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translated to the human system to provide platforms for future study of hematopoiesis, 

hematologic disease, and hematopoietic stem cell transplant. 

 

LONG ABSTRACT: 

This protocol details the induction of a hemogenic program in mouse embryonic fibroblasts 

(MEFs) via overexpression of transcription factors (TFs). We first designed a reporter screen 

using MEFs from human CD34-tTA/TetO-H2BGFP (34/H2BGFP) double transgenic mice. 

CD34+ cells from these mice label H2B histones with GFP, and cease labeling upon addition of 

doxycycline (DOX). MEFS were transduced with candidate TFs and then observed for the 

emergence of GFP+ cells that would indicate the acquisition of a hematopoietic or endothelial 

cell fate. Starting with 18 candidate TFs, and through a process of combinatorial elimination, we 

obtained a minimal set of factors that would induce the highest percentage of GFP+ cells. We 

found that Gata2, Gfi1b, and cFos were necessary and the addition of Etv6 provided the optimal 

induction. A series of gene expression analyses done at different time points during the 

reprogramming process revealed that these cells appeared to go through a precursor cell that 

underwent an endothelial to hematopoietic transition (EHT). As such, this reprogramming 

process mimics developmental hematopoiesis “in a dish,” allowing study of hematopoiesis in 

vitro and a platform to identify the mechanisms that underlie this specification. This 

methodology also provides a framework for translation of this work to the human system in the 

hopes of generating an alternative source of patient-specific hematopoietic stem cells (HSCs) for 

a number of applications in the treatment and study of hematologic diseases.  

 

INTRODUCTION: 

Hematopoiesis is a complex developmental process where hematopoietic stem cells (HSCs) bud 

off hemogenic endothelium present in a variety of embryonic hematopoietic sites such as the 

Aorta-Gonad-Mesonephros and the placenta1,2. The inability to culture HSCs in vitro prevents 

the in depth analysis of this process as well as the clinical application of these studies. To 

circumvent this limitation, previous studies have attempted to derive HSCs de novo either via 

differentiation of pluripotent stem cells (PSCs)3, or induced plasticity in somatic cells and 

directed differentiation using reprogramming media4,5. These studies, however, do not generate 

clinically safe engraftable cells or allow study of definitive developmental hematopoiesis “in a 

dish.”  

 

The novel work established by Yamanaka and colleagues to generate induced pluripotent stem 

cells (iPSCs) from somatic fibroblasts provides a framework for transcription factor (TF) based 

overexpression strategies in reprogramming cell fate6,7. This work has prompted investigators in 

several fields to generate cell types of choice via TF reprogramming of easily obtainable somatic 

cells. The goal of the reprogramming strategy described here is to induce a hemogenic process 

from mouse somatic cells using a TF based reprogramming approach with the goal of translating 

these findings to the human system to reprogram patient-specific fibroblasts in order to study 

human hematopoiesis in vitro and generate patient-specific blood products for disease modeling, 

drug testing, and stem cell transplant. 

 

The first step to ensure proper reprogramming in this mouse system was to develop a reporter 

line that served as a read-out for CD34 expression, a known marker in endothelial progenitor 

cells and HSCs. To do this, the huCD34-tTA and TetO-H2BGFP transgenic mouse lines were 
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used to generate double transgenic mouse embryonic fibroblasts (MEFs), now denoted 

34/H2BGFP, that fluoresce green upon activation of the CD34 promoter8. This allowed 

screening of a variety of TFs known to be required at different points during hematopoietic 

specification and development. Beginning with 18 TFs in pMX retrovial vectors (determined 

through literature mining and profiling of GFP label retaining HSCs from the previously 

described 34/H2BGFP mice), 34/H2BGFP MEFs were transduced with all factors and cultured 

on AFT024 HSC-supporting stromal cells. After detection of 34/H2BGFP activation, TFs were 

subsequently removed from the reprogramming cocktail until the optimal set of TFs for reporter 

activation was identified. After this initial screen, the factors were transferred to a DOX 

inducible pFUW vector system to allow controllable expression of the TFs. Since these two 

DOX controllable systems are incompatible (the 34/H2BGFP cells and the pFUW inducible 

vectors), MEFs from wild-type C57BL/6 mice were required. It was also necessary to provide an 

appropriate microenvironment to allow hemogenesis to proceed and create multilineage 

clonogenic progenitors. 

