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Abstract 

This thesis outlines progress made in creating several human pluripotent stem cell based 

models for studying hematopoiesis.  Induced pluripotent stem cells were generated from  

human umbilical cord blood cells selected for the early hematopoietic progenitor marker 

CD34.  Furthermore, reprogramming was attempted on primary leukemia samples to 

generate an induced pluripotent stem cell line with a genetic background harboring the 

mutations necessary for malignant hematopoiesis.  Strategies for manipulating human 

embryonic stem cells to either express the bcr-abl oncogene or be deficient in the 

putative tumor suppressor gene sh2b3 were also developed, both genes of which are 

linked to the expansion of early hematopoietic progenitors. 
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Introduction:  

In 1998, human embryonic stem cells were derived by harvesting the inner cell mass of 

pre-implantation fertilized embryos and co-culturing these cells with mouse embryonic 

fibroblasts in the presence of the FGF-2 (Thomson, Itskovitz-Eldor et al. 1998).  Under 

these conditions, the hESCs can remain in an undifferentiated state indefinitely while still 

possessing the potential to undergo differentiation into the three germ layers— endoderm, 

ectoderm, and mesoderm—that eventually give rise to every cell in the adult organism. 

 Obviously, these cells have great potential for cell-replacement therapies for a 

variety of congenital diseases, injuries, and failing tissues, as well as serve as an 

unlimited supply of cells for drug screening and toxicology studies.  From human 

embryonic stem cells, functional neurons, skeletal and cardiac muscle, hematopoietic 

cells, and a variety of other cell types have been differentiated.  Specifically in the 

hematopoietic system, nearly every mature blood cell type has been shown to have arisen 

from directed in vitro differentiation of hESCs using either embryoid body differentiation 

under the influences of specific cytokines or with the co-culture of embryonic stem cells 

with various stromal cell lines that provide microenvironmental cues for hematopoietic 

differentiation (Tian and Kaufman 2008). 

 From the undifferentiated state, hESCs may differentiate into the three primary 

embryonic germ layers.  The mesodermal lineage stage characterized by brachyury 

expression can eventually yield cells that co-express CD31 and CD34.  These cells 

thought to be hematoendothelial progenitors give rise to either endothelial cells that line 

vasculature or hematopoietic cells.  These hematopoietic cells are capable of multilineage 

differentiation in vitro, giving rise to myeloid, erythroid, lymphoid, megakaryocytic, and 

antigen-presenting cells (Tian and Kaufman 2005). 

 Hematopoietic stem cells derived from cord blood or bone marrow biopsies are 

critical for leukemia therapies, especially, because most often a patient’s hematopoietic 

system is intentionally destroyed in order to rid the body of the malignancy.  Following 

bone marrow or umbilical cord blood transplantation, the hematopoietic stem cells from 

the donor engraft and reconstitute the ablated hematopoietic system of the recipient.  

However, often the patient will suffer from graft-versus-host disease where the 
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recipient’s body will reject the donor graft.  Immunosuppression is often required to 

allow for continued maintenance of the graft, sometimes resulting in further illness due to 

bacterial, fungal, and viral infection, and cancer as a result of the initial chemotherapy or 

the body’s reduced ability to surveil for tumorigenic cells. 

 Because finding matches for transplantation is usually an issue, it has been 

proposed that a universal donor HSC could be derived from hESCs that would allow for 

stable engraftment and reconstitution of the hematopoietic system without 

immunosuppression.  HESCs can be manipulated and genetically modified in vitro, 

allowing for the knockdown of major histocompatability complex class I and II antigens 

that the immune system uses for recognition of foreign pathogens.  A hESC line deficient 

in MHCs, while impractical to produce due to the level of genetic modification 

necessary, could provide a homogenous, unlimited supply of HSCs that could be used for 

HSC transplantation.  Evidence, however, has shown that the host response to MHC-

deficient ESC-derived HSCs is not so simple.  Grafts derived from mESCs with MHCs 

knocked down were still destroyed by the host, likely due to host innate immune 

responses, meaning host-specific antigens would likely require knock-in (Odorico, 

Kaufman et al. 2001). 

 A new technology has arisen fairly recently that may circumvent the need for the 

complex genetic manipulations required for the production of a universal donor HSC.  In 

2007, Shinya Yamanaka discovered that the exogenous expression of four factors within 

somatic cells allowed for the generation of cell lines with indefinite self-renewal capacity 

and the potential for pluripotential differentiation.  Termed induced pluripotent stem cells 

(iPSCs), these cells are morphologically and functionally equivalent to embryonic stem 

cells and allow for, among other things, the production of patient-specific cell lines 

capable of forming any cell of the body.  With regard to hematopoietic stem cell 

transplantation, this means a patient requiring transplant can have an iPSC clone derived 

from his/her own tissues from which theoretically non-immunogenic HSCs can be 

derived.  More likely, however, a bank of iPSCs can be derived from a subset of 

individuals whose collective MHC combinations match the majority of a population.  

Whatever the method by which partial or perfect-matched iPSCs are generated, they too 
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can be genetically manipulated in vitro to confer a variety of beneficial phenotypes to the 

recipient.  When speaking of patient-specific iPSC technology, individuals with 

monogenic deficiencies and syndromes can have their affliction cured by recombinant 

methods within their iPSC line, and then this line differentiated into a tissue for 

replacement of one which has become diseased or destroyed.  In the case of HSC 

transplantation, diseases such as sickle-cell anemia, severe-combined immunodeficiency, 

and other such disease can be treated patient-specifically without the requirement for 

immunosuppression. 

 There remain hurdles for full adoption of iPSC technology to the clinic, however, 

such as a highly efficient method to derive iPSC lines without genomic integration of the 

required factors for reprogramming as well as development of screening criteria for true 

iPSC lines and the further definition of cells termed induced pluripotent.  Methods 

utilizing excisable transposon and lentiviral integrations, as well as non-integrating 

transient expression of DNA plasmids, recombinant RNAs, non-integrating viral vectors, 

and protein transduction of reprogramming factors are being pioneered (Kaji, Norrby et 

al. 2009) (Yu, Hu et al. 2009) (Yang, Patel et al. 2009).  Small molecules are being 

identified also that have the ability to replace specific reprogramming factors (Ichida, 

Blanchard et al. 2009) or improve reprogramming efficiency by impacting specific 

pathways (Maherali and Hochedlinger 2009).  Regardless of these hurdles to be 

overcome, there remains one fairly massive obstacle barring the adoption of any 

pluripotent stem cell-derived HSC therapy for use in clinical treatment. 

 Engraftment of putative ES/iPSC-derived HSCs remains very low, limiting their 

capacities for use in a clinical setting.  The mechanisms of poor engraftment have yet to 

be fully elucidated.  Explanations range from poor cell viability in vivo to differentiation 

of putative transplanted HSCs into undesired ell types post-transplantation.  Some clues 

have been found in the mouse model system about what factors are necessary for robust 

engraftment of ESC-derived HSCs.  It was shown that the overexpression of HOXB4 in 

mouse ES cells allowed for the differentiation of engraftable HSCs (Kyba, Perlingeiro et 

al. 2002).  The experiments showed robust engraftment of ESC-derived HSCs.  Attempts 

to recapitulate these experiments in a humanized system have failed, however. 
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So it has been the goal of several researchers to seek out a means by which HSC 

engraftment can be obtained in the human system.  An interesting avenue by which some 

research in the field has progressed is through disease modeling.  While likely not the 

original intent of the researchers in doing so, several teams have been able to show robust 

engraftment and serial transplantation of HSCs in the form of chronic myelogenous 

leukemia.  In the 60s, a cytogenetic landmark of CML was discovered at a lab in 

Philadelphia, the reciprocal translocation of chromosomes 9 and 22 resulting in what has 

henceforth been termed the Philadelphia Chromosome.  Thought of as a disease of the 

hematopoietic stem cell, CML results in the proliferation and failed differentiation of the 

myeloid lineage.  As a result, an imbalance in the hematopoietic system occurs, leaving 

patients afflicted with anemia.  Blast crisis eventually occurs, rapidly killing the patient. 

 As tools of the molecular biology field developed, attempts were made to 

recapitulate the CML phenotype in a mouse model.  The gene product of the Philadelphia 

translocation, BCR-ABL, was cloned and found to be necessary and sufficient for 

leukemogenesis.  Studies were undertaken in which mouse bone marrow was transduced 

with retroviruses encoding the BCR-ABL oncogene and shown upon transplantation into 

syngeneic hosts to produce a CML-like disease (Daley, Van Etten et al. 1991; Gishizky, 

Johnson-White et al. 1993).  These models were further refined to show increasing 

similarity between the syndrome induced in the mice and what occurs in the human body.  

Mouse embryonic stem cells were differentiated through an embryoid body intermediate 

under specific cytokine conditions favoring hematopoiesis. At a specified point when 

putative HSCs were differentiating within the EB, retroviral transduction of BCR-ABL 

was performed upon these early progenitors and engraftment attempted.  Those mice not 

developing teratomas from residual, undifferentiated mESCs transferred with the graft 

eventually died from a CML-like disease (Peters, Klucher et al. 2001). 

 Direct modification of mouse embryonic stem cells was performed also by 

nucleofection and random integration of an inducible BCR-ABL transgene into these 

cells.  These transgenic mESCs were differentiated, HSCs purified and then transplanted.  

Active expression of BCR-ABL led to a CML phenotype that didn’t occur without 

oncogene activation (Era and Witte 2000). 
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 While studies have been undertaken comparing the ability of primary human 

CML samples’ ability to induce a CML phenotype in mice, there has been little work 

published modeling the CML disease using human cells.  Attempts to modify human 

embryonic stem cells with the BCR-ABL oncogene haven’t been published and would 

provide an interesting and novel disease model for studying malignant hematopoiesis in 

an attempt to elucidate the mechanisms underlying robust engraftment of leukemic cells. 

