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ReGENERATIVE MEDICINE

Cellular Reprogramming Allows Generation of
Autologous Hematopoietic Progenitors From AML
Patients That Are Devoid of Patient-Specific
Genomic Aberrations
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ABSTRACT

Current treatments that use hematopoietic progenitor cell (HPC) transplantation in acute myeloid
leukemia (AML) patients substantially reduce the risk of relapse, but are limited by the availability
of immune compatible healthy HPCs. Although cellular reprogramming has the potential to provide
a novel autologous source of HPCs for transplantation, the applicability of this technology toward
the derivation of healthy autologous hematopoietic cells devoid of patient-specific leukemic aberra-
tions from AML patients must first be evaluated. Here, we report the generation of human AML
patient-specific hematopoietic progenitors that are capable of normal in vitro differentiation to
myeloid lineages and are devoid of leukemia-associated aberration found in matched patient bone
marrow. Skin fibroblasts were obtained from AML patients whose leukemic cells possessed a dis-
tinct, leukemia-associated aberration, and used to create AML patient-specific induced pluripotent
stem cells (iPSCs). Through hematopoietic differentiation of AML patient iPSCs, coupled with cyto-
genetic interrogation, we reveal that AML patient-specific HPCs possess normal progenitor capacity
and are devoid of leukemia-associated mutations. Importantly, in rare patient skin samples that
give rise to mosaic fibroblast cultures that continue to carry leukemia-associated mutations; healthy
hematopoietic progenitors can also be generated via reprogramming selection. Our findings provide
the proof of principle that cellular reprogramming can be applied on a personalized basis to gener-
ate healthy HPCs from AML patients, and should further motivate advances toward creating trans-
plantable hematopoietic stem cells for autologous AML therapy. STEM CELLS 2013;33:1839-1849

concerns of reinfusion of leukemic cells with
genomic abnormalities. Unfortunately, current
graft purging methods [9] do not alleviate the
risk of leukemic cell reinfusion and relapse in
autologous BM transplantation settings [10—-12].
Alternatively, use of allogeneic blood sources to

INTRODUCTION

Acute myeloid leukemia (AML) is characterized
by the rapid growth of nonfunctional immature
myeloid cells (AML blasts) in the bone marrow
(BM) and peripheral blood (PB) of patients, lead-

ing to anemia, bleeding, increased risk of infec-
tion, and ultimately death [1, 2]. Accumulated
clinical data have identified recurrent leukemia-
associated genomic aberrations in 50%—60% of
AML patients [3-5], and these mutations are
used as informative diagnostic and prognostic
markers that are useful in managing patient
therapy. Current treatments achieve high rates
of remission, but subsequent relapse contributes
to a reduction to 20%-30% of patients who
attain disease-free survival [6, 7].

Although hematopoietic progenitor cell
(HPC) transplantation during consolidation ther-
apy significantly reduces relapse [8], safe auto-
logous sources of HPCs required for normal
hematopoietic recovery are limited, and include
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avoid leukemic abnormalities (BM, mobilized
PB, and cord blood) [13] for transplantation in
AML patients is restricted by the availability of
matched donors, and the long-term complica-
tions associated with an inability to separate
graft-versus-host disease from the beneficial
graft-versus-leukemia effect [6, 14, 15]. Further-
more, alternative efforts over the past decades
to increase the low numbers of HPCs that can
be obtained for the management of a single
patient [16] by ex vivo expansion have had vari-
able success [13, 17], where recent clinical trials
question the benefits of expanded HPCs [17].
As such, the generation of novel autologous
sources of HPCs to circumvent limited availabil-
ity and complications associated with current
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transplant sources could benefit patient survival, and thus
deserves deeper investigation.

The ability to generate induced pluripotent stem cell
(iPSCs) that share phenotypic, molecular, and functional hall-
marks with human embryonic stem cells [18-22] provides an
opportunity to develop renewable sources of immune-
compatible cells. In the context of AML, generation of AML
patient-specific HPCs that are devoid of the leukemic aberra-
tion(s) that affect the patient’s hematopoietic tissue would
provide a transformative approach in establishing a healthy
autologous blood source for transplantation during AML ther-
apy. Although robust long-term engraftment of PSC-derived
HPCs in murine xenografts has not been fully demonstrated
[23, 24], incremental advances have been made [25-27].
However, multiple studies have delineated protocols to differ-
entiate human PSCs to HPCs that possess in vitro multipotent
functionality [28-31]. Independent of advancements required
for the generation of transplantable long-term HPCs from
hPSCs, the potential of using reprogramming to generate
healthy blood cells from an AML patient has yet to be
explored and it remains unclear whether generation of AML
patient HPCs is even possible. To this end, we obtained der-
mal fibroblasts from human AML patients whose leukemic
cells possessed known leukemia-associated genomic aberra-
tion, and used reprogramming technology to generate HPCs.
By probing for the absence of this aberration, in conjunction
with immunophenotypical, functional, and morphological in
vitro assessments as compared to the patients’ AML blasts,
we provide evidence that derivation of healthy autologous
sources of blood using cellular reprogramming is possible.