 

Current studies attempting to reprogram somatic cells into hematopoietic stem and progenitor 

cells (HSPCs) have met varied levels of success9-11. To date, the generation of both mouse and 

human transplantable HSPCs with long term and self-renewing repopulating ability has not been 

achieved using the same set of TFs. In this protocol, we provide a detailed description of the 

previously established strategy to reproducibly induce hemogenesis in MEFs. We demonstrate 

that introduction of a minimal set of TFs (Gata2, Gfi1b, cFos, and Etv6) is capable of instigating 

a complex developmental program in vitro that provides a platform by which developmental 

hematopoiesis and clinical application of hematopoietic reprogramming can be further studied12. 

 

PROTOCOL: 

 

Ethics statement: Mouse cell lines are derived following the animal care guidelines of the Icahn 

School of Medicine at Mount Sinai, and should be done in compliance with any host institution. 

 

1. Mouse embryonic fibroblast (MEF) isolation of C57BL/6 mice 

 

1.1) Set up timed mating13. Once a vaginal plug is visualized, consider this Day 0.5.  

 

1.2) Separate the plugged females on the plug date and check on them on Day 10 – 11 to confirm 

pregnancy. 

 

1.3) On Day 13.5 – 14.5 euthanize pregnant female mice via CO2 inhalation followed by cervical 

dislocation. 

 

1.4) Soak pregnant female abdomen with 70% ethanol, dissect the abdominal cavity with sterile 

scissors and forceps down the midline, and surgically remove the uterine horns containing the 

embryos14. Take out the embryos gently while cutting off the remaining abdominal tissue.  

 

Note: Recover about 8 embryos with 4 on each side. 
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1.5) Place the uterine horns containing the embryos in a 10 cm dish with 5 – 10 ml of sterile 

chilled phosphate buffered saline (PBS). 

 

1.6) With sterile scissors and forceps, make an incision along the uterine horns to isolate the sacs 

carrying the embryos. Transfer the sacs to a new 10 cm dish with 5 – 10 ml of sterile chilled PBS 

and place on ice. 

 

1.7) Place a few of the sacs into a new 10 cm dish with 5 – 10 ml of sterile chilled PBS. Using 

sterile scissors and forceps gently cut open the sacs (without cutting too deep) in order to avoid 

piercing the embryos.  

 

1.8) Separate the embryos from the placenta by cutting the umbilical cord.  

 

1.9) Transfer the embryos to a new 10 cm dish containing 5 – 10 ml of chilled PBS and leave on 

ice while completing the remaining dissections. 

 

1.10) Decapitate the embryos using sterile forceps. Carefully cut down the midline of the embryo 

using sterile scissors and forceps, starting from the decapitated area to open up the abdomen. 

Position forceps underneath the visceral organs (including the heart, liver, and lungs) and scrape 

them out15.  

 

1.11) Cut the remaining tissue into small pieces using scissors and forceps and transfer to a 50 ml 

conical tube containing 10 ml of trypsin.  

 

1.12) Pipet up and down with a 10 ml pipet 20 – 30 times to mix and dissociate the tissue. 

 

1.13) Incubate the tissue and trypsin mix in a 37 °C water bath for 45 minutes, swirling 

occasionally. 

 

1.14) Pipet up and down with a 10 ml pipet for about 5 minutes to mix the contents. 

 

1.15) Add trypsinized cells to 3x volume of standard Dulbecco’s Modified Eagle Medium 

(DMEM) with 10% fetal bovine serum (FBS), 10 μg/ml Penicillin/Streptomycin (P/S), and 1 

mM L-Glutamine (L-GLUT) in 10 cm dishes (~10 ml) and culture at 37 °C until confluent 

(about 2 – 4 days). Culture about 1 – 2 embryos per 10 cm dish.  

 

Note: Freeze cells once plates are confluent. Frozen cells can be thawed and passaged 2 more 

times. Cells can alternatively be split 2 times prior to freezing, and then once more after being 

thawed. 