 More clues involving the engineering of the hematopoietic system to improve 

expansion and survival of early hematopoietic progenitors involve the proposed tumor 

suppressor sh2b adaptor protein 3 (LNK).  Recent studies in the murine system have 

shown LNK to have a hematopoiesis-specific effect on cell proliferation and survival 

(Takaki, Morita et al. 2002).  Knockdown of the gene encoding LNK results in increased 

hematopoietic progenitors that tend to differentiate toward the B-cell lymphocyte lineage.  

Given the potential of LNK expression to limit the size of the hematopoietic niche, 

developing a hESC cell model deficient in LNK would make for an interesting platform 

from which to study the factors involved in HSC maintenance and proliferation. 

 Finally, with the advent of iPSC technology and the ability to reprogram somatic 

cells to a pluripotent state, likely the most faithful way to model malignant hematopoiesis 

with pluripotent cells would be to reprogram a primary leukemia sample.  There have 

been reports of deriving iPSCs from cord blood (Loh, Agarwal et al. 2009), peripheral 

blood (Kunisato, Wakatsuki et al. 2010), and even a CML cell line (Carette, Pruszak et al. 

2010), so deriving an iPSC line from a primary leukemia biopsy is theoretically possible 

as blood cells have shown the ability to be reprogrammed, however other literature has 

shown that diseased cell sources tend to reprogram more inefficiently as compared to 

normal somatic cell types, if at all (Carette, Pruszak et al. 2010).  But if possible, 

derivation of an iPSC line from leukemia would allow for the generation of a pluripotent 

cell line harboring every mutation required for leukemogenesis.  Differentiation of this 

line toward the hematopoietic lineage would allow for the elucidation of the effects the 

specific genetic lesions present in the original biopsy’s genome on primitive 

hematopoiesis. 
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 It has been attempted the past 18 months to develop these specific disease models 

to lay the groundwork for further study on hematopoietic development, with the hopes to 

eventually obtain engraftable, embryonic stem cell-derived hematopoietic progenitors. 

  

Materials and Methods: 

Cell Culture Conditions: human embryonic stem cells were maintained undifferentiated 

either on irradiated mouse embryonic fibroblasts (derived in-house or purchased from 

Chemicon) seeded onto gelatin-coated Nunc
Δ
 plastic tissue culture plates (Thermo 

Scientific) at a density of 125,000 cells/cm
2
 in Dulbecco’s modified Eagle medium-F/12  

(DMEM-F/12) supplemented with 15% Knock-Out Serum Replacer, 2mM L-glutamine, 

0.1mM β-mercapto ethanol, 1% non-essential amino acids, penicillin/streptomycin (all 

from Invitrogen), and 4ng/mL basic fibroblast growth factor (R&D Systems); or on plates 

coated with 35μg/cm
2 

Matrigel (BD Biosciences) in 50% mouse embryonic fibroblast-

conditioned medium.  Cells were enzymatically passaged with collagenase type IV 

(Invitrogen) treatment and manual scraping every 7 days onto a fresh feeder layer.  

Umbilical cord blood (CB) was processed using a Ficoll gradient.  The buffy coat of the 

gradient was collected and magnetically sorted for CD34
+
 cells using the Mylteni Mini-

Macs Cell sorting system.  CB CD34
+
 mononuclear cells were cultured at a density of 

approximately 1 x 10
6
 cells/mL in StemPro-34 Serum-Free Medium with supplement 

(Invitrogen), supplemented with 2mM L-glutamine, 100ng/mL stem cell factor (SCF), 

100ng/mL Flt3-ligand (Flt3L), 20ng/mL interleukin-3 (IL-3), and 20ng/mL interleukin-6 

(IL-6)(Peprotech) on plastic tissue culture plates coated with fibronectin at 50μg/cm
2
 

(Sigma).  CML cell line K562 was cultured in 10% FBS, 1% L-glu in RPMI.  Mouse 

embryonic fibroblasts (MEFs) were grown in gelatin-coated 150-cm
2
 flasks in DMEM-

High Glucose (Invitrogen) supplemented with 10% fetal bovine serum, L-glutamine and 

nonessential amino acids as previously indicated.  Cells were generally expanded two 

passages before being irradiated.  M2-10 mouse bone marrow stromal cells were 

maintained in RPMI media supplemented with 10% fetal bovine serum, L-glutamine, and 

nonessential amino acids.  Human embryonic kidney 293 FT cells (293s) were cultured 

similarly to mouse embryonic fibroblasts.  Human umbilical venous endothelial cells 
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(HUVECs) were cultured on tissue culture plastic coated with fibronectin as described 

previously in endothelial growth medium-2 (EGM-2) (Invitrogen) supplemented with 

10% FBS, vasoendothelial growth factor, (other cytokines).  Peripheral blood was 

collected using standard venipuncture techniques.  Blood was processed with a Ficoll 

gradient and the buffy coat mononuclear cells cultured in DMEM-High Glucose 

supplemented with 10% FBS, 100ng/mL SCF, 20ng/mL Flt3L, 100ng/mL 

thrombopoietin (TPO), 20ng/mL IL-3, 100ng/mL IL-6, 20ng/mL granulocyte 

macrophage colony stimulating factor (GM-CSF), and 50ng/mL macrophage colony 

stimulating factor (M-CSF) on fibronectin-coated plastic dishes at a density of ~500,000 

cells/mL.  Primary leukemia samples were thawed from frozen and either co-cultured 

with M2-10s or cultured on fibronectin-coated tissue culture plastic in either cord blood 

expansion media or peripheral blood expansion media listed previously. 

Virus Production:  2
nd

-generation lentiviral particles were produced and concentrated 

using poly (ethylenimine) (PEI) co-transfection.  Prior to co-transfection, 150cm
2
 flasks 

were coated with poly-L-lysine (.001% Sigma).  Poly-L-lysine was aspirated and the 

flask allowed to air-dry.   293s were grown to confluency in 150cm
2
 tissue culture flasks.  

Per 75% confluent 150cm
2
 flask, 10.5 μg total plasmid DNA composed of vector, ΔNRF, 

and pMD2.G was added together in a 3:2:1 ratio with 150mM NaCl to 1mL final volume 

and incubated at room temperature 5 minutes.  84μL PEI solution (7.5mM)(Sigma) was 

added to 150mM NaCl to 1mL and incubated at room temperature 5 minutes.  The 

general formula for how much PEI is required is denoted by the following equation: μL 

PEI required= (3 x μg total DNA) x (20/ [stock PEI]).  1 mL salt/plasmid solution was 

added to 1mL salt/PEI solution and incubated at room temperature for 10 minutes.  

Meanwhile, a confluent 150cm
2
 flask was trypsinized and the culture resuspended into 20 

mL MEF media.  After the 10-minute incubation period, the 2mL solution was added to 

the 20mL 293 culture dropwise.  This culture was plated into the previously poly-L-

lysine-coated 150cm
2
 flask.  The supernatant was collected and refrigerated 4°C 24 hours 

later and replaced with fresh MEF media.  Supernatant was collected once more 12 hours 

later.  Supernatants were filtered through a 45μm filter and then carefully balanced in a 

laminar flow hood before being centrifuged for 2.5 hours at 23,900 rpm using an 
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ultracentrifuge and SW-32 swing bucket rotor.  Supernatants were aspirated and viral 

pellets resuspended at 4°C overnight on an oscillator in 100 to 300 μL PBS.  Aliquots 

were frozen down, and 40 μL each virus saved to assess titer.  The 40μL virus was 

serially diluted tenfold and transductions performed on 293FT cells.  Wells were 

analyzed by flow cytometry for fluorescent markers specific to the viral vector created 

and the percentage of positive cells used in the following equation to obtain functional 

titer in infectious units (IU) per mL: IU/mL=(% positive cells x number of cells 

transduced)/(100 x mL virus used). 

Viral Transductions:  Cord blood mononuclear cells, peripheral blood cells, or primary 

leukemia samples were subjected to the same protocols.  Cells were harvested or thawed 

from frozen stocks and cultured 2 to 8 days in respective growth media on fibronectin-

coated dishes at a density of 500,000 cells/mL prior to transduction.  Cells were pelleted 

and resuspended into viral supernatants encoding the STEMCCA vector (Sommer, 2009), 

a polycistronic vector encoding the four Yamanaka factors OCT4, SOX2, KLF4, and C-

MYC, at a multiplicity of infection (MOI) of 40.  Cells were spun down between 10 and 

40 minutes at ~1300 rpm in the viral supernatants before being replated onto fresh 

fibronectin-coated wells.  Transduction occurred for 18 hours before the cells were 

collected, washed, resuspended into growth medium, and plated onto MEFs (seeded at 

270,000 cells/cm
2
) at densities ranging between 3,000 to 11,000 cells/cm

2
. Embryonic 

stem cells were incubated with 0.05% trypsin in EDTA (Invitrogen) supplemented with 

2% chick serum (Sigma) for 5 minutes and passaged onto Matrigel.  Cells were grown to 

confluency and treated with selective rho kinase (ROCK) inhibitor Y-27632 (EMD 

Chemicals) at a final concentration 10μM one hour prior to trypsinization, then quenched 

and washed in ES wash medium. Cells were counted and pelleted, and pellets 

resuspended into ESC medium supplemented with Y-27632 and viral supernatants 

encoding shRNAs (pTRIPZ vectors, Thermo Scientific Open Biosystems) at MOIs 

between 1 and 2.  Cells were plated onto Matrigel at a density of ~ 52,000 cells/cm
2
. 