MATERIALS AND METHODS

Human Patient Samples

Individual disease cases were assessed to determine patient
eligibility based on the following criteria: (a) disease was clini-
cally classified as AML; (b) AML blasts possessed a recurrent
leukemia-associated genomic aberration; (c) AML blasts were
obtained by BM aspiration; and (d) patient consented to pro-
vide one dermal fibroblast skin biopsy. Informed consent was
obtained from all sample donors in accordance with Research
Ethics Board-approved protocols at McMaster University. BM
aspirates were obtained from consenting leukemic patients at
the Juravinski Cancer Center (Hamilton, Canada) as available,
and from healthy patients (Lonza, Basel, Switzerland, http://
www.lonza.com). Primary BM mononuclear cells were pre-
pared using density gradient centrifugation (20 minutes,
1,500 rpm) in Ficoll-Paque Premium (GE Healthcare Life Scien-
ces, Piscataway, NJ, http://www.gelifesciences.com), and
ammonium chloride treatment (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com) for 5 minutes at 4°C. Samples
were assessed by flow cytometry for cell surface hematopoi-
etic markers. Dermal skin biopsies (5 mm X 5 mm) were
obtained from the forearm of consenting patients at the Jura-
vinski Cancer Center. Primary human fibroblast cultures were
established as described [32], and assessed by flow cytometry.

Human Cell Culture

Human dermal adult forearm fibroblasts were cultured in Fib
media (Dulbecco’s modified Eagle’s medium [DMEM] with
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10% vol/vol fetal bovine serum [Neonatal Bovine Serum,
HyClone, Logan, UT, http://www.hyclone.com], 1% vol/vol
nonessential amino acid [Gibco, Grand Island, NY, http://www.
invitrogen.com], and 1 mM I-glutamine [Gibco]). Patient-
specific iPSCs were derived and cultured on irradiated mouse
embryonic fibroblasts (iMEFs) in F-12 iPSC media (DMEM/F-12
[Gibco] with 20% knockout serum replacement [Gibco], 100
UM  f-mercaptoethanol, 100 puM nonessential amino acid
[Gibco], 1 mM I-glutamine [Gibco]) supplemented with 10 ng/
ml basic fibroblast growth factor; F-12 iPSC media were not
supplemented with antibiotics. iPSC-derived embryoid bodies
(EBs) were cultured in hematopoietic differentiation media
(KO-DMEM [Gibco] with 20% knockout serum replacement
[Gibco], 100 puM f-mercaptoethanol, 100 pM nonessential
amino acid [Gibco], 1 mM I-glutamine [Gibco]) supplemented
with 50 ng/ml granulocyte colony-stimulating factor (Amgen,
Inc., Thousand Oaks, CA, http://www.amgen.com), 300 ng/ml
stem cell factor (Amgen, Inc.), 10 ng/ml interleukin-3 (IL-3;
R&D Systems, Minneapolis, MN, http://www.rndsystems.com),
10 ng/ml interleukin-6 (IL-6; R&D Systems), 25 ng/ml bone
morphogenetic protein 4 (BMP4; R&D Systems), and 300 ng/
ml Flt-3 ligand (FIt-3L; R&D Systems).

Patient-Specific iPSC Generation

Plasmids pSIN4-EF2-02S and pSIN-EF2-K2M developed by
James A. Thomson (University of Madison-Wisconsin) were
obtained from Addgene (Cambridge, MA, http://www.addg-
ene.org). Virus containing plasmid was produced from HEK
293FT Cells with second generation pMD2.G and psPAX2 pack-
aging plasmids. Viral supernatants were harvested 72 hours
after transfection and concentrated by ultracentrifugation.
Human adult dermal fibroblasts (10°) were incubated with
concentrated lentiviral vectors in Fib media supplemented
with 8 pg/ml polybrene (Sigma-Aldrich) for 48 hours, then
washed, and fed fresh Fib media. Ninety-six hours after initial
lentiviral transduction, Fibs were dissociated and seeded on
150,000 iMEFs and maintained in F-12 iPSC media conditions.
iPSC colonies emerged between days 16 and 25 post-
transduction, and were individually isolated, expanded on
iMEFs, and verified for TRA-1-60 expression through live
staining using TRA-1-60 DyLight 488 (Stemgent, Cambridge,
MA, http://www.stemgent.com). For immunocytochemistry,
iPSCs were fixed in 4% paraformaldehyde, permeabilized using
BD permeabilization buffer (if required), stained with TRA-1—
60, OCT4, SOX2, or NANOG antibodies (BD Biosciences, San
Jose, CA, http://www.bdbiosciences.com), and counterstained
with 4',6-diamidino-2-phenylindole (DAPI).

