPSCs mainly read cellular phenotypes and do
not capture nongenetic and non-cell-autono-

mous features of disease. Thus, future enhance-
ments to the capabilities of the system could
include cocultures with other cell types of the
BM niche, such as stromal and endothelial cells.
The latter could be sourced from primary cul-
tures, autologous or allogeneic, or differentiated
from iPSCs. Such cultures could be valuable to,
for example, model clonal advantage conferred
by specific CH- and MDS- associated mutations,
which is currently not captured in vitro. For ex-
ample, cells with isolated del7q or splicing factor
mutations, in the absence of mutations driving
overt AML, exhibit a growth disadvantage in
vitro, although they clonally expand in vivo (Ko-
tini et al. 2015, 2017; Chang et al. 2018). This
discrepancy is likely a result of the in vitro con-
ditions, as primary MDS cells also grow poorly
ex vivo and ICLs with splicing factor mutations
have slower division rates than wild-type cells.
Culture conditions better mimicking an in vivo
environment with presumably different selec-
tion pressures could enable better modeling of
clonal dynamics and other disease phenotypes
that are dependent on interaction with other cell
types and extracellular components. 3D cultures
could further enhance the capabilities of iPSC
models, for example, by promoting develop-
mental maturation and more faithful estab-
lishment of epigenetic disease components.
Although the importance of 3D organoid-type
cultures may be lesser for liquid tumors than
solid tumors, they may enable modeling of lym-
phoid malignancies in the future—for example,
by tissue engineering approaches recapitulating
germinal center-like structures and thymic or-
ganoids to allow positive selection and matura-
tion of T cells (Parent et al. 2013; Sun et al. 2013;
Montel-Hagen et al. 2019b; Rowe and Daley
2019).

CONCLUDING REMARKS

Recent studies indicate that leukemia research
can benefit tremendously from iPSC technolo-
gy. Cultural aspects of hematology, like a long
tradition of banking and making good use of
patient material and, consequently, the size
and breadth of tissue banks already in place,
render iPSC modeling all the more appealing
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for this discipline. iPSC modeling is still a young
field, and although experience is building, mis-
conceptions are also lingering. Like all models,
iPSCs have limitations, but also unique
strengths. Being human models, the findings
made with them can be anticipated to better
translate to the clinic. As patient-derived mod-
els, iPSCs can engage in a back and forth with
primary cells (i.e., hypotheses generated from
clinical observations can be tested in iPSCs
and findings in iPSCs can be validated in prima-
ry cells from the same patient). Because iPSCs
can faithfully model human genomes, large bio-
banks representative of all major genetic groups
and specific genotypes of blood cancers can be
envisioned. These can uniquely support geno-
type-to-phenotype studies, target identification
and validation, drug testing, screening and re-
purposing, and toxicity testing. Moving on from
2D single-lineage cultures to 3D and in vivo
systems, capturing tissue and organ level phe-
notypes, in the future, can bring on the best of
both worlds. In a balancing act amid doomsday
scenarios and extreme hype, today iPSC tech-
nology is moving steadily toward fulfilling its
promise to revolutionize the study of human
physiology and disease pathogenesis.
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