Quantitative PCR:  Cells were cultured and collected with trypsinization.  Following 

subsequent wash steps in FBS and then phosphate-buffered saline (PBS, Hyclone), cells 

were pelleted and subjected to homogenization with the QiaShredder (Qiagen).  Equal 
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volume 70% ethanol (EtOH) was added to homogenized samples and RNA purified using 

RNeasy Mini Kits (Qiagen) with an optional on-column DNase digestion step using the 

RNase-free DNase Set (Qiagen).  Following elution with water, optical density of 

samples was measured using a SmartSpec 3000 spectrophotometer (BIO-RAD) to 

calculate the RNA concentration.  Generally, 5 ug of total RNA from each sample was 

reverse transcribed into cDNA in one to several reactions using the Superscript III First 

Strand Synthesis Supermix (Invitrogen).  Final reactions were diluted into water to 

approximately 50ng/μL RNA-equivalent cDNA.  Quantitative RT-PCR reactions were 

performed in triplicate.  Each reaction contained 50% Sybr Green PCR Master Mix 

(Applied Biosystems) 5-10 picomole each forward and reverse primers, 25 to 50 ng 

cDNA, and water to a volume of 20 μL.  Reactions were run in MicroAmp optical 96-

well Reaction Plates (Applied Biosystems) using a Realplex
2
 Mastercycler epgradient S 

(Eppendorf) and Mastercycler ep realplex software (Eppendorf) for 40 cycles.  During 

analysis, triplicate cycle threshold (ct) values were averaged and genes of interest 

normalized to GAPDH to find relative mRNA quantity.  Primer List:  GAPDH: Fwd: 

GAA GTT GAA GTT CGG AGT Rvrs: GAA GAT GTT GAT GGG ATT C, LNK Fwd: 

TCC AGC TAC GTG GTA GTC GTC TC Rvrs: GAA GAA CTA AGG TGG GGA 

AGG C,  

Immunostaining:  Undifferentiated ESC and iPSCs were washed once in PBS, fixed in 

4% paraformaldehyde (PFA) for 15 minutes, the cells washed twice with PBS, washed 

twice with PBS-Tween20 (PBS-T, 0.1% Tween20 in PBS, Acros Organics), 

permeabilized with freshly-made permeabilization reagent (0.1% Triton-X-100 in PBS, 

Fisher Scientific) for 30 minutes, washed twice with PBS-T, blocked for one hour in 

blocking buffer (5% bovine serum albumin (BSA) fraction V in PBS, Roche), washed 

once with PBS-T, and covered in a solution containing various amounts of mouse anti-

human or goat anti-human primary antibodies diluted into blocking buffer (OCT4-

specific mouse anti-human monoclonal antibody, diluted 1:250, from Chemicon; TRA-1-

81-specific mouse anti-human monoclonal antibody, diluted 1:500, from Millipore; 

SOX2-specific mouse anti-human monoclonal antibody, diluted 1:500; NANOG-specific 

goat anti-human monoclonal antibody, diluted 1:500; PE-conjugated SSEA-4-specific 
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mouse anti-human monoclonal antibody, diluted 1:500; PE-conjugated human leukocyte 

antigen (HLA) A-B-C-specific monoclonal antibody, diluted 1:500, from R&D Systems).  

Cells were incubated overnight 4°C, antibody mixes removed, cells washed twice with 

PBS-T, and either AlexaFluor488-conjugated goat anti-mouse or donkey anti-goat 

secondary antibodies (Invitrogen) diluted 1:500 in blocking buffer were added to 

respective wells.  Cells were incubated in darkness (30 minutes), the antibodies washed 

away twice in PBS-T before Hoechst or (DAPI) counterstain diluted 1:500 in blocking 

buffer added to the cells.  Cells were incubated 10 minutes room temperature in darkness 

before the dye was washed away twice in PBS-T.  Cells were imaged using an Axiovert 

200M fluorescent scope (Zeiss) with a laser capable of emitting at 488 nm in the 

electromagnetic spectrum and AxioVision Software Release 4.6.3 (Zeiss). 

Flow Cytometry:  Samples were collected with Trypsin, pipetted  into single-cell 

suspension, filtered through a semi-sterile 70 μm nylon filter, washed in fluorescence 

activated cell sorting (FACS) medium (2% FBS, 0.1% sodium azide natriumazid (Fluka) 

in PBS), counted, and aliquotted to 300K cells per sample.  Samples were spun down and 

those to be extracellularly stained were fixed in 0.5% PFA, washed twice in FACS 

buffer, and 100μL specific antibody stain (10% volume/antibody in FACS medium) 

added to samples.  Samples were incubated with antibody mixes 20 minutes in darkness 

at 4°C before being resuspended to 3.5 mL in FACS medium and spun down.  Samples 

were diluted a final time into no more than 300 μL FACS medium prior to running. 

Samples to be stained intracellularly were fixed and permeabilized with the BD 

Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) for 20 minutes at 4°C, 

washed twice in the diluted FixPerm wash buffer included in the kit, and stained similarly 

to what was described for an extracellular stain with respect to antibody dilutions for 30 

minutes in darkness at 4°C.  Samples were washed once more in FixPerm buffer before 

diluting into no more than 300 μL FACS buffer.  Samples were run through the FACS 

Calibur flow cytometer and data collected using CellQuest software.  Data was analyzed 

using FloJo software.  Antibodies used: mouse anti-human fluorescein isothiocyanate 

(FITC)-conjugated HLA A-B-C-specific monoclonal antibody (BD Pharmingen), mouse 

anti-human FITC-conjugated SOX2-specific monoclonal antibody (R&D Systems), 
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mouse anti-human phycoerythrin (PE)-conjugated TRA-1-81-specific monoclonal 

antibody (BD Pharmingen), mouse anti-human (PE)-conjugated OCT4-specific 

monoclonal antibody (BD Pharmingen), mouse anti-human allophycocyanin (APC)-

conjugated SSEA-4-specific monoclonal antibody (R&D Systems) 

 

Teratoma Assay: Undifferentiated iPSC cultures were monitored for differentiation.  

Differentiated masses were picked from the cultures and approximately 3 to 4 days into a 

passage, cells were enzymatically collected with collagenase.  Cells were washed once in 

ESC wash media (DMEM-F/12, 7.5% KOSR, L-glutamine, NEAA), and then washed 

twice in DMEM-F/12 5% Defined FBS.  A cell pellet consisting of approximately one 6-

well plate-worth of 70-80% confluent cells was resuspended into 450 μL DMEM-F/12 

5% Defined FBS.  Cells were iced while transferred to a sterile mouse housing facility.  

Cells were injected intramuscularly into the hind flanks of non-obese diabetic severe 

combined immunodeficient γc
-/-

 (NSG) mice.  Mice were maintained approximately 4 

months on antibiotic food and/or water before sacrifice and surgical extraction of 

teratomas (if present). 

Karyotype Analysis: Karyotype analysis of undifferentiated iPS Cell lines was performed 

by the University of Minnesota Cytogenetics Core Facility. 

pSBp210 Construction: pSBp210-1 and pSBp210-7 were cloned using standard 

molecular biology techniques.  GFP::Zeo was PCR-amplified using Platinum Pfx DNA 

Polymerase (Invitrogen) from pL452, modified from pSELECT GFPZeo LacZ 

(Invivogen), with primers purchased from Invitrogen designed to include 5-prime 

EcoRI/ClaI and 3-prime BglII restriction sites.  This fragment was run out on 1% 

GenePure LE Agarose (ISC BioExpress) stained with ethidium bromide (EtBr, Fisher 

Scientific), the gel visualized with a transilluminator and ChemiDoc software (BIO-

RAD), the appropriate band excised, and DNA extracted using the Wizard SV Gel and 

PCR Clean-Up System (Promega).  This fragment and pKT2/MCAGG Sleeping Beauty 

transposon empty vector were digested with EcoRI and BglII, the fragments run out on 

1% agarose stained with ethidium bromide, visualized, and excised.  Gel slices 

containing the appropriate bands were processed, and the fragments ligated together 
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using T4 DNA Ligase (Promega).  The resulting construct was transformed into Stbl3 

One-Shot heat-shock competent E. coli bacteria (Invitrogen) and plated onto kanamycin 

agarose plates.  Plates were incubated overnight, resulting resistant colonies inoculated 

into starter cultures grown overnight, and plasmids extracted using QIAprep Spin 

Miniprep Kit (Qiagen).  An internal ribosomal entry site (IRES) element was PCR-

amplified from the STEMCCA lentiviral vector to include 5-prime EcoRI and 3-prime 

ClaI restriction sites.  PCR products were run out, the IRES element extracted and cut 

with EcoRI and ClaI along with pKT2/MCAGG-GFP::Zeo.  Products were run out, 

extracted, and ligated together to yield pKT2/MCAGG-IRES-GFP::Zeo.  This construct 

was transformed, grown up, mini-prepped, and digested with EcoRI.  MSCV-p210-IRES-

GFP (a kind gift from Dr. Miller’s lab) was digested with EcoRI, and an approximately 

7.2kb fragment encoding BCR-ABL cut-and-pasted into the pKT2/MCAGG-IRES-

GFP::Zeo construct to yield pSBp210 with the BCR-ABL transgene inserted in either 

orientation.  These plasmids were transformed, resistant colonies selected for, and a PCR 

colony screen performed using primers indicating correct BCR-ABL directionality.  

Bacterial colonies correct for directionality were grown into 500mL cultures, the cultures 

pelleted, and plasmids extracted from the pellets using the EndoFree Plasmid Maxi Kit 

(Qiagen), yielding two separate, identical constructs named pSBp210-1 and pSBp210-7. 

pTRIPZ short-hairpin lentiviral vectors:  Vectors encoding non-silencing and two LNK-

sequence-specific short hairpins were obtained through the RNAi Core Facility at the 

University of Minnesota from Open Biosystems housed in bacterial stocks.  Bacteria 

were grown, the plasmids mini-prepped, and the plasmids retransformed into Stbl3s.  