Teratoma Assay

The developmental potential of human AML Fib iPSCs in vivo
was assessed by teratoma assay. Briefly, confluent undifferen-
tiated iPSC cultures were treated with 200 U/ml collagenase
IV (Invitrogen, Carlsbad, CA, http://www.invitrogen.com) for 2
minutes at 37°C, scraped into clumps using a 5 ml pipette,
collected and centrifuged at 1,000 rpm for 10 seconds, resus-
pended in 30 pl of media, and injected into the testicle of
NOD/SCID mice. One well of a six-well plate (equivalent to
700,000-900,000 cells, as determined by cell count) was
injected per mouse. Teratomas were harvested after 8-10
weeks, sectioned, and stained by hematoxylin and eosin.
Images were acquired using ScanScope CS digital slide scanner
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with Aperio ImageScope software (Leica Biosystems, Nussloch,
Germany, http://www.leicabiosystems.com).

Hematopoietic Differentiation of iPSCs

EBs were generated by suspension culture as previously
described [33]. Briefly, confluent undifferentiated iPSC cultures
were treated with 200 U/ml collagenase IV (Invitrogen) for 2
minutes at 37°C, scraped into clumps using a 5 ml pipette,
and transferred to 6- or 12-well ultralow attachment plates
(Corning Inc., Corning, NY, http://www.corning.com) to form
EBs. EBs were cultured for 15 days in hematopoietic differen-
tiation media with medium changes every 4-5 days, and dis-
sociated into single-cell suspensions by 0.4 U/ml collagenase
B (Roche Life Science, Indianapolis, IN, http://www.lifescience.
roche.com) treatment for 2 hours at 37°C. Total single-cell
suspensions were collected for flow cytometric analysis or
colony-forming unit (CFU) plating.

Clonogenic CFU Assay

Clonogenic colony-forming capacities of healthy BM and mobi-
lized PB (10,000-30,000 cells), AML BM mononuclear cells
(10,000-30,000 cells), and total dissociated EB cell suspen-
sions (20,000-30,000 cells) plated in Methocult H4434
medium (Stem Cell Technologies, Vancouver, Canada, http://
www.stemcell.com) were monitored between days 7 and 16,
and colonies were quantified based on morphology between
14 and 16 days. Individual colonies were isolated and
assessed for single-cell morphology, and full wells were col-
lected for fluorescence in situ hybridization (FISH) analysis.
Depending on number of colonies generated in CFU assay,
single-cell morphologies of at least three colonies were ana-
lyzed to confirm colony quantification criteria and evaluate
the maturity of colonies. Briefly, colonies were isolated and
resuspended in 100 pl PBS and spun onto microscope slides
using the Shandon Cytospin 3 (Block Scientific, Inc., Bellport,
NY, http://www.blockscientific.com). Morphological features
were visualized by Giemsa-Wright staining performed using
Shandon Kwik-Diff Stain Kit (Thermo Scientific, Waltham, MA,
http://www.thermoscientific.com). Images were acquired
using ScanScope CS digital slide scanner with Aperio
ImageScope software (Leica Biosystems).

Fluorescence In Situ Hybridization

t(9;11)(p22;923), del(5)(q13g33), +4, del(16)(g22), and +8
leukemic aberrations were investigated using commercially
available, validated FISH probes (Abbott Molecular, Abbott
Park, IL, http://www.abbott.com). Cells incubated in 0.075 M
KCl (37°C, 15 minutes) were fixed in Carnoy’s Solution. Slide
preparations and probes were denatured (73°C, 5 minutes),
followed by overnight hybridization in humid 37°C [Locus-spe-
cific identifier (LSI) probes] or 42°C [Chromosome enumera-
tion probes (CEP)] incubators. Posthybridization washes were
performed in 0.4X SSC/0.3% Nonidet P40, pH 7.0 (73°C, 2
minutes), followed by 2X SSC/0.1% Nonidet P40, pH 7.0 (RT,
1 minute), and mounted with DAPI Il counterstain (Abbott
Molecular). Visualization and analysis was performed using a
fluorescence microscope equipped with appropriate filters
using MetaMorph software (Molecular Devices, Sunnyvale,
CA, http://www.moleculardevices.com). To confirm absence of
aberration, >500 nuclei were analyzed. False positive events,
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detected below threshold of aberration detection established
in normal samples, are not depicted in scoring plots.

Flow Cytometry

Single-cell suspensions were stained using combinations of
the following antibodies: CD13-FITC, CD33-PE, CD34-PE, CD45-
APC (Miltenyi Biotech, Bergisch Gladbach, Germany, http://
www.miltenyibiotec.com) for hematopoietic phenotyping;
SSEA3-PE and TRA-1-60-Alexa Fluor 647 (BD Pharmingen) for
live extracellular pluripotent phenotyping; and OCT4-Alexa
Fluor 488, SOX2-Alexa Fluor 647, and NANOG-PE (BD Bioscien-
ces) for intracellular pluripotent phenotyping of cells fixed and
permeabilized using the BD Cytofix/Cytoperm kit. Flow cytom-
etry was performed using the LSRIl Flow Cytometer with
FACSDiva software (Becton-Dickinson, Franklin Lakes, NJ,
http://www.bd.com) and analyzed by Flowlo software (Tree
Star, Inc., Ashland, OR, http://www.treestar.com).

