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Induced pluripotent stem cells (iPSCs)
can be generated from various differenti-
ated cell types by the expression of a set
of defined transcription factors. So far,
iPSCs have been generated from primary
cells, but it is unclear whether human
cancer cell lines can be reprogrammed.
Here we describe the generation and char-
acterization of iPSCs derived from human
chronic myeloid leukemia cells. We show

that, despite the presence of oncogenic
mutations, these cells acquired pluripo-
tency by the expression of 4 transcription
factors and underwent differentiation into
cell types derived of all 3 germ layers
during teratoma formation. Interestingly,
although the parental cell line was strictly
dependent on continuous signaling of the
BCR-ABL oncogene, also termed onco-
gene addiction, reprogrammed cells lost

this dependency and became resistant to
the BCR-ABL inhibitor imatinib. This find-
ing indicates that the therapeutic agent
imatinib targets cells in a specific epige-
netic differentiated cell state, and this
may contribute to its inability to fully
eradicate disease in chronic myeloid leu-
kemia patients. (Blood. 2010;115(20):
4039-4042)

Introduction

Tumors develop in the context of a particular developmental state
by acquiring mutations in oncogenes and tumor suppressor genes.
Oncogenic mutations are often observed in a tissue- or cell
type-specific manner.! Similarly, in hereditary cancer syndromes,
patients are predisposed to tumor development in specific tissues
despite the presence of mutated cancer genes in all somatic cells.
This suggests that the effects of cancer-relevant mutations are
highly influenced by the state of a particular cell, including cell
environment and differentiation. One way of studying the interac-
tion of oncogenic mutations with different tissue types is to
reprogram an established cancer cell line to pluripotency. Although
this has been achieved for cell lines of experimentally induced
mouse tumors through nuclear transfer,> this process was not
applied to human cancer because of technical constraints. The
recent advance to reprogram differentiated cell types through
expression of a combination of transcription factors®* has allowed
induced pluripotent stem cells (iPSCs) to be generated from
various cell types, including cells of the hematopoietic lineage.>°
However, until now, this has not been achieved for human
tumor cells.

Methods

Detailed methods are provided in the supplemental Methods data (available
on the Blood Web site; see the Supplemental Materials link at the top of the
online article). All animal experiments were approved by the committee of
animal care from Whitehead Institute.

Results and discussion

To address whether human cancer cells can be reprogrammed
into iPSCs, we used KBM7 cells derived from blast crisis stage
chronic myeloid leukemia (CML).” A near-diploid subclone of
KBM7 cells was used carrying a Philadelphia translocation. We
infected KBM7 cells with retroviruses expressing 4 reprogram-
ming factors: OCT4, SOX2, c-MYC, and KLF4. After 21 days,
rare colonies with characteristic embryonic stem (ES) cell
morphologies were expanded. Two cancer-derived iPS cell lines
KBM?7-iPS1 and KBM7-iPS2 that grew as adherent, flat colo-
nies (Figure 1A) were characterized further. KBM7-iPS1 and
KBMT7-iPS2 expressed the ES cell markers alkaline phospha-
tase, CD9, Tra-1-81, and OCT4 and had lost expression of the
hematopoietic marker CD43 (Figure 1A). Reverse-transcription
polymerase chain reaction revealed that the reprogrammed
clones expressed REX1, FGF4, TDGF1, NANOG, GDF3, LIN2S,
and ZIC3 as well as endogenous transcripts of OCT4 and SOX2
at levels similar to human ES cells (Figure 1B). Both pan-
hematopoietic markers CD43 and CD45 were no longer ex-
pressed (Figure 1B; supplemental Figure 1). These cancer-
derived iPSCs are distinct from pluripotent cells generated from
normal cells, as is evident from expression of the BCR-ABL
oncogene (Figure 1B; supplemental Figure 2) and their abnor-
mal karyotype indicative of chromosomal instability (supplemen-
tal Figure 2). Until now, attempts to reprogram other CML cell
lines have not been successful (data not shown).