Larger bacterial cultures were grown, the plasmids maxi-prepped, and used for lentivirus 

particle production. 

DNA Sequencing: In a 0.5mL eppendorf microcentrifuge tube, plasmid was added at a 

rate of 100ng per kilobase up to 800ng with 3.2pmol primer, 1μL DMSO, and sterile 

water to 12μL total volume.  Samples were submitted to the University of Minnesota 

Sequencing Core Facility in accordance with the instructions indicated on the website.  

Sequence information obtained from plain text files from the sequencing core was 
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BLASTED against the human genome as well as theoretical sequences compiled from 

sources such as Addgene and product websites to assess sequence homology. 

Transient Transfection:  Transient transfections were carried out using Fugene 6 reagent 

(Roche) according to the manufacturer’s instructions.  293s were grown and trypsinized 

to single-cell suspension, cultures quenched, and samples containing 500,000 cells each 

in a volume of approximately 0.9 mL were plated into 9.6 cm
2
 wells.  Various amounts of 

Fugene 6 reagent were added to basal DMEM to a final volume of 100 μL (one 

transfection volume) and allowed to incubate room temperature for 5 minutes.  Various 

amounts of plasmid DNA were then added to the Fugene transfection volume, swirled, 

and incubated room temperature at least 15 minutes, but no more than 45 minutes.  The 

resulting transfection volume was added dropwise to a single 500,000-cell well of 293 

cells.  Cultures were incubated overnight, the media changed, and the cultures imaged for 

fluorescent marker expression within 2 days. 

Nucleofection and Transposition: Gene transfer into ESCs was attempted using the 

Sleeping Beauty vector transposon/transposase system.  Human ESCs were grown to 

confluency undifferentiated on Matrigel in MEF-conditioned medium to feeder-deplete 

the ESC culture.  Wells were incubated with ROCK inhibitor prior to being washed with 

PBS, trypsinized in 2% chick serum, and collected via pipetting after a five-minute 

incubation period at 37°C.  Cultures were quenched with FBS, spun down, washed with 

PBS, and the supernatants aspirated.  Various ratios of transposon-to-transposase DNA 

between 4-to-1 and 2-to-1totaling no more than 15 μg and 15μL were added to Solution 

V Nucleofector reagent (Lonza) to a 100 μL volume.  Cell pellets containing 

approximately 2e
6
 cells were each resuspended into 100 μL DNA/nucleofector reagent 

cocktail and the resulting suspensions immediately added to the provided cuvettes.  

Cuvettes were placed into a Nucleofector I (Amaxa Biosystems) electroporator and 

electroporated on program B.16.  Immediately following completion of the program, 500 

μL warm conditioned medium was added to the cuvette and the suspension transferred 

from the cuvette into a 9.6cm
2
 matrigel-coated well.  Additional conditioned media was 

added to the well to a total volume of 2.5 mL.  The entire procedure from pellet 

resuspension into nucleofection solution to plating onto fresh matrigel was performed for 
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each sample.  Plated samples were supplemented with ROCK inhibitor, placed into a 

37°C incubator, and left undisturbed for 8 to 12 hours. 

 

Results: 

 

Modeling Normal and Malignant Hematopoiesis Using Induced Pluripotent Stem 

Cell Technology 

Soon after Yamanaka and Thomson had disseminated their findings concerning the 

ability to reprogram somatic cells to a pluripotent state using defined factors, the 

Kaufman lab began work to replicate this remarkable feat.  Dr. Minh Hong was able to 

achieve reprogramming in human fibroblasts, as had been published previously, but 

evidence began mounting that the starting cell type from which reprogramming was 

attempted may have bearing on the nature of the resulting pluripotent stem cell line with 

regard to lineage-specific differentiation potential.  A visiting speaker, Linzhao Cheng, 

mentioned in his talk here at the University of Minnesota that his iPSCs derived from 

human umbilical cord blood showed increased potential for hematopoietic differentiation, 

a phenomenon termed ‘epigenetic memory’, or the preference of an iPSC line to 

differentiate toward the lineage from which it was reprogrammed.  Further studies 

attributed this phenomenon to the methylome of reprogrammed cell lines (Kim, Doi et al. 

2010).  Protocols were soon published outlining the method by which non-adherent, 

umbilical cord blood cells could be reprogrammed (Loh, Agarwal et al. 2009)and Dr. 

Kaufman, with his affinity for the hematopoietic system, tasked me with reproducing 

these results with the idea that a pluripotent stem cell line derived from a rich source of 

HSCs and hematopoietic progenitors may have a residual epigenetic program priming 

differentiation toward the hematopoietic lineages and providing critical endogenous cues 

missing from current in vitro differentiation cultures that would allow for high-efficiency 

emergence of true HSCs as defined by their capacity for long-term engraftment and 

multi-lineage reconstitution of ablated hematopoietic systems. 

 First attempts at reprogramming umbilical cord blood cells utilized a protocol and 

media conditions from (Loh, Agarwal et al. 2009).  Our lab possessed lentiviral particles 
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encoding the four separate Thomson Factors (OCT4, SOX2, NANOG, and LIN28), as 

well as a lentiviral particle encoding all four Yamanaka Factors (OCT4, SOX2, KLF4, 

and CMYC) as part of a large, polycistronic mRNA.  We attempted reprogramming of 

CD34
+
 umbilical cord blood cells previously collected and frozen for use in various 

hematopoietic differentiations as well as the CML cell line K562, which our lab uses to 

assess functional cytolysis of natural killer (NK) cells derived from various sources.  

Cord blood media conditions for this first attempt consisted of 15% FBS, 100ng/mL SCF, 

100ng/mL Flt3L, and 20ng/mL IL-3 in Iscove’s Modified Dulbecco’s Medium (IMDM), 

to promote expansion and cell proliferation while K562 cells were cultured as described 

previously.  After 4 days of culture expansion, the cord blood cells roughly doubled in 

number, and it was decided to attempt reprogramming.  Using the viruses at MOIs that 

had proven efficacious in reprogramming fibroblasts (OCT4-LV MOI5, SOX2-LV 

MOI20, NANOG-LV MOI10, LIN28-LV MOI10, STEMCCA-LV MOI 48) cells were 

pelleted and resuspended in either supernatants composed of the 4 separate Thomson 

Factor lentiviruses or the single STEMCCA lentivirus in a volume of 1.5 mL respective 

growth medium supplemented with polybrene at final concentration 8μg/mL.  Following 

18 hours of incubation in viral supernatants, the cells appeared to have clumped, 

indicating some cell death.  Cells were spun out of virus-containing medium (VCM) and 

into fresh growth medium, and plated into gelatinized wells.  Cells were shown to have 

expanded in the three-day culture period post-transduction, were counted, and transferred 

to co-culture with an MEF feeder layer.  Two days following the onset of co-culture, 

cultures were spun out of their respective growth medium, resuspended into ESC 

medium, and returned to the wells from whence they came.  The various conditions were 

cultured as such until day 20 post-transduction, at which point the experiment was 

terminated due to K562 overgrowth and feeder death in the K562 transductions and no 

discernible colony formation in the cord blood conditions. 

 After a failed first attempt at reprogramming, the literature was scoured to 

compare what other protocols existed for the reprogramming of non-adherent blood cells.  

To date, there was only one other protocol published using cord blood as a starting cell 

population, and that piece of work was a very minor part of the paper.  (Eminli, Foudi et 
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al. 2009)was attempting to make the case that less mature cells of the hematopoietic 

system were more easily reprogrammed.  They used an inducible version of STEMCCA 

and most of the work was carried out in the mouse system, but a small paragraph in the 

materials and methods showed their protocol for generating human cord-blood iPS cells.  

The Eminli protocol differed from the Loh protocol slightly in that Eminli used a serum-

free hematopoietic progenitor-specific medium with additional cytokines for cord blood 

expansion prior to transduction and also plated their cells post-transduction immediately 

onto feeder cells rather than culture the cells three days on gelatin before doing so.  

Eminli also didn’t begin ESC media selection until day 12 post-transduction. 

 So it was decided to attempt reprogramming again comparing the two different 

protocols, with a slight adjustment to the Loh protocol where their media conditions were 

swapped for those used in the Eminli paper.  Again, cord blood was thawed from frozen 

and expanded this time in the serum-free conditions.  Two days into culturing these cells, 

word was received that newly processed umbilical cord blood cells became available, and 

it was decided that these cells should be subjected to attempted reprogramming.  The 

fresh cells were acquired, which turned out to be approximately 60% CD34
+ 

after 

magnetic sorting, and were cultured on fibronectin.  When the previously frozen cord 

blood cells had been culturing 5 days and the fresh cord blood cells 3 days, the cells were 

transduced with STEMCCA lentivirus only and from that point going forward would be 

cultured as was described in the Loh protocol.  A day later, the remaining from-frozen 

and fresh cord blood cells were counted and it was found that the from-frozen cord blood 

cells had increased approximately 600%, whereas the fresh cord blood cells had 

increased only approximately 10%.  These cells were transduced with STEMCCA 

lentivirus as well on fibronectin-coated plates. 

 24 hours following transductions, the cells in each condition formed multicellular 

aggregates, indicating perhaps cell death or damage.  Cells were removed from VCM and 

replated into fresh medium with ROCK inhibitor.  In the Eminli conditions, these cells 

were placed immediately onto a feeder layer of MEFs, whereas in the modified Loh 

conditions, the cells were placed back onto fibronectin for three days before being 

transferred onto feeders.  Cells in each case appeared fairly healthy, with spherical 
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morphology and refractile edges, and some cells appearing elongated likely due to cell 

mitosis.  The wells under Eminli conditions were manually administered bFGF without 

disturbing the cells by pipetting. 