Statistical Analysis

Data are presented as mean = SEM. Prism software (version
5.0a; GraphPad, La Jolla, CA, http://www.graphpad.com)
was used for all statistical analyses, and the criterion for
statistical significance was p <.05.

RESULTS

The Majority of AML Patient-Derived Fibroblasts Do
Not Share Leukemia-Associated Aberration(s) Detected
in Patient BM

Although a number of known leukemia-associated genomic
abnormalities are not shared in nonhematopoietic BM cells
derived from leukemic patients [34], this has not been estab-
lished in dermal skin-derived fibroblasts in culture. To examine
this further, dermal skin biopsies were obtained from four
human leukemic patients diagnosed with AML carrying the
t(9;11)(p22;923) [35], del(5)(q13qg33) [36], trisomy 4 (+4) [37]
and del(16)(q22) [38], or trisomy 8 (+8) [39] leukemia-
associated aberration(s), respectively (Table 1 and Supporting
Information Fig. S1). These detectable genetic markers
enabled us to investigate whether nonhematopoietic dermal
skin cells possessed leukemia-associated aberration. Accord-
ingly, AML patient skin fibroblast cultures (AML Fibs) were
established from patient skin biopsies [32], with the lack of
CD45" cells indicating the absence of leukemic skin infiltrates
(Supporting Information Fig. S2A-S2C) [40]. AML Fibs pos-
sessed bipolar, elongated morphologies similar to healthy
patient-derived Fibs (Supporting Information Fig. S2B, S2D,
S2E). Next, we used diagnostic fluorescence in situ hybridiza-
tion (FISH) probes (Fig. 1A) to assess early passage AML Fibs
in comparison to BM mononuclear cells isolated from each
patient (AML BM, Supporting Information Fig. S2F, S2G). Anal-
ysis of 500 cell nuclei per AML Fib culture revealed that AML
Fibs derived from patient #1 to 3 were completely devoid of
the aberration(s) that was readily detected in matched AML
BM (Fig. 1B—1D). In contrast, the leukemia-associated aberra-
tion detected in patient #4 AML BM (+8) was shared in 8.4%
of their AML Fibs (Fig. 1E), indicating that a genetically mosaic
AML Fib culture had been established from the skin biopsy.
Taken together, these data indicate that although the majority
of human AML Fibs are devoid of AML-specific aberration(s),
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Table 1. Clinical disease classification of enrolled patients and
leukemia-associated aberration(s) detected in their AML blast
cells

Disease classification Aberration

Patient #1 AML M5, Monocytic t(9;11)(p22;923)
Patient #2 AML, NOS del(5)(q13g33)
Patient #3 AML M4, Myelomonocytic +4 and del(16)(g22)*
Patient #4 MDS — AML +8

®Two distinct aberrations detected; not observed in the same nuclei.
Abbreviations: AML, acute myeloid leukemia; MDS, myelodysplastic
syndrome; MDS — AML, MDS progressed to AML; NOS, not other-
wise specified.

it is possible for them to share aberrations found in the AML
BM. Our findings here using human AML Fibs provide further
evidence that leukemia-associated aberration can be harbored
in nonhematopoietic cells [34].

AML Patient-Specific iPSCs Exhibit Functional Pluripo-
tency and Lack Leukemia-Associated Aberration

