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Human cancer is  general ly  studied once the ful l 
transformation events have taken place. Accordingly, 
investigations of key questions about early cancer 
pathogenesis, such as cell-of-origin, target cell for 
transformation, developmental impact of cancer-specific 
genetic insults, lineage affiliation of fusion genes and 
intratumor heterogeneity, are not amenable using patient 
samples (1,2). It is becoming increasingly clear that for 
almost all cancers, the cancer bulk displays features of 
normal tissue organization, where cancer stem cells (CSCs) 
sit at the top of the hierarchical structure and drive tumor 
growth and evolution (3). Therefore, the establishment of 
effective disease models to study the developmental impact 
of cancer-specific genetic aberrations on human stem cell 
fate is in high demand. 

Since its discovery in 2006 by Yamanaka and colleagues (4), 
reprogramming somatic cells to induced pluripotent stem 
cells (iPSCs) has shown unprecedented promise for the 
generation of custom-tailored cells for disease modeling, 
drug-screening, cell therapy and developmental biology 
(5,6). iPSCs are a powerful tool for modeling key aspects 
of human disease that cannot otherwise be addressed by 
patient sample analyses or animal models (5,6). Because 
leukemia manifests as a developmental cell blockage, the 
generation and differentiation of leukemia-specific iPSCs 
offers a promising in vitro model to study the earliest events 

leading to the specification of both normal and malignant 
hematopoietic tissue, and to unravel the molecular and 
cellular mechanisms underlying the pathogenesis of human 
leukemia. iPSCs are easily generated from healthy and 
diseased, patient-specific, cells at different developmental 
stages (7). However, reprogramming human primary 
cancer cells remains challenging, and only a few reports 
have demonstrated successful reprogramming of malignant 
cells. Indeed, iPSCs from primary leukemic cells have been 
generated only from chronic hematological malignances, 
including Philadelphia+ CML, PMF, JAK2-V617F+ PV 
and JMML (8-10). The generation of iPSCs from acute 
myeloid (AML) or acute lymphoid leukemias (ALL) has not 
been reported to date, whereas iPSCs have been generated 
from normal human myeloid, T-cells and B-cells (11). Our 
laboratory has recently demonstrated that despite multiple 
in vitro and ex vivo combinations of reprogramming 
factors using diverse delivery strategies together with 
transcriptomic and epigenetic “booster” reprogramming 
strategies, neither primary B-ALL blasts nor B-ALL 
cell lines could be reprogrammed to pluripotency (12). 
Functional assays coupled with global transcriptome and 
DNA methylome profiling suggested a developmental/
differentiation refractoriness of human B-ALL to 
reprogramming to pluripotency. Thus, it remains an open 
question whether biological or technical reprogramming 
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barriers underlie the inability of B-ALL leukemic blasts to 
be reprogrammed.

This situation has now changed. In the March 2017 issue 
of Cell Stem Cell, Chao and colleagues published a seminal 
paper describing the generation of iPSCs from primary 
AML samples harboring MLL rearrangements (AML-
iPSCs) (13). The generated AML-iPSCs retained AML-
specific cytogenetic and molecular abnormalities but reset 
AML epigenetic marks. When used as a disease model to 
study the developmental impact of AML-specific (epi)-
genetic aberrations, AML-iPSCs successfully recapitulated 
many aspects of the disease that were dependent on the 
differentiation context of the cell (13). Differentiation 
of AML-iPSCs into hematopoietic cells led to leukemic 
reacquisition, whereas non-hematopoietic lineages did 
not form tumors. Differentiating AML-iPSCs presented 
a leukemic-like myeloid-restricted phenotype with 
serial clonogenic potential in vitro. Moreover, AML-
iPSC blood derivatives gave rise to an aggressive AML 
in vivo. Importantly, AML-associated transcriptome and 
DNA methylation signatures that were initially erased 
through reprogramming were reacquired upon blood re-
differentiation, and this was not due to residual epigenetic 
memory present upon AML reprogramming to iPSCs. 
The authors also investigated the utility of AML-iPSCs as 
a model for characterizing and therapeutically targeting 
distinct AML subclones present in the tumor. This is 
clinically very relevant for the development of therapeutic 
interventions, as it is critical to target as many subclones as 
possible, and preferentially those cells harboring initiating 
oncogenic drivers, which are key substrates for therapeutic 
failure through the ability of specific clones, especially 
those carrying the oncogenic initiating event, to become 
refractory to therapy.