 D5 post-transduction, nothing remarkable was occurring in any of the conditions.  

The conditions adhering to the modified Loh protocol were spun out of HSC media and 

replated into hESC medium.  By d6 post-transduction, small 5 to 6-cell adherent 

refractile colonies began appearing in the Eminli conditions where the cells had been 

thawed from frozen.  These small colonies expanded only slightly before eventually 

disappearing and did not resemble hESCs with regard to morphology.  HSC media was 

refreshed in the Eminli conditions by day 8 post-transduction.  By day 9 post-

transduction, several colonies with hESC-like morphology began emerging in the Eminli-

frozen conditions ahead of schedule.  No colonies had emerged from either of the Loh 

conditions or the Eminli-fresh condition by this time, but by day 13 post-transduction, a 

total of 43 colonies were counted resembling hESCs with respect to morphology, 35 of 

which came from the Eminli-frozen condition, 6 from the Eminli-fresh condition, and 

only one each from either of the modified Loh conditions. 

 For the next 8 days, colonies were manually passaged onto fresh feeder layers and 

generally showed three different morphologies.  Several lines had generally good, 

characteristic hESC morphology, but some lines formed thick, scab-like colonies upon 

passage.  A third morphology was similar to the second, only more elongated and 

fibroblastic in appearance with non-refractile edges.  With continued passaging, several 

lines became a mixed population displaying all three morphologies.  The lines containing 

colonies with good morphology were picked free of differentiated masses, and the overall 

morphology of the remaining colonies improved.  Some wells that were picked through 

showed colonies whose morphology changed from scabby in nature to more hESC-like, 

indicating that morphology of young iPSC lines may be interchangeable and perhaps the 

result of continued conditioning and reprogramming while cultured with feeders. 

 Lines maintaining good morphology and increased stability in culture, with 

growth characteristics more similar to hESCs were selected and expanded.  By passage 5 

for most lines, enough material was available to attempt immunohistochemical staining 
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for pluripotential factors in a 24-well format.  12 candidate lines were stained for OCT4, 

SOX2, NANOG, SSEA-4, and TRA-1-81, and after imaging were found to be lacking 

expression of intracellular factors.  The same was true of the h9s stained as a positive 

control, indicating that the permeabilization step involved in the staining process likely 

failed.  Regardless, the extracellular stains were visible on the h9 line, as well as three of 

the putative iPSC lines.  These three lines were maintained and expanded while the other 

9 lines frozen back.  

 Two of the three lines, named Dub6 and Dub10 had emerged from the Eminli-

frozen conditions, while Dub7 was one of the rare lines that had emerged from the 

Eminli-fresh conditions.  All three lines were expanded further for another attempt at IHC 

and were shown to express all the necessary antigens associated with pluripotency 

(Figure 1B).  The lines were submitted for karyotype analysis and found to be normal 

(Figure 1C), and teratomas formed from the injections of undifferentiated iPSC lines into 

immunocompromised mice were harvested, embedded in paraffin, sectioned, and stained 

with hematoxylin and eosin.  Microscopy of the stained sections showed derivatives of all 

three embryonic germ layers (Figure 1D).  As such, the cell lines met the minimal set of 

criteria established by the literature to that point for what constitutes iPSC lines.  

However, additional analysis could be performed to better make the argument that these 

cells are equivalent to human ESCs.  Some basic promoter methylation analysis could be 

performed as well as select candidate gene transcriptional profiling.  One cell line, Dub7, 

was expanded and distributed to Kaufman lab members for further use in their 

experiments, including but not limited to directed in vitro differentiation toward the 

hematopoietic lineage. 

  

Reprogramming of Primary Leukemia Patient Samples 

With a proof of concept in place showing the ability to reprogram non-adherent blood 

cells, efforts were turned toward attempted reprogramming of human primary leukemia 

samples.  Frozen peripheral blood samples from patients afflicted with a range of 

hematological malignancies provided by Jeff Miller’s group, as well as samples obtained 

through a collaborator in the Czech Republic were obtained and included several acute 
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myelogenous leukemia (AML) samples, one chronic myelogenous leukemia (CML) 

sample, and one B-cell acute lymphoblastic leukemia (B-ALL) sample.  Based on 

observations collected from cord blood reprogramming experiments, a potentially major 

factor playing a role in a cell’s ability to reprogram was its ability to proliferate, as the 

cells with 6-fold expansion in culture yielded a reprogramming efficiency of 

approximately 0.01%, whereas the cells that had undergone only 10% expansion yielded 

a reprogramming efficiency of 0.004% based on colonies showing hESC-like 

morphology.  Based on this information, the initial assay performed to assess potential 

reprogrammability of the various leukemia samples was a cell viability and proliferation 

test.  Because leukemias often present as an unchecked proliferation of immature, stem-

like cells, several samples were thawed and placed into media conditions identical to 

those used in the successful cord blood reprogramming experiments.  Over the course of 

several days, the cells were counted and it became clear that not every leukemia was 

capable of being cultured (Figure 2A).  Some samples aggregated immediately and died 

off.  Most samples slowly declined in number, but a few samples showed a healthy 

increase in number.  Co-culture with the mouse bone marrow stromal cell line M2-10 

with the hopes of improving viability by providing a hematopoietic niche-like 

environment showed similar results.  Leukemia samples 01-01 and 00-21, both AML, 

showed the most promise with regard to viability and proliferation, so transductions on 

these samples were carried out similar to what was performed with the cord blood cells 

(Figure 2B).  Cells were plated a day later onto feeders in HSC expansion media 

supplemented with bFGF and monitored.  Within 6 days, flat, dense growths appeared 

not resembling hESCs in morphology (Figure 2C), and after the 7
th
 day post-transduction 

the cultures were switched to hESC medium.  Eventually these compact growths flaked 

off from the feeder layer and nothing more emerged following the cultures out to 30 days.  

Another reprogramming attempt was carried out in a similar fashion and yielded similar 

results. 

A report had been published showing the genetic modification of leukemia 

samples being culture as long-term culture initiating cells using three rounds of lentiviral 

transduction (Schuringa and Schepers 2009), so a third attempt at reprogramming was 
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carried out utilizing the conditions outlined in the paper (Figure 2D).  Leukemia samples 

were thawed as before and then co-cultured with mitomycin-c inactivated m2-10 stromal 

cells in αMEM supplemented with 12.5% horse serum, 12.5% FBS, 57.2 μM BME, 1 μM 

hydrocortisone, G-CSF, TPO, and IL-3 all at concentrations of 20 ng/mL.  Samples were 

cultured this way for three days before they were trypsinized and the M2-10s allowed to 

settle and adhere back onto the plastic culture flask, leaving the AML cells in the 

supernatant.  These cells were taken, counted, and transduced three times with 

STEMCCA lentivirus over the course of 18 hours before washing out of VCM and 

plating onto either MEFs or M2-10s to test if post-culture with M2-10s could improve 

post-transduction viability of the AML cells.  Within two days, all cells had been placed 

onto MEFs, and the next day compact clusters of cells seen in previous AML-iPSC 

attempted derivations emerged, and then flaked off following a switch to hESC 

conditions. 

By day 13 post-transduction, however, a strange network of fibroblast-like cells 

began growing on the MEF feeder layer.  A week later, more patches of fibroblast-like 

cells appeared, and by day 21 post-transduction, flat monolayer colonies with large 

nucleoli with defined borders began to form (Figure 2E).  These colonies were able to be 

passaged manually, but replated as dense, transformed clusters of cells.  Within days, 

however, satellite colonies appeared near the clusters showing the same hESC-similar 

morphology as the original colonies found on the passage 0 plates. 

These colonies were expanded and some wells passaged with collagenase, while 

others were maintained pick-to-keep (PTK).  Collagenased cultures dissociated upon 

passage and resulted in a disorganized mess of fibroblasts upon replating onto feeders, so 

it was beginning to be suspected that these colonies weren’t induced pluripotent stem 

cells derived from leukemia, if they were human cells at all, which was probable 

considering the involvement of M2-10s in this system. 

Guided by the premise that these colonies were potentially transformed M2-10s 

that had evaded mitomycin-c inactivation, live IHC staining with human-specific 

antibody against MHC Class I antigens was performed and appeared negative compared 

to hESCs stained in the same manner (Figure 2F).  Further analysis with flow cytometry 
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(Figure 2G) showed that these cells didn’t express SSEA-4, TEA-1-81, MHC Class I 

antigen, or OCT4.  Surprisingly, human SOX2 was detected, so it was believed that these 

cells were the result of M2-10 contamination that had been transduced with STEMCCA 

lentivirus, resulting in a partially reprogrammed, immortalized cell line whose 

endogenous SOX2 had been stably induced to express by the reprogramming process, 

which cross reacted with the anti-human SOX2 antibodies.  These cultures of putative 

‘reprogrammed’ stroma were frozen down, and a new attempt at leukemia 

reprogramming undertaken. 