It has been previously demonstrated that healthy patient
skin-derived Fibs can be reprogrammed to the pluripotent
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state [18, 19, 22], but this remained to be demonstrated in
human AML patients. Toward establishing and characterizing
patient-specific iPSC platforms for derivation of hematopoietic
cells, we generated iPSCs from AML patient #1 to 4 Fib cul-
tures using well-established reprogramming methods [18, 42].
AML Fib iPSC cultures consisted of flat colonies of densely
packed single cells with large nuclei and scant cytoplasm (Fig.
2A), and were indistinguishable from healthy Fib iPSCs (Sup-
porting Information Fig. S3A). To assess whether AML Fib
iPSCs possessed biomolecular hallmarks of pluripotency simi-
lar to healthy Fib iPSCs, we performed immunocytochemistry
and flow cytometric analyses. Like healthy Fib iPSCs [18], pro-
teins that regulate the core intracellular pluripotency network
OCT4, SOX2, and NANOG [43], and extracellular pluripotency
markers SSEA3 and TRA-1-60 [44] were expressed and local-
ized to AML Fib iPSC colonies (Fig. 2B and Supporting Infor-
mation Fig. S3B, S3C). Next, we subjected AML Fib iPSCs to in
vivo teratoma formation assays to assess their functional plu-
ripotency capacity. Following intratesticular injection, AML Fib
iPSCs demonstrated in vivo pluripotent potential [45] by gen-
erating teratomas that possessed early tissue derivatives of
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Figure 1. The majority of acute myeloid leukemia (AML) Fibs are devoid of leukemia-associated aberration. (A): Schematics illustrating
patient-specific leukemic aberration(s) identified in AML blast nuclei. Fluorescence in situ hybridization (FISH) probe hybridization regions
are indicated (green/red) on affected chromosomes. (B-E): FISH performed in AML patient-derived (i) Fibs and (ii) bone marrow (BM)
mononuclear cells (scale bars represent 100 um); n =1 per AML patient. Aberrations were detected in each patient AML BM, and a
population of patient #4 AML Fibs. Red arrows denote probe separation associated with translocation in patient #1 AML BM. Adjacent
plots depict the frequency of detection of patient-specific, leukemia-associated aberration; blue circles represent number of nuclei ana-
lyzed. Blue circles with either one red dot or three green dots represent del(16)(q22) and +4 events in patient #3 AML BM, respec-
tively; aberrations were never detected in the same nuclei. 500 nuclei were analyzed to exclude 1% genetic mosaicism in AML patient
#1-3 Fibs with 99% confidence [41].
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Figure 2.

Characterization of acute myeloid leukemia (AML) patient-specific Fib iPSCs. (A): Representative images of iPSC colonies gen-

erated from AML patient Fibs. Highlighted areas are displayed at higher magnification in the right, adjacent images. Scale bars represent
100 pum. (B): Representative immunofluorescence staining of pluripotency markers OCT4, SOX2, NANOG, and TRA-1-60 expressed in
AML Fib iPSCs. All pluripotent markers were assessed in 12 total iPSC lines (six iPSC lines from each of patient #1 and #2), and TRA-1-
60 expression was confirmed in at least three iPSC lines derived from each of AML patient #3 and #4. Scale bar represents 100 um. (C):
Representative teratoma-forming capacity of AML Fib iPSCs. Two independent iPSC lines (one from each of patient #1 and #2) were sub-
jected to teratoma assay, each in triplicate. AML Fib iPSC-derived teratoma 10 weeks post-IT injection (top left). Hematoxylin and eosin
stained sections of teratoma sections displaying early tissue derivatives of ectoderm (skin cells), endoderm (gut-like goblet cells), and
mesoderm (cartilage). Arrows indicate denoted cell types. (D): Fluorescence in situ hybridization performed in patient-specific AML Fib
iPSCs (n =1 iPSC line per AML patient). Aberration identified in matched patient AML bone marrow was not detected. Adjacent plots
depict the number of nuclei (blue circle) scored; 500 nuclei were analyzed to exclude 1% genetic mosaicism with 99% confidence [41].

Abbreviation: iPSCs, induced pluripotent stem cells.

the three embryonic germ layers (ectoderm, endoderm, and
mesoderm), as evaluated by morphological assessment of
hematoxylin and eosin stained tumor sections (Fig. 2C).
Together, these results indicate that AML Fibs can be reprog-
rammed to functional iPSCs that are morphologically, molecu-
larly, and functionally indistinguishable from healthy Fib iPSCs
based on standard criteria of human pluripotency [18, 19, 22].

To probe AML Fib iPSCs for patient-specific, leukemia-asso-
ciated aberration(s), we performed FISH and analyzed 500
nuclei per iPSC line. All patient-specific AML Fib iPSCs were
devoid of the abnormality (Fig. 2D) that was detected in
matched AML BM (Fig. 1B-1E). Interestingly, the +8 aberra-
tion harbored in a subpopulation of AML patient #4 Fibs (Fig.
1E) was not detected in the 500 iPSC nuclei analyzed by FISH
(Fig. 2D), suggesting that the aberration was lost during
reprogramming [46] or that the reprogramming process favors
iPSC generation from genetically normal cells. Together, these
data indicate that functional iPSCs devoid of the patient-
specific leukemia-associated aberration(s) can be generated
from AML Fibs. Moreover, these results demonstrate that the
presence of genetic mosaicism in a starting cell population

www.StemCells.com

does not affect derivation of genomically normal iPSCs, and is
consistent with previous results where reprogramming selects
for normal cells [47].