 

2. Viral production  

 

2.1) Expand 293T cells in 10 cm plates with 10 ml DMEM with 10% FBS, 1% P/S, and 1% L-

GLUT for transfection.  
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2.1.1) Trypsinize 293T cells with 2 ml trypsin, incubate at 37 °C for 5 min, collect the cells into 

15 ml tubes, spin at 300 x g, and plate appropriately (10 ml per 10 cm dish). 

 

2.2) 24 hr prior to transfection, split confluent 10 cm plate of 293T cells 1:6 and seed in 10 cm 

gelatin coated (0.1% gelatin in PBS) plates. Note: 4 plates per virus will be required. 

 

2.2.1) To coat plates in gelatin, add at least 2 ml of the 0.1% gelatin solution to coat the bottom 

of 10 cm plates. Incubate at 37 °C for at least 20 minutes. Aspirate off gelatin prior to adding 

cells to the plates. 

 

2.3) In a 15 ml tube, add 84 μg plasmid (e.g. Gata2, Gfi1b, cFos, or Etv6 (sub-cloned into the 

pFUW-TetO vector16) or FUW-M2rtTA17), 84 μg psPAX2, and 42 μg pMD2.G. Add water 

(H2O) to make up the volume to 2 ml. Prepare a tube for each factor (e.g. Gata2, Gfi1b, cFos, 

Etv6 and FUW-M2rtTA). 

 

2.4) Add 250 μl of 2M CaCl2 to each tube containing the 2 ml mixture composed of 84 μg of the 

chosen gene (Gata2, Gfi1b, cFos, Etv6 or FUW-M2rtTA) + 84 μg PAX2 + 42 μg PMD2 + H2O. 

 

2.5) Using a Pasteur pipet inserted into the pipet-aid, release bubbles into the 2.25 ml DNA + 

H2O + 2M CaCl2 mixture. As the bubbles are being produced, place the tip of a P1000 against 

the glass pipet and slowly eject 2 ml of 100 mM N,N-bis (2-hydroxyethyl)-2-aminoethane 

sulfonic acid (BES) saline down the Pasteur pipet 1 ml at a time. 

 

2.6) Incubate all tubes in the culture hood at room temperature for at least 15 min.  

 

Note: The 4.25 ml mixture (now DNA + H2O + 2M CaCl2 + BES saline) will look slightly 

cloudy. 

 

2.7) As the mixture incubates, aspirate media off 293T plates and add 10 ml DMEM + 10% FBS 

+ 1 mM L-Glutamine + 25 nM chloroquine. Note: This media does not contain P/S. 

 

2.8) After at least 15 min of incubation (or until changing media on 293T cells), add the 4.25 ml 

DNA + H2O + 2M CaCl2 + BES saline mixture drop wise to the 293T cells, distributing evenly 

across 4 cell plates per tube (i.e. slightly more than 1 ml of the mixture per plate). 

 

2.9) Incubate plates overnight (O/N) at 37 °C. 

 

2.10) 24 hr post incubation, replace media on all plates with 4 ml standard DMEM (see step 

1.15).  

 

2.11) Keep cells in a 32 °C incubator from now on. 

 

2.12) 24 hr after step 2.10, collect media into separate 50 ml tubes. Replace the collected media 

from each plate with 4 ml of standard DMEM.  

 

Note: 4 plates per initial tube mixture results in 16 ml of collected media. 
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2.12.1) After 12 hours of incubation, collect media again into the same 50 ml tubes and replace 

with another 4 ml of standard DMEM. 

 

2.12.2) After 12 hours of incubation, collect the media and add to the same 50 ml tubes.  

 

Note: each tube should now contain about 48 ml of media containing virus. 

 

2.13) To concentrate the collected virus, first filter the collected media through 0.45 μM low-

protein binding filters. 

 

2.14) Pour the filtered media containing virus into viral concentration centrifuge tubes (about 16 

ml at a time).  

 

2.15) Spin at 4000 x g at 4 °C for 25 min and remove flow-through.  

 

Note: A small volume of concentrated media and virus will be visible in the filter. 