A publication describing the reprogramming of a CML cell line KBM7 (Carette, 

Pruszak et al. 2010) had been published near this time, and because this group had 

succeeded in doing what was being attempted in the Kaufman lab, one final attempt at 

leukemia reprogramming was made using Carette’s protocols.  Their KBM7 cell line was 

grown in normal media without the need for cytokines, and transductions were carried 

out in three rounds similar to what had been attempted before in previous AML 

reprogramming experiments.  The main difference was the scale of the transduction.  To 

date, between 200 and 500 thousand AML cells had been transduced using a 3-

transduction protocol, whereas approximately 2 million cells were needed to generate two 

iPSC clones in Carette’s publication.  It was decided to mimic this protocol with 

adjustments that allowed for the maintenance of AML cells in culture.  Cord blood was 

transduced as a positive control, as well as AML sample S5, which was mainly used 

because there seemed to be a large quantity of the sample, and it seemed a worthy idea to 

attempt reprogramming new samples, as it has been shown that the reprogramming 

process can differ in efficiency based on the patient sample used.  Each cell type was split 

into three conditions based on the number of times the cells would be transduced. Cord 

blood and S5 cells were transduced a single time for approximately 7 hours.  One third of 

each sample was spun out of virus and plated onto fresh fibronectin, while the remaining 

two thirds of each sample was transduced a second time.  Again, 7 hours later half of 

each sample was spun out of VCM and plated onto fresh fibronectin, and the remaining 

cells transduced a third time.  The three-time transduced cultures were spun out of VCM 

7 hours later and plated onto fresh fibronectin.  2 to 3 days following the last transduction 
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for each condition, the cultures were transferred to feeders at densities of 20,000 

cells/mL.  By the end of the transduction protocol, 1.38e
6
, 1.03e

6
, and 1.35e

6
 1x, 2x, and 

3x transduced cord blood cells, while 1.5e
5
, 1.2e

5
, and 1.2e

5
 similarly transduced S5 cells 

had been transferred to MEFs.   

Compact cell clusters began appearing in the leukemia cultures as had been 

demonstrated before.  By day 10 post-transduction, colonies with hESC-like morphology 

began to emerge in the cord blood conditions, at which point all cultures were switched to 

hESC medium.  Nothing would arise from the leukemia cultures, but three hundred 

morphologically hESC-like colonies emerged in the cord blood conditions.  18 colonies 

from each transduction condition were expanded to a confluent 9.6cm
2
 well before being 

frozen back.  Two lines established in the 1x lentiviral condition, named 1XM5 and 

1XL7, were further expanded and stained positive for OCT4, SOX2, NANOG, SSEA-4, 

and TRA-1-81 before being frozen back without any further characterization.  Perhaps 

somewhat surprisingly, reprogramming efficiencies among the three transduction 

conditions were the same between the 2x and 3x-transduced cord blood cells at 0.033%, 

with the 1x-transduced cord blood cells reprogramming at a higher rate of 0.042%.  One 

might expect that increased expression of the Yamanaka factors as what would likely 

occur with multiple transductions would yield higher reprogramming efficiency.  This 

data taken with the inefficiency of reprogramming using the modified Loh protocol 

points to the possibility that the time interval between transduction and plating onto 

feeders potentially playing a role in reprogramming efficiency, however more careful 

experiments need to be performed to test that hypothesis. 

Reprogramming of the immortalized CML cell line KBM7 occurs with 

approximately 0.0001% efficiency, showing as others have that diseased tissues 

reprogram less readily that normal tissues.  Considering, too, the publication suggesting 

immortalization of a cell line potentially removes a barrier to reprogramming (Utical, 

2009), the efficiency of reprogramming a primary leukemia sample is likely even less.  

Taking these factors into consideration, one would expect far less than one colony to 

appear in the S5 conditions.  Reprogramming of a primary leukemia sample, if possible, 

would likely require additional factors, improved culturing conditions, and better 
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transduction protocols to raise the efficiency of reprogramming in these cell types to a 

value within the limits of detection given the limited number of cells available to work 

with in dealing with primary leukemia samples. 

 

Generation of a leukemia disease model using the BCR-ABL oncogene 

At the same time the reprogramming of primary leukemia samples was being attempted, 

work was being done to introduce the BCR-ABL oncogene into human ESCs as a means 

to reproduce the CML phenotype using cells derived from in vitro hematopoietic 

differentiation of human embryonic stem cells.  Many researchers over the past twenty 

years had been using this transgene in a variety of ways, including Jeff Miller at the 

University of Minnesota, from whom I acquired a retroviral construct containing this bcr-

abl transgene. 

 There was little sequence information available for the transgene, so using 

literature from the 80s and 90s explaining the breakpoint regions and the exons 

constituting the chimeric oncogene derived from bcr and c-abl sequences, a working 

open reading from was spliced together in silico using NCBI database information to aid 

in creating a cloning scheme for assembling the various features of the expression 

cassette.  Also problematic, little was known about the starting construct received from 

the Miller Lab, MSCV-p210-IRES-GFP, the only information available being that it 

contained puromycin bacterial selection and would yield two bands of approximately 

equal size upon EcoRI restriction digestion, one of which would be BCR-ABL.  Using 

addgene and other resources, a vector backbone was found with a name matching most of 

the name of the plasmid acquired, MSCV-IRES-GFP.  Assuming that MSCV-p210-

IRES-GFP was derived from this backbone it was decided to grow MSCV-p210-IRES-

GFP and test it with XbaI and EcoRI restriction enzymes, which would cut and fragment 

the backbone from the bcr-abl transgene.  Digestion showed a restriction pattern similar, 

but not identical to what would be expected.  The bcr-abl transgene was approximately 7 

kb, in line with the literature describing it being between 6.5 and 7.2 kb depending on the 

lab using it.   
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 It had been decided to assemble a polycistronic construct utilizing an internal 

ribosomal entry site (IRES) separating two genes of interest to allow for reinitiation of 

translation on the mRNA transcript, resulting in the production of two mature proteins 

from a single promoter, minimizing the size of the construct while maximizing the 

amount of information encoded by it.  The genes of interest to be included in the 

construct were bcr-abl, which would drive hematological malignancy, and a green 

fluorescent fusion protein conferring zeocin antibiotic resistance (GFP::Zeo) which 

would allow for tracking and selection of modified cells.  These components would be 

cloned into the Sleeping Beauty transposon backbone pKT2/MCAGGS, which had been 

shown before to stably and efficiently express transgenes in ESCs (Wilber, Linehan et al. 

2007), containing kanamycin antibiotic bacterial selection, the CAGGS promoter to drive 

the genes of interest, and a rabbit beta-globin polyadenylation sequence.  Benefits of 

using the transposon technology involved its ease of use; genetic modification relied on 

the relatively simple nucleofection of transposon and transposase constructs into the cell 

type of interest, as compared to the multi-step process involved in the production of virus 

particles.  It had also been shown that the Sleeping Beauty transposase integrates its 

cargo indiscriminately into the genome, reducing the probability of insertional 

mutagenesis that comes as part of the use of lentiviruses and retroviruses, which prefer to 

integrate into actively transcribed genes. 

 A cloning scheme was devised that would rely on subcloning into the MSCV-

p210-IRES-GFP backbone after having excised the bcr-abl transgene in order to utilize 

the IRES in the construct, which would save a PCR step later on.  So the construct was 

digested to remove bcr-abl which was accomplished with an EcoRI/BglII double-digest.  

As expected based on the putative open reading frame established earlier, the transgene 

was digested into several pieces adding up to the expected size of the transgene that had 

been discerned from the previous extraction of the transgene from MSCV-p210-IRES-

GFP.  The approximately 6-8 kb product indicative of the MSCV backbone was purified 

and sealed with ligase, retransformed, and harvested.  Digests of this plasmid to test for 

usable restriction sites for use in a cloning scheme yielded unexpected results, bringing 
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into question the identity of the backbone, so the scheme was abandoned in favor of one 

where fewer unknown variables would complicate the cloning process. 

 The final scheme that would eventually give rise to a functional construct (Figure 

3A) was devised and relied on subcloning into the pKT2 backbone, which had been 

cloned into previously in the Kaufman Lab and was found to be fairly reliable with 

respect to restriction site fidelity.  Because the bcr-abl transgene had already been 

extracted, essentially only 4 steps remained in the cloning scheme, the last of which 

would be the insertion of bcr-abl into the construct following the sequential addition of 

GFP::Zeo and IRES sequences. 

 So work began to clone useful restriction sites into a GFP::Zeo sequence taken 

from many of the sub-cloned plasmids having previously been built in the Kaufman Lab.  

Five-prime to the polyadenylation site present in the pKT2 backbone was a BglII 

restriction site, which utilized a buffer compatible with EcoRI, the site that would be used 

in the final step of the cloning process, so a primer was designed to the three-prime end 

of the GFP::Zeo sequence that would add a BglII restriction site.  To the five-prime end 

of the GFP::Zeo sequence, a primer was designed adding an EcoRI site five-prime to an 

added ClaI site, which would be used in the following cloning step.  These two primers 

were added to a reaction with the pL452 plasmid, source of GFP::Zeo, and a high-fidelity 

polymerase.  PCR was carried out, the products run out on a gel, and it was discovered 

that the reaction failed to amplify.  Meanwhile, primers were designed for cloning IRES 

from the STEMCCA vector.  Primers were designed to amplify the IRES to include five-

prime EcoRI and three-prime ClaI restriction sites.  After a failed attempt to amplify the 

IRES, the primers for both GFP::Zeo and IRES amplifications, it was realized, had been 

designed incorrectly to linearly amplify.  Primers were redesigned with the same features 

and the PCR reactions attempted once more. 

 The reaction meant to amplify the IRES fragment succeeded, with an approximate 

650 bp product that was predicted as well as an approximate 480bp product that was 

likely non-specific amplification.  The 650 bp product was extracted and set aside for 

when it would be needed.  The GFP::Zeo reaction had failed again.  A PCR gradient was 

run with the new primers and GoTaq master mix, as perhaps the annealing temperature 



 

 26 

for the primers was sub-optimal.  The PCR resulted in very bright bands of 

approximately correct size across a wide range of temperatures, indicating that 

amplification with the high-fidelity polymerase had failed for reasons other than the 

primer annealing temperatures.  PCR was attempted several more times with the high-

fidelity polymerase with varying concentrations of salt, and it was assumed that the 

failure was likely due to pipette error of some sort.  PCR reactions to this point had been 

relying on master mixes of reagents created by manual addition of the various 

components of the reaction, so a single mix created for 4 separate reactions would fail if 

the master mix was incorrectly made.  PCR reactions were assembled separately, which 

was somewhat counterintuitive as it would more likely introduce more error.  Regardless, 

the strategy worked, yielding a band of the correct size that was extracted.  The cloning 

scheme progressed rapidly at this point as described in the methods, yielding 

pKT2/MCAGGS-IRES-GFP::Zeo, which was sequence verified and transiently shown to 

express GFP prior to progressing with the scheme. 