Not all 4 reprogramming factors are strictly required for the
generation of iPSCs from somatic cells.31% We asked whether all
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Figure 1. Generation of iPSCs derived from human KBM7 leukemic
cancer cells. (A) Introduction of c-MYC, OCT4, SOX2, and KLF4 into
KBM?7 cells led to the formation of rare adherent colonies that displayed
morphologic similarity to human embryonic stem (ES) cells as well as
high alkaline phosphatase activity. Reprogrammed KBM7 cells homo-
geneously stained for pluripotency markers Tra-1-81 and OCT4 and
CD9 but did not stain for hematopoietic CD43 (green immunofluores-
cence; nuclear counterstain in blue). (B) Total RNA from KBM7 cells,
reprogrammed KBM7 cells, and human ES cells was isolated and
analyzed by reverse-transcribed polymerase chain reaction for the
expression of human ES cell characteristic transcripts REX1, FGF4,
and TDGF1, endogenous OCT4 and SOX2, NANOG, GDF3, LIN28,
and ZIC3, the hematopoietic specific transcripts CD43 and CD45, and
the CML specific BCR-ABL fusion transcript. (C) Subcutaneous injec-
tion of cancer induced pluripotent stem cells (iPSCs; KBM7-iPS2) into
non-obese diabetic severe combined immunodeficiency (NOD-SCID)
mice led to formation of teratoma. Hematoxylin and eosin-stained
sections of the tumor (i, original magnification <40) revealed extensive
areas of embryonal carcinoma (ii, original magnification x100; iii,
original magnification X400) and ectoderm-derived primitive neuroec-
todermal tissue (iv, original magnification X 100; v, original magnifica-
tion xX400). Differentiation into muscle (mesodermal; vi, original magni-
fication X400), and ciliated respiratory epithelium (endodermal; vii,
original magnification x600) was also present. (D) Methylation analy-
sis of the OCT4 and NANOG promoter region in KBM7 cells, the
generated iPSCs, and hES cells. Light gray squares represent unmeth-
ylated; black squares, methylated cytosine-phosphate-guanosine. Num-
bers indicate the percentage methylated cytosine-phosphate-guanosine.
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4 factors were required for reprogramming of cancer cells.
Unexpectedly, removal of c-MYC from the reprogramming mixture
resulted in cell death. Removal of OCT4, SOX2, or KLF4 had a less
dramatic phenotype and adherent colonies formed. However, these
colonies maintained CD43 marker expression and did not exhibit
ES cell morphology (supplemental Figure 3), suggesting that none
of the 4 factors is dispensable.

In the chronic phase of CML, the BCR-ABL mutation drives cell
expansion but cells retain the capacity to undergo differentiation.!!
Subsequently, secondary lesions lead to blast crisis, which is
characterized by the inability to undergo differentiation.!> We
addressed whether iPSCs derived from KBM7 cells, which re-
semble the blast phase of CML, were able to undergo differentia-
tion. The most stringent test to validate that reprogrammed cells
have gained pluripotency is teratoma formation.!3 Cancer-derived
iPSCs (KBM7-iPS2) were subcutaneously injected into nonobese
diabetic severe combined immunodeficiency (NOD-SCID) mice.
This resulted in teratoma formation (Figure 1C; supplemental
Figure 4). Histologic analysis demonstrated the presence of tissues
representing all 3 germ layers. Large tumor areas contained
primitive neuroectodermal tissue (ectoderm-derived) and struc-
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tures resembling embryonal carcinoma. Focal areas were observed
containing structures closely resembling ciliated respiratory epithe-
lium (endodermal) and muscle (mesodermal). In vitro differentia-
tion assays demonstrated that these cells generated embryoid
bodies and differentiate into Nestin-expressing neuroepithelial
rosette-like structures and BIII-tubulin-positive cells of neuronal
morphology (supplemental Figure 5).