AML Fib iPSC-Derived Hematopoietic Progenitors Are
Devoid of Leukemia-Associated Aberration and Exhibit
Normal Differentiation Capacity

Since AML Fib iPSCs did not possess leukemia-associated aber-
ration, they represented potential cellular platforms from
which to derive healthy hematopoietic cells. Toward establish-
ing whether AML patient-specific iPSCs possessed the capacity
to give rise to normal HPCs, characterized by CD34"CD45™"
coexpression and functional in vitro colony-forming unit
capacity, we subjected AML Fib iPSCs to an EB based in vitro
hematopoietic differentiation assay [31]. Three-dimensional
EBs derived from AML Fib iPSC aggregates gave rise to cells
coexpressing CD347CD45™ (Fig. 3A, 3B and Supporting Infor-
mation Fig. S4A), similar to healthy Fib iPSC-derived EBs [42].
These results suggest that AML Fib iPSCs possess normal dif-
ferentiation capacity toward the hematopoietic lineage and,
based on CD347CD45" coexpression, are able to generate
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Figure 3. Acute myeloid leukemia (AML) patient-specific putative hematopoietic progenitor cells are devoid of leukemia-associated

aberration. (A): Representative embryoid bodies (EBs) derived from AML patient Fib iPSCs, in hematopoietic differentiation conditions.
Scale bar represents 100 um. (B): Representative plots of flow cytometric analyses used to detect the generation and presence of
CD347CD45" putative hematopoietic progenitors. Flow cytometric analysis for CD347CD45" expression was performed on a minimum
of three independent hematopoietic differentiation experiments for each indicated iPSC line. Percentages represent frequency of total
live cells with indicated cell surface phenotype. (C): Fluorescence in situ hybridization performed in patient-specific, EB-derived cells
from one iPSC line per AML patient. Aberration identified in matched patient AML bone marrow was not detected. Adjacent plots
depict the number of nuclei (blue circle) scored; 500 nuclei were analyzed to exclude 1% genetic mosaicism with 99% confidence [41].

Abbreviation: iPSCs, induced pluripotent stem cells.

putative HPCs. Next, we performed FISH in EB-derived cells to
probe for AML patient-specific aberration. Positive events
were not detected in 500 cell nuclei analyzed per EB-cell-
derived population (Fig. 3C), which contrasted that of the
patients’ AML BM (Fig. 1B-1E) and indicated that AML
patient-specific putative HPCs did not harbor leukemia-
associated aberration. To further evaluate whether generation
of putative HPCs devoid of leukemia-associated aberration
was possible from multiple iPSC lines derived from a single
patient, we performed flow cytometric and FISH analyses on
EBs derived from additional patient #4 AML Fib iPSC lines.
The use of these iPSC lines, derived from the genetically
mosaic AML Fib culture (Fig. 1E), also provided further biolog-
ical replicates from which to assess if chromosomal abnormal-
ities are lost during the reprogramming process. Consistent
with our initial findings, EBs derived from patient #4 AML Fib
iPSC lines gave rise to putative HPCs expressing cp34*cpast
(Supporting Information Fig. S4B, S4C), indicating that hema-
topoietic differentiation potential was not limited to a single
iPSC line. Furthermore, the AML BM-specific +8 aberration
was not detected (Supporting Information Fig. S4D), providing
further evidence that genetically normal cells could be
derived from a genetically mosaic AML Fib culture. Taken
together these data demonstrate that putative HPCs devoid
of leukemia-associated aberration can be generated from AML
patient-specific iPSCs.

©AlphaMed Press 2015

We next assessed and compared the functional capacity
of putative HPCs to that of matched AML BM using the in
vitro colony-forming unit (CFU) assay (Fig. 4A) to evaluate
whether they had normal or leukemic features. First, we char-
acterized the CFU capacity of AML BM to establish baseline
criteria for identification of leukemic cells. Despite the inher-
ent diversity and heterogeneity of AML samples [3], patient
#1-4 AML BM possessed at least one of the following dys-
functional features suggestive of a leukemic phenotype:
impaired CFU capacity characterized by an inability to gener-
ate the granulocytic lineage and the presence of persisting
single cells [48], presence of cells with immature blast mor-
phology as assessed by clinical standard Giemsa-Wright stain-
ing, and/or presence of leukemia-associated aberration as
detected by FISH (Table 2, Supporting Information Fig. S5B,
S5D-S5F). Importantly, a small population of AML blast pro-
genitors (patient #4, 1.7%, Fig. 1E) could be detected by CFU
and FISH assays (Supporting Information Fig. S5F), illustrating
the sensitivity of leukemic cell detection in the CFU assay.
Together these results established criteria for detecting leuke-
mic cells in the CFU assay. On this basis, AML patient-specific
putative HPCs were subjected to CFU assay and evaluated for
normal versus leukemic capacity. Consistent with healthy Fib
iPSC-derived HPCs, all AML patient-specific HPCs exhibited
functional capacity to generate multiple myeloid lineages as
evidenced by formation of erythroid, granulocytic, and
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Figure 4. Acute myeloid leukemia (AML) patient-specific hematopoietic progenitor cells (HPCs) are capable of normal in vitro differen-
tiation to mature blood cells and are devoid of leukemia-associated aberration. (A): Experimental strategy used to characterize patient-
specific, putative HPCs in vitro. Methodologies used to assess normal hematopoietic functional capacity are indicated in red. (B): Puta-
tive HPC functionality assessed by multilineage differentiation capacity in in vitro colony-forming unit assay. Bars represent mean fre-
quencies of mature hematopoietic colonies generated + SEM (n =3 independent experiments per patient-specific HPC line). AML
patient Fib iPSC-derived HPCs generate all mature lineages, consistent with healthy patient Fib iPSC-derived HPCs. (C): Representative
mature hematopoietic colonies derived from patient-specific HPCs. Scale bars represent 100 um. (D): Representative single-cell morphol-
ogies following Giemsa-Wright staining performed on individual hematopoietic colonies (n > 3 colonies analyzed per patient-specific HPC
line). Scale bars represent 10 um. (E): Fluorescence in situ hybridization performed in total mature hematopoietic colonies derived from
patient-specific HPCs. Aberration identified in matched patient AML bone marrow was not detected. Adjacent plots depict the number
of nuclei (blue circle) scored; 500 nuclei were analyzed to exclude 1% genetic mosaicism with 99% confidence [41].