 Bcr-abl was cut and pasted into pKT2/MCAGGS-IRES-GFP::Zeo utilizing its 

built-in EcoRI restriction sites to yield two possible constructs where bcr-abl had been 

inserted in either orientation.  It was at this point that the lack of sequence information 

available for bcr-abl hindered progress in the final step of the cloning scheme: 

identifying clones with the correct orientation of bcr-abl using a PCR colony screen. 

 The putative open reading from of bcr-abl totaled no more than 6500 bp, but the 

actual transgene was approximately 7200 bp in length, meaning that there was either a 

lengthy five-prime or three-prime untranslated region present to complicate matters.  It 

was decided a primer would be designed reading toward the five-prime end of the bcr-abl 

transgene from the ATG start codon, mainly because the five-prime primer reading 

inward had already been designed for use in sequencing.  Several colonies from the 

ligation transformation were restreaked and a PCR colony screen performed.  Several 

screens were attempted resulting in inconsistent, ambiguous banding patterns.  Although 

the size of the fragment to be amplified was an unknown, it was assumed that the correct 

orientation would yield a product, whereas the reverse would not.  The PCR conditions 

were further adjusted, resulting in definitive banding, but it was still unclear which 



 

 27 

colonies might be correct.  Finally it was decided to sequence a portion of MSCV-p210-

IRES-GFP upstream of the EcoRI site, using a universal primer to the MSCV backbone, 

which wasn’t guaranteed to work given the ambiguous nature of the MSCV-p210-IRES-

GFP plasmid.  The sequencing reaction was successful, however, and gave insight into 

the sequence identity of the five-prime-most portion of bcr-abl.  The ATG start codon 

was relatively close to the EcoRI restriction site, indicating that the transgene likely had a 

long three-prime UTR, and the primers designed for the PCR colony screen previously 

should have worked and amplified an approximately 200 bp product.  The fact that the 

PCRs had failed was disconcerting, so work began to identify factors playing a role in the 

failed PCR.  It wasn’t long before the culprit was identified.  The PCR screening primer 

designed at the ATG start codon of bcr-abl reading backward had a very large, negative 

delta-G value for primer dimerization.  Instead of wasting any more time with the primer, 

a new one was designed approximately 100 bp further downstream from the ATG start 

codon using the new bcr-abl sequence information. 

 When the primer arrived, a colony screen was carried out once more.  Definitive 

bands appeared on the gel.  Each lane had either an approximately 280 or 640 bp product.  

Neither product matched the expected size of 337 bp predicted by the sequence 

information available, but it was assumed that one product was indicative of the correct 

orientation and the other the reverse, even though the reverse orientation should not yield 

product.  Given bcr-abl’s 7.2 kb size, perhaps the primer was able to anneal toward the 

three-prime end of bcr-abl and amplify a product from the reverse orientation. 

 One colony representing each PCR product was grown, its plasmids harvested, 

and sequenced from upstream of the EcoRI restriction site.  The hypothesis was that the 

sequencing reactions from the two plasmids would result in a sequence homologous to 

the five-prime end of bcr, and in the other instance a sequence homologous to the three-

prime end of c-abl in the reverse orientation.  Sequencing reactions were returned and 

confirmed the hypothesis.  Sequences were BLASTed to the human genome and aligned 

as predicted.  The 280 bp fragment amplified from the bacteria indicated that colony 

carried the bcr-abl transgene in the correct orientation.  The approximate 50 bp disparity 

between expected and observed fragment sizes for the correctly oriented event was 
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attributed to ambiguous sequence information five-prime to the EcoRI site in the pKT2 

backbone.  Maps were updated with the new information and a test digest of the new 

plasmids, named pSBp210, yielded expected fragment sizes. 

 The next step to be undertaken involved the expression of the construct in a cell 

line.  Because the lab wanted to eventually express the transgene in ESCs, no time was 

wasted attempting this.  H9s were grown on Matrigel to feeder deplete the culture and 

nucleofection attempted as described with varying amounts of pSBp210 transposon and 

pSB100X transposase plasmids.  Varying amounts of cell death was observed following 

plating the next day, but no GFP fluorescence was seen.  It was not known whether the 

nucleofection had succeeded or if the plasmid was not functional due to the addition of 

bcr-abl, as a positive-control was not attempted in the experiment.  Rather than waste 

reagents optimizing nucleofection conditions, the plasmid was transiently transfected into 

293s with a positive-control plasmid transfected in a separate well.  No GFP fluorescence 

was detected in the pSBp210 condition only, so more work was needed to be done to 

understand why the plasmid appeared to be non-functional. 

 pKT2/MCAGGS-GFP::Zeo and pKT2/MCAGGS-IRES-GFP::Zeo were retried 

and found to transiently express in 293s, so something specific about the addition of bcr-

abl was interfering with the plasmid’s ability to express.  It was hypothesized that bcr-abl 

pushed the plasmid to a size that was difficult to express efficiently.  The size of the 

construct totaled 13 kb, so increasing amounts of pSBp210 were transiently transfected 

into 293s with increasing amounts of Fugene 6 reagent.  It was shown that the ratio 

attempted previously using the pSBp210 plasmid failed once more to express GFP, but as 

additional Fugene 6 and plasmid was used, GFP expression could be detected (Figure 

3B).  Therefore, pSBp210 was a functional construct with regard to its ability to express 

the selectable marker GFP, and conditions for nucleofection needed to be optimized in 

order for the desired modifications to be performed.  

 

Expression of a short hairpin RNA in hESCs for the specific knockdown of sh2B 

adaptor protein 3 (aka LNK) to elucidate its function with regard to hematopoietic 

self-renewal and expansion. 
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To elucidate the function of LNK with regard to its influence on hematopoietic self-

renewal and expansion potential, it was the aim in the following study to knock down its 

mRNA expression in hESCs with a lentiviral construct expressing short hairpin RNAs 

(shRNAs) specific to the LNK transcript, and subject these ESCs expressing the construct 

to in vitro hematopoietic differentiation. 

 The first information to confirm was that if the LNK transcript was present during 

hematopoietic differentiation.  Kaufman Lab’s Patrick Ferrell had performed a 

hematopoietic differentiation time course with hESC line h9 on M2 10 stroma.  At days 

7, 11, 14, 18, 21, 25, and 28 of differentiation, RNA extraction as well as flow cytometry 

analysis of cell populations derived from the differentiation cultures was performed.  

Simple reverse-transcriptase PCR (RT-PCR) was performed on these time points with 

published primers specific to LNK, and it was shown that LNK was expressed throughout 

the time course (data not shown). 

 Constructs were ordered expressing shRNAs specific to LNK driven by the tet 

response element, also linked to red fluorescent protein expression, so that upon the 

addition of doxycycline, both the shRNA and RFP would be expressed within the cells 

harboring the construct.  The construct would also confer puromycin antibiotic resistance 

as a result of the puro gene being expressed from a constitutive promoter (Figure 4A). 

 The constructs arrived as bacterial stocks.  The bacteria were grown and plasmids 

harvested, but there was some difficult acquiring large quantities of the plasmids from 

their maxi-preps.  It was thought that this could be attributed to the unknown strain of 

bacteria in which these plasmids arrived, so what little plasmid DNA purified at the time 

was retransformed into Stbl3s.  Clones were picked, grown, and plasmids harvested from 

them.  The new bacterial background increased the maxi-prep yield considerably, and 

each plasmid was transfected into 293s with plasmids ΔNRF and pMD2.G to create 

lentiviral particles.  After harvesting supernatants and concentrating them through 

ultracentrifugation, 293s were transduced and induced to express RFP to determine viral 

titer.  293s from each condition were saved and maintained in culture under puromycin 

selection.   
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Before introducing the constructs in hESCs, it was decided to prove them 

effective in knocking down LNK expression in a cell type expressing LNK.  Following 

an RT-PCR screen for LNK in a variety of cell lines, it was shown, fortuitously, that 293s 

expressed LNK at low levels.  QPCR would show later that 293s expressed LNK at levels 

similar to undifferentiated h9s, so demonstrating LNK knockdown in 293s would be 

potentially meaningful (Figure 4A).  The 293s salvaged from the viral titers were 

harvested for RNA and a qPCR run.  Initial results were promising, showing several-fold 

decrease in expression of LNK in the 293s transduced with the two LNK-specific 

shRNAs, with shRNA 0255 showing better knockdown than shRNA 0211.  The 

experiment lacked the non-silencing shRNA control because that virus hadn’t been 

titered yet, so the experiment was repeated when that virus became available for use.  

Further attempts at qPCR to demonstrate LNK knockdown in 293s showed the shRNAs 

to be ineffective.  Often times LNK seemed to be induced.  However, more critical 

analysis of qPCR cycle threshold (CT) values for the various genes of interest showed the 

PCRs weren’t working well.  GAPDH was showing up at approximately 30 cycles, 

reducing the range in which the qPCR could be effective in demonstrating differences in 

gene expression.  The CT values spanned three to four cycles within a triplicate at times 

also, so it was decided to double the amount of primer added to the reactions to acquire 

more consistent CT values within acceptable ranges.  The qPCR run under those 

conditions showed tight triplicates with GAPDH showing in the mid 20s, which was still 

slightly high, but better than previously shown.  As a result of the improved qPCR 

technique, the results more closely mirrored those of the first attempt, showing shRNA 

0255 knocking down LNK expression better than shRNA 0211.  Furthermore, LNK 

expression for the non-silencing control shRNA was very similar to that of the 

nontransduced 293s, indicating that the LNK-specific shRNAs were indeed specific 

(Figure 4C). 