The study by Chao et al. (13) opens up new avenues 
in leukemia research and stem cell biology. Compelling 
evidence links reprogramming, pluripotency, lineage-
specification and oncogenic transformation as closely 
intertwined processes (14). For example, leukemic 
mutations in oncogenes/tumor suppressors or chromosomal 
rearrangements leading to constitutive expression of 
chimeric proteins are commonly affiliated with a specific 
hematopoietic lineage and/or cell stage, indicating that the 
effects of leukemia-relevant mutations are highly influenced 
by environment and the differentiation state of a given cell. 
Of note, poorly differentiated aggressive human cancers 
express high levels of pluripotency-associated factors, 
suggesting that reprogramming to a more dedifferentiated 

state occurs during tumor progression. A fascinating 
challenge in cancer cell biology is to deconstruct the 
stepwise mechanisms by which cancer-specific mutations 
transform into pre-cancerous states followed by rapid 
transition to overt disease. In this setting, the availability 
of banked patient-specific cancer cells and cord blood units 
from newborns who later develop childhood cancer will 
also offer a unique opportunity to dissect the developmental 
and molecular mechanisms underlying the stepwise 
transformation process from a pre-cancerous to an overt 
cancer clone. A corollary to the reversal of the malignant 
phenotype to a pluripotent state is that if a cancer cell 
can be fully reprogrammed it would suggest that the so-
called “cancer state” is not irreversible, a concept that 
would have significant implications for cancer biology (9).  
Furthermore, compound screening assays aimed at 
identifying targeted and effective treatments may be 
undertaken using differentiating derivatives of cancer cell-
specific iPSCs. For instance, if the oncogenic mutations 
present in cancer cell-iPSCs prevent cellular differentiation, 
differentiation-inducing compounds that can cause tumor 
regression, such as all-trans retinoid acid in the case of acute 
promyelocytic leukemia, may be assayed.

A stumbling block for advancing iPSC-based leukemia 
disease models is the extremely low reprogramming 
frequency of primary leukemic cells and cell lines (7), which 
prevents prospective genotype-phenotype studies comparing 
a large cohort of cancer-iPSCs from adult and pediatric 
human cancers carrying different genetic composites. 
Consistent with the developmental refractoriness of human 
B-cell ALL to reprogramming to pluripotency (7), the 
work by Chao et al. reports the generation of AML-iPSCs 
from just two patients, further emphasizing the notion that 
reprogramming of primary leukemias is not a trivial task. 
Whether biological or technical reprogramming barriers 
underlie the inability of primary acute leukemic blasts to be 
reprogrammed remains to be explored. The differences in 
reprogramming MLL-rearranged B-ALL and AML suggest 
that epigenetic reprogramming may be dependent on 
leukemia tumor subtype and the specific genetic insults (13).

Active cell proliferation is key for transcription factor-
induced cell fate change during cellular reprogramming, 
and acute leukemias barely/do not proliferate in vitro, 
making leukemia cell reprogramming an extremely difficult 
endeavor. To contend with this, our laboratory and others 
attempted to reprogram acute leukemic cell lines and 
primary blasts that were induced to proliferate through 
xenograft expansion, both before and after transduction with 
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Yamanaka factors. These approaches consistently failed to 
reprogram in vivo-expanded leukemic blasts, whereas EBV-
immortalized healthy B-cells as well as healthy pro-B and 
pre-B precursors could be successfully reprogrammed (7),  
suggesting that the leukemia-initiating genetic event 
might represent a reprogramming barrier. The discovery/
optimization of technical advances that allow at least 
short-term in vitro expansion of primary leukemic blasts 
would undoubtedly be a major step towards leukemia cell 
reprogramming (15). In fact, Chao and colleagues reported 
an instrumental contribution of human-stromal cells in 
facilitating in vitro expansion of their AML blasts that 
despite being quite limited and short-term, it eventually 
helped the proliferation-dependent early phases of the 
reprogramming process.

Recent studies on the three-dimensional chromosome 
regulatory landscape of human iPSCs have revealed the 
importance of chromosome structure and topologically 
associating domains in maintaining pluripotency (16). In 
addition, an elegant study has suggested that some large 
genetic rearrangements (e.g., ring chromosomes) are 
not compatible with the pluripotent state, likely due to 
the inability to establish the characteristic chromosomal 
topology of iPSCs (17). Whether genetically-complex 
leukemic chromosomal translocations impede leukemic 
blast reprogramming cannot be ruled out. Furthermore, 
these genetic rearrangements may simply be lethal in 
a pluripotent cell context. Preliminary data from our 
laboratory suggest that after generating a t(11;22) EWSR1-
FLI1+ translocation in human stem cells using CRISPR/
Cas9 system (18), t(11;21)-carrying clones are lost after a 
few passages, reinforcing that the nature of the target cell 
of transformation is crucial and therefore cancer-specific 
mutations have to initially occur in the right cellular context 
to confer a phenotype (19,20). Further work is thus needed 
to identify and overcome the biological barriers impeding 
reprogramming of acute leukemias and primary cancer 
cells. Whether different genetic/cytogenetic subtypes of 
acute lymphoid and myeloid leukemias can be equally 
reprogrammed should be determined in future studies 
in order to provide a universal procedure to establish 
iPSCs from primary acute leukemias that recapitulate the 
developmental impact of leukemia-specific (epi)genetic 
insults for disease initiation, evolution and drug resistance.
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