Table 2. Characterizations of colony-forming unit (CFU) assays performed using indicated source of blood cells

Healthy
patient Patient #1 Patient #2 Patient #3 Patient #4
BM HPC BM HPC BM HPC BM HPC BM HPC
Impaired differentiation capacity? No No Yes No No No Yes No No No
Immature single-cell morphology detected? No N/T @ No Yes No No No No No
Leukemia-associated aberration detected? N/A N/A 2 No Yes No Yes No Yes No

2CFU capacity insufficient for further analysis.
Abbreviations: BM, bone marrow; HPC, induced pluripotent stem cell-derived hematopoietic progenitor cells; N/A, not applicable; N/T, not
tested.
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monocytic colonies (Fig. 4B, 4C and Supporting Information Fig.
S6A-S6C). Although frequency of colony types showed variabili-
ty between patient-specific HPCs, this result is similar to that
observed in healthy BM and mobilized PB samples (Supporting
Information Fig. S5A). Next, we assessed individual colonies for
normal hematopoietic maturation according to clinically estab-
lished morphological criteria [49]. Accordingly, Giemsa-Wright
staining performed on individual colonies revealed that AML
patient-specific HPCs had the capacity to differentiate to
mature cells (Fig. 4D and Supporting Information Fig. S6C),
while immature blasts were not detected. Together, these
results directly contrasted the dysfunctional differentiation
capacity of AML BM and were consistent with results obtained
using healthy BM and mobilized PB (Table 2 and Supporting
Information Fig. S5), suggesting that AML patient-specific HPCs
possessed normal functional capacity. Next, we performed FISH
on total mature hematopoietic colonies to probe for leukemia-
associated aberration. Scoring of 500 nuclei per AML patient-
specific HPC line revealed that mature hematopoietic colonies
derived from HPCs did not possess leukemia-associated aberra-
tion(s) that was detected in AML BM CFU (Fig. 4E, Table 2 and
Supporting Information Figs. S5F, S6D). Based on the demon-
strated high sensitivity of FISH to detect a small percentage of
AML progenitors harboring leukemic aberration (Supporting
Information Fig. S5F), coupled with the rigor of our scoring anal-
yses that exceeded clinical requirements and excluded a 1%
chance of genetic mosaicism with a 99% confidence level [41],
these results provide substantial evidence that functional, AML
patient-specific HPCs are completely devoid of leukemia-
associated aberration carried in the patients’ own blood cells.
Taken together, our data establish that AML Fib iPSC-derived,
functional HPCs (CD34"CD45" coexpression and the capacity
to generate mature cells of multiple myeloid lineages) are
devoid of leukemia-associated aberration; directly contrasting
features of patients’ original leukemic cells.

This study reveals that cellular reprogramming allows for gener-
ation of human AML patient-specific hematopoietic progenitors

©AlphaMed Press 2015

that are devoid of leukemia-associated aberration and are capa-
ble of normal in vitro clonogenic differentiation, in direct con-
trast to matched patient leukemic cells. Given that current
sources of healthy blood used for hematopoietic recovery dur-
ing AML therapy are limited [6, 10-12, 14, 15], we provide ini-
tial proof of principle toward generation of novel iPSC-derived,
autologous blood sources devoid of leukemia-associated aber-
ration that should enable more AML patients to receive safe
transplantations during consolidation therapy and thereby
increase the rate of disease-free survival (Fig. 5).