While the qPCR was still being optimized, it was decided to move forward with 

the lentiviral transduction of h9 cells.  H9s previously cultured on Matrigel were 

transduced at an MOI of one and replated onto Matrigel.  Two days later, the cells were 

induced with doxycycline to assess the transduction efficiency.  Objectively, the non-
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silencing and 0255 shRNA lentiviruses transduced similarly at approximately 50%, 

whereas the 0211 shRNA lentivirus transduced probably half as well.  Puromycin was 

added to the cultures at a dosage that had been shown to kill hESCs on Matrigel in four to 

seven days, approximately two μg/mL (Figure 4D).  Several days later the cells were 

passaged back on to MEFs.  The cultures were selected on MEFs with puromycin at a 

concentration of four μg/mL. 

The hESCs grew slowly under selection, and when the feeder layer had died as a 

result of the puromycin toxicity, the hESCs were maintained in conditioned medium.  At 

a certain point, most colonies appeared puro resistant, and a well of each condition was 

induced with doxycycline for up to two days.  Imaging with a fluorescent scope showed 

very few red colonies.  Perhaps three to five colonies were visible in each condition 

strongly expressing RFP (Figure 4E), so there was concern about what this meant.  It was 

assumed that the inducible portion of the construct was silenced in undifferentiated 

hESCs, but the constitutive portion driving puro resistance was not. 

The cells were passaged longer under selection and induced with doxycycline 

once more.  Again, some red colonies were visible in the 0211 and NS shRNA-

transduced h9s, but there was a dramatic absence of RFP in the actual undifferentiated 

colonies in the 0255 condition.  Instead, there appeared to be hESC-derived stroma 

growing from the colonies where the feeder layer had died which vibrantly expressed 

RFP (Figure 4F).  So it is the working hypothesis that the shRNA constructs are actively 

silenced in undifferentiated h9s, but will be expressed upon differentiation.  For now, it is 

assumed that LNK knockdown results in partial differentiation of undifferentiated 

colonies, resulting in the bright red stroma present in the 0255 condition, but neither of 

the NS or 0211 conditions, which agrees with the qPCR data suggesting that 0211 

functions less in LNK knockdown and NS not at all.  Induced wells from each condition 

were harvested for RNA for future analysis for LNK expression using qPCR to lend more 

evidence to this hypothesis. 

 

Discussion 
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Overall, efforts to provide models for studying the hematopoietic system from the angles 

illustrated so far are a work in progress.  Reprogramming of umbilical cord blood cells 

was successful and studies utilizing these cell lines as a complement to normal embryonic 

stem cell differentiation are underway.   

With regard to reprogramming primary leukemia samples, conditions need to be 

optimized for increased reprogramming efficiency in order to detect reprogrammed cells.   

Perhaps current protocols could be used to establish AML-iPSC lines if enough starting 

material can be obtained.  One thought is to expand the human primary leukemia samples 

in vivo in an immunodeficient mouse.  This would select for samples capable of 

engraftment as well as serving as small bio-reactors to fuel the leukemia-iPSC effort. 

Further work needs to be completed with regard to the transposable bcr-abl 

oncogene.  All components are in place to introduce the gene into hESCs.  The process 

may be difficult, however.  The plasmid is very large, and nucleofection may take time to 

optimize.  In addition, Sleeping Beauty transposase has difficulty in transferring cargo 

greater than 6 kb.  Considering the transposable element in pSBp210 totals somewhere in 

the range of 9 kb, transposition simply may not be possible with the specific backbone 

and transposase system.  Alternative transposon systems are available.  PiggyBac (Chen, 

Furushima et al. 2010) and Tol-2 transposon (Balciunas, Wangensteen et al. 2006) have 

been shown to be able to transport cargo greater than 9 kb, so if the transposon 

technology is preferred, these systems can be acquired and engineered similarly to what 

has been carried out already. 

 If pSBp210 can stably express its cargo, further characterization needs to be 

performed.  A stable population of GFP-expressing hESCs needs to be isolated and PCR 

performed to detect the bcr-abl transcript.  Western blot for the BCR-ABL fusion protein 

needs to confirm translation, and a functional test needs to be performed to assess BCR-

ABL activity.  Once it has been proven that the pSBp210 plasmid functions as expected, 

in vitro differentiation of modified hESCs needs to be directed toward the hematopoietic 

lineage, a population of putative HSCs isolated, and these cells shown to demonstrate 

repopulation of ablated hematopoietic systems.  From that point, the disease model 
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becomes useful in the sense that information can be gathered regarding factors present or 

lacking in the system that allows for the engraftment of cells derived from it. 

 The LNK-knockdown experiments need to be refined to show that a stable hESC 

population can be selected that will express shRNAs upon induction and that the 

expression of LNK is ablated as a result.  Ideally, the results of the in vitro differentiation 

toward the hematopoietic lineage will mimic those found in the mouse system with 

regard to the expansion of hematopoietic progenitors.  The function of LNK can be 

further elucidated using this model by identifying what factors are affected by LNK 

deficiency and what role these factors play in hematopoiesis. 

 The two separate transgenic disease models represent two separate methods to 

induce malignancy, overexpression of an oncogene in the pSBp210 experiments and loss 

of expression of a putative tumor suppressor gene in the shRNA experiments.  Should 

neither model yield any useful information with respect to understanding basic 

hematopoiesis, the two models could easily be combined to yield a third where there is 

overexpression of an oncogene and loss of a tumor suppressor gene.  Such a model may 

mimic actual malignancy in that a driver mutation, the bcr-abl oncogene in this case, 

leads to further passenger mutations, i.e. LNK-deficiency, and would offer one way of 

understanding tumor evolution and disease progression.  Prolonged culture and 

monitoring of this model hESC line could potentially result in further mutation.  These 

random events could be studied to better understand the sequence of genetic lesions 

necessary for the most severe leukemias. 

 While these models provide another direction from which to study the 

hematopoietic system, this entire endeavor was undertaken with the goal of obtaining 

engraftable hematopoietic stem cells from embryonic stem cells.  However, a recent 

publication in Nature (Szabo, Rampalli et al. 2010) describing the direct conversion of 

human fibroblasts into engraftable hematopoietic stem cells may have obviated the need 

for further research into that area with the models developed as part of this thesis. 
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Figure Captions 

 

Figure 1: Generation of induced pluripotent stem cells from CD34-selected umbilical 

cord blood cells.  A) Scheme used to reprogram cord blood cells. B) 

Immunohistochemistry for the pluripotency markers OCT4, SOX2, NANOG, SSEA-4, 

and TRA-1-81 in human embryonic stem cell line h9 and cord blood-derived iPSC line 

Dub7 (Dub7 IHC performed by Minh Hong).  Nuclei are counterstained with DAPI. C) 

Histological analysis of H&E stained sections of formalin-fixed and paraffin-embedded 

teratomas harvested from immunocompromised mice following injection of 

undifferentiated iPSC line Dub7.  Gut-like epithelium, cartilage, and neural rosettes 

indicative of endoderm, mesoderm, and ectoderm respectively are noted.  D) Photograph 

of karyotype spread of iPSC line Dub7, indicating a normal male. 

 

Figure 2: Attempted reprogramming of primary leukemia samples.  A) Morphology and 

proliferation assay indicating the extremes of viabilities in the culture conditions used in 

the following experiments.  Cord blood and 01-01 were samples capable of good survival 

and proliferation in vitro, whereas sample 03-06 had difficulty being maintained in 

culture.  B) Transduction scheme adapted from successful cord blood reprogramming 

experiments for use with primary leukemia samples.  C) General morphology of clusters 

occurring in reprogramming cultures following the transduction of various primary 

leukemia samples.  D) Second variation of reprogramming scheme outlined in Shuringa 

et. al., who had shown successful genetic modification of primary AML samples.  E) 

Morphologies of clusters and colonies that had arisen as a result of the protocol.  Cells 

were passaged PTK or enzymatically with collagenase. F, G) Immunohistochemistry and 

flow cytometry analysis of hESC line h9 and fibroblastic cells derived from leukemia 

reprogramming cultures for markers associated with human origin and pluripotency 

factors.  In F, cells were stained with an anti-human HLA MHC Class I monoclonal 

antibody.  G, cells were co-stained with anti-OCT4 and SOX2 antibodies in the first 

column, and triple-stained with TRA-1-81, HLA-MHC Class I, and SSEA-4 antibodies in 

the second and third columns. 

 

Figure 3: Development of a transposable bcr-abl oncogene selection cassette for use in 

genetic modification of human pluripotent stem cells.  A) Cloning scheme depicting the 

sequential steps involved in adding the necessary factors desired for tracking cells 

expressing the bcr-abl oncogene.  B) Transient transfection of pSBp210 into 293FT cells 

showing GFP-fluorescence. 

 

Figure 4:  Short-hairpin knockdown of sh2b3 in hESCs.  A) Relative quantities of LNK 

during directed hematopoietic differentiation time course of hESC line h9 with m210 co-

culture (n of 1).  B) Schematic of lentiviral constructs expressing inducible RFP linked to 

shRNAs of interest with constitutive puromycin selection used for knockdown of sh2b3 

in hESCs. C) Knockdown of sh2b3 in 293FT cells either non-transduced, transduced with 

the non-silencing construct, or with either of the sh2b3-specific shRNAs as measured 

using qPCR (n of 1). Appearance of h9s after fresh transduction and induction with 
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doxycycline on Matrigel (D), and following several passages under selection on MEFs.  

F) Appearance of puro-resistant pTRIPZ-transduced hESCs on Matrigel following 

induction with doxycycline. 
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Figure 2 
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Figure 3 
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Figure 4 
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