Exquisite dependency of CML cells on BCR-ABL signaling
forms the basis for successful clinical suppression of disease by
imatinib (STI-571; Gleevec).!*!> The mechanism of this depen-
dency is poorly understood. It has been suggested that the
accumulation of genetic alterations in tumor cells leads to a new
genetic program in which the acquired oncogenic lesion becomes
an indispensable component.'® We used cancer-derived iPSCs to
study oncogene dependence. In contrast to parental KBM7 cells,
KBM7-iPS1 and KBM7-iPS2 were completely resistant to imatinib
(Figure 2A). Loss of oncogene addiction was observed in iPSCs
but also in neuronal cells or fibroblast-like cells derived from iPS2
cells (Figure 2A). Imatinib resistance was not observed when each
transcription factor was individually introduced into KBM7 cells
(Figure 2B) and was observed 7 days after infection with the
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Figure 2. Reprogramming of KBM7 cells results in escape from A
oncogene addiction. (A) KBM7-iPSCs acquired insensitivity to treat-
ment with 1uM of the BCR-ABL kinase inhibitor imatinib (Gleevec),
whereas parental KBM7 cells were highly sensitive. KBM7 cells, repro-
grammed KBM7-iPS2 cells, and nonhematopoietic differentiated deriva-
tives were cultured without (top row) or with the addition of 1M imatinib
for 3 days (bottom row). All images were acquired with a standard Nikon
microscope with a 10X objective. (B) Viability of KBM7 cells infected with
retroviral constructs encoding indicated cDNAs on imatinib treatment 7
days after infection. Only when the 4 factors were expressed in
combination, KBM7 cells acquired insensitivity to imatinib. Cell viability
was measured using an XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide) conversion assay. Values given are
percentages of uninfected control cultures. Data are the mean plus or
minus SD values from a typical experiment performed in triplicate. (C)
Flow cytometry histograms of KBM7 cells 7 days after infection with B
retroviruses expressing indicated cDNAs showed that a combination of
the 4 reprogramming factors led to loss of expression of CD45, a

pan-hematopoietic marker. (D) Flow cytometric analysis of KBM7-iPSCs — 120
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4 transcription factors (Figure 2B). The majority of cells lost
expression of the pan-hematopoietic marker CD45 (Figure 2C),
suggesting a certain level of dedifferentiation that was not observed
when cells expressed either transcription factor alone (Figure 2C).
After 1 week, expression of the 4 factors induced partial demethyl-
ation of the OCT4 and NANOG promoters and NANOG was
detected (supplemental Figure 6A). Although these cells showed
signs of dedifferentiation, they did not yet fully resemble pluripo-
tent ES cells as apparent from absence of LIN28 and E-cadherin
expression (supplemental Figure 6B). We addressed whether
differentiation toward the hematopoietic lineage would restore
oncogene addiction. Embryoid bodies derived from KBM7-iPSCs
were cultured in serum-free medium supplemented with hematopoi-
etic cytokines. Although further experiments are needed to address
to what extent these cells are able to differentiate into all lineages,
cells positive for CD34, CD43, and CD45 could be observed
indicative of hematopoietic differentiation. Addition of imatinib to
the culture medium for a period of 3 days strongly reduced the
number of cells that were positive for the hematopoietic markers,
whereas the viability of the nonhematopoietic cells was unaffected
(Figure 2D; supplemental Figure 7). These experiments suggest
that, despite the presence of oncogenic lesions and aberrant wiring
of regulatory circuits in KBM7 cells, the process of reprogramming
readily abolishes BCR-ABL dependency, which is restored by
differentiation into the hematopoietic lineage.
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We show here that a human cancer cell line can be
reprogrammed into a state of restricted pluripotency. It remains
to be seen whether other human cancer cells can be repro-
grammed into iPSCs. Interestingly, the oncogenic mutations
present in the reprogrammed KBM7-iPSCs do not fully prevent
cellular differentiation occurring during teratoma formation,
although we cannot exclude that the degree of maturation is less
extensive than observed in teratomas derived from noncancer-
ous cells. Finally, our results could suggest that a specific
differentiated epigenetic cell state is needed to maintain BCR-
ABL dependency, providing a rationale for heterogeneity in
response to therapeutics targeting oncogene addiction. This
may contribute to the inability of BCR-ABL inhibitors to fully
cure disease.
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