 

2.16) Add another 16 ml of filtered virus-containing media to the concentrated media + virus 

volume remaining in the filter and mix by inverting the tube. 

 

2.17) Spin tube again at 4000 x g at 4 °C for 25 min and discard flow-through. 

 

2.18) Add remaining filtered collection to the concentrated media + virus volume left in the filter 

and mix by inverting the tube. 

 

2.19) Spin once more at 4000 x g at 4 °C for 10 – 20 min (depending on the volume in the filter) 

and ensure that the remaining volume of concentrated media + virus left in the filter is about 1 

ml. If greater than 1 ml of concentrated media + virus remains in the filter, spin again at 4000 x g 

for 1 min and repeat until 1 ml is left in the filter. 

 

2.20) Aliquot 200 μl of the concentrated virus into 1.5 ml tubes and freeze at -80 °C or use 

immediately.  

 

3. MEF reprogramming 

 

3.1) Pre-coat 6 well-plates with 0.5 ml of 0.1% gelatin in PBS per well, ensuring that the gelatin 

covers the entire area of the well. Place in a 37 °C incubator and incubate for at least 20 min. 

After incubation, remove the plates and aspirate the gelatin. 

 

3.2) Plate MEFs with standard DMEM at a density of 25,000 cells per well (150,000 cells per 6-

well plate) on the gelatinized 6-well plate(s) from step 3.1 and allow to settle O/N in a 37 °C 

incubator. 

 

3.3) Prepare a 100 μl virus cocktail by mixing 50 μl M2rtTA and the remaining 50 μl a mix of 

Gata2, Gfi1b, cFos, and Etv6 (12.5 μl each).  
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3.4) Aspirate media from MEFs and add 2 mL standard DMEM with 8 μg/ml hexadimethrine 

bromide. 

 

3.5) Transduce each well of the MEF plates with 15 μl of the virus cocktail and incubate O/N at 

37 °C.  

 

Note: This is Day 0 of the reprogramming process. 

 

3.6) On Day 1, after 16 – 20 hr of incubation, replace media with 2 ml fresh standard DMEM 

supplemented with 1 μg/mL DOX per well. 

 

3.7) Prepare hematopoietic culture media supplemented with hydrocortisone (10-6 M), 100 ng/ml 

stem cell factor (SCF), 100 ng/ml Fms-related tyrosine kinase 3 ligand (Flt3L), 20 ng/ml 

interleukin-3 (IL-3), 20 ng/ml interleukin-6 (IL-6), and 1 μg/mL DOX. 

 

3.8) On Day 4 aspirate media from each well and wash cells with 1 ml of PBS per well.  

 

3.9) Aspirate PBS, dissociate cells using 1 ml of 0.05% trypsin per well and collect the cells. 

 

3.10) Count cells with a hemocytometer, spin at 300 x g for 5 min, resuspend in 12 ml of 

hematopoietic media described in step 3.7 and plate 60,000 cells per 6-well plate on 0.1% gelatin 

coated plates (2 ml per well, 10,000 cells per well).  

 

3.11) Replace media with fresh supplemented hematopoietic culture media every 6 days for the 

duration of culture (35 to 36 days).  

 

3.12) Analyze either intermediate cells or emerging hematopoietic-like cells via immuno-

staining12, FACS analysis8,12, qRT-PCR12, and mRNA sequencing12 to confirm the acquisition of 

hemogenic endothelial or HSC-like markers and gene expression. 

 

4. Placental aggregation and colony forming unit (CFU) assays in methylcellulose 

 

4.1) Dissect placentas from pregnant C57BL/6 mice as previously described18 at E12.5 and keep 

tissue on ice. 

 

4.2) To start placenta dissociation19, wash placental tissue in 2 – 5 ml of 0.2% collagenase type I 

in PBS with 20% FBS and mechanically dissociate with an 18G needle fitted into a 5 ml syringe 

by passaging the placenta and PBS through the needle at least 3 times. 

 

4.3) After mechanical dissociation, keep placental cells in 2 – 5 ml of collagenase solution at 37 

°C for 1.5 hr. 

 

4.4) Passage cells through 20 – 25G needles fitted onto 5 ml syringes several times to further 

mechanically dissociate the placental cells. 
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4.5) Filter single cell suspensions through 70 μm cell strainers. 

 

4.6) Count cells with a hemocytometer and irradiate at 2,000 cGy for mitotic inactivation20. 

 

4.7) Add 10 ml of hematopoietic culture media supplemented with 100 ng/ml SCF, 100 ng/ml 

Flt3L, 20 ng/ml IL-3, 20 ng/ml IL-6, and 10 ng/ml thrombopoietin (TPO) to a 10 cm dish. Note: 

DOX is not required at this stage. 

 

4.8) Place a 0.65 μm filter directly on hematopoietic culture media in the dish, allowing it to float 

to create a liquid-gas interface and set the dish aside. 

 

4.9) Dissociate day 25 transduced MEFs (derived from step 3.11) as described in steps 3.8 – 3.10 

and mix 33,000 of the transduced MEFs with 167,000 cells of the placental aggregates from step 

4.6 (1:6 ratio).  

 

4.10) To generate an aggregate18,21, first spin down the MEF and placental cell mix from step 4.9 

for 5 min at 300 x g. Aspirate the media and resuspend the pelleted cells in 30 – 50 μl of standard 

DMEM using a P200 pipette, drawing the single cell suspension into the 200 μl nonbevelled 

pipette tip.  

 

4.11) Occlude the pipette tip with paraffin film. Place the blocked tip into a 15 ml centrifuge tube 

and spin down for 5 min at 300 x g so a pellet forms at the covered end of the tip. 

 

4.12) Remove the tip from the 15 ml tube carefully and place the tip onto the end of the P200 

pipette. Discard the paraffin film and extrude the cell pellet onto the floating filter from step 4.8.  

 

Note: Plate at most 3 aggregates per filter. 

 

4.13) Culture the aggregates on the floating 0.65 μm filters for 4 – 5 days in 37 °C with 5% CO2. 

 

4.14) Collect the aggregates (at most 3 per filter) with a cell scraper, combine them, and digest 

with 0.2% collagenase, following the same protocol as done with the whole placentas to 

dissociate the cells (steps 4.2 – 4.5). 

 

4.15) After dissociation, wash the aggregates with 2 – 5 ml of PBS supplemented with 5% FBS 

and spin down cells at 300 x g for 5 min.  

 

4.16) Resuspend the aggregates in 500 μl of DMEM without FBS, P/S, or L-GLUT. Take this 

500 μl resuspension and add it to 3 ml 1% methylcellulose media supplemented with 10 ng/ml of 

TPO, carefully avoiding the formation of bubbles. Plate equal volumes of this mixture in 3 35 x 

10 mm non-treated culture dishes for CFU assays12. 

 

4.17) As a control, culture irradiated placental aggregates without mixing in reprogrammed 

MEFs 4 – 5 days and place in CFU assays as described above in steps 4.7 – 4.16.  

 

Note: These aggregates alone do not form colonies. 
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4.18) Count hematopoietic colonies manually under the microscope after 10 – 14 days of culture 

at 37 °C with 5% CO2. 

 

4.19) Cytospin22 picked colonies to show morphological phenotype of single cells.  

 

REPRESENTATIVE RESULTS: 

Hematopoiesis is a complex developmental process that begins in various embryonic sites. 

Hemogenic endothelial cells reside in these sites and give rise to HSCs via cell budding23. This 

process currently cannot be reproduced by placing HSCs or hematopoietic precursors in culture, 

necessitating a methodology to somehow obtain these cells in vitro, either by HSPC expansion 

ex vivo or generation de novo. This protocol demonstrates our novel technology that attempts to 

obtain these cells via TF overexpression in MEFs. 

 

Figure 1 illustrates the overall reprogramming process. After MEF generation and expansion, 

cells are transduced with Gata2, Gfi1b, cFos, Etv6 and FUW-M2rtTA. After 3 days of expansion 

and exposure to DOX to begin transgene activation, cells are dissociated and split on Day 4 onto 

gelatin coated plates and grown in supplemented hematopoietic media. 

 

Following prolonged culture post transduction