Based on previous work in the human system, the limited
capacity of hPSC-derived HPCs to have transplantable hemato-
poietic stem cell (HSC) properties may be attributed to an
inability to activate [24] or downregulate [23] regulatory
somatic HSC molecular programs during differentiation [50]. As
such, the development of novel differentiation strategies that
better specify the hematopoietic lineage from PSCs has been
the focus of recent studies aimed at the generation of clinically
transplantable HSCs. For instance, temporal inhibition of the
early hematopoietic-regulating Hedgehog pathway during in
vitro differentiation initiates adult hematopoietic gene expres-
sion programs [51]. Similarly, in vivo differentiation conditions
better mimic BM physiology and enable the generation of
hematopoietic cells with multilineage reconstitution capacity in
vivo, perhaps by providing cell extrinsic signals that regulate
HSC molecular programs [25, 26]. Finally, forced exogenous
expression of HSC-regulating transcription factors endows PSC-
derived CD347CD45" hematopoietic cells with in vivo myeloid
lineage reconstitution capacity [27]. Together these recent
efforts illustrate incremental advances toward the generation of
PSC-derived bona fide HSCs [52]. Our current findings suggest
that reprogramming approaches could be used to generate
healthy, transplantable sources of AML patient-specific HPCs
that are capable of restoring normal, short-term myelopoiesis
in AML patients to combat anemia, bleeding, and infection due
to disease [1, 2] and/or treatment-related myeloablation [53].
Moreover, this study establishes an approach that motivates
further effort for the derivation of clinically transplantable HSCs
from iPSCs toward circumventing limitations of current hemato-
poietic sources and enabling long-term hematopoietic recovery
in AML patients following therapy.
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Given the diversity of AML-associated germline [54, 55] and
in utero/adult-acquired somatic mutations [3-5, 56], and the rare
presence of these mutations in nonhematopoietic tissues as dem-
onstrated here and previously by Menendez et al. [34], it is possi-
ble that cases whereby AML Fibs share or independently acquire
leukemia-associated aberration will be encountered when our
strategy is applied to larger AML patient populations. Recent
results indicate that large-scale chromosomal aberrations carried
by Fib cultures derived from Miller Dieker Syndrome patients are
lost and replaced by wild-type duplication during the reprogram-
ming process [46]. Potentially attributed to a similar loss of chro-
mosomal aberration phenomenon during reprogramming, our
current findings demonstrate that normal iPSCs can be generated
from genetically mosaic AML Fib cultures. This result may also be
due to the genetically normal AML Fib subpopulation preferen-
tially reprogramming to the iPSC state. Independent of which
hypothesis is true, our findings suggest that the generation of
normal blood progenitors may still be feasible in cases whereby
AML Fibs possess large-scale aberrations or heterogeneously har-
bor leukemia-associated aberration. Furthermore, cellular reprog-
ramming may be a feasible technique toward purging
chromosomal abnormalities and generating healthy cell types
from cancer or disease patients that carry germline mutations,
including AML patients.

It has been postulated that preleukemic mutations may
predispose cells to genomic instability and increase their sus-
ceptibility to acquiring disease-specific secondary mutations
[57, 58] due to enhanced cell survival properties [59]. Recent
utilization of next-generation sequencing technologies has
enabled identification of preleukemic mutations in HSCs [60,
61], and forms the basis for future delineation of early genetic
events that contribute to leukemogenesis. Pending further
identification and annotation of these events, deep sequencing
should provide further insight into the genomic integrity of
patient-specific iPSCs and HPCs. By tracking the absence of
leukemia-associated aberration in iPSCs and hematopoietic pro-
genitors/mature cell derivatives, we demonstrate that the AML-
specific-aberration did not arise at any stage of hematopoietic
specification or maturation. This suggests that in addition to
being devoid of the AML-specific aberration, AML Fib iPSCs
may also be free of preleukemic mutations that predispose
them to genetic instability upon in vitro hematopoietic differ-
entiation; although, this does not preclude the possibility of
long-term genetic instability. We envision that advances in
genetic screening and PSC differentiation technologies that ena-
ble next-generation genetic characterization of AML patient-
specific HPCs following long-term in vivo engraftment in pre-
clinical mouse xenograft models will facilitate further efforts
aimed at investigating the long-term safety and genetic stability
of these cells prior to clinical application.

Given the potential of PSCs to generate multiple human
tissues, cellular reprogramming may also allow for the genera-
tion of healthy cell types from other cancer or disease
patients requiring transplantation. To date, we are unaware of
studies that have used aberrations specific to patients’ cancer
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or disease as a marker to interrogate cell populations
throughout the reprogramming process toward deriving and
characterizing healthy cell types for transplantation purposes,
as we have demonstrated here in the context of AML. As
such, our study provides the proof of principle to formulate
strategies toward developing healthy autologous cellular sour-
ces for AML patients, and also for other leukemia or cancer
patients whereby distinct aberrations are harbored in the can-
cerous tissue.

SUMMARY

Generation of AML patient-specific Fib iPSCs establishes a cel-
lular platform from which to derive healthy HPCs that are
devoid of leukemia-associated aberration detected in the
patients’” BM. These autologous HPCs also possess normal in
vitro differentiation capacity to multiple myeloid lineages as
compared to the patients’ dysfunctional AML blasts. Our work
provides proof of principle that derivation of healthy autolo-
gous sources of blood using cellular reprogramming is possi-
ble, and should enable more AML patients to receive safe
transplantations during therapy toward increasing the rate of
disease-free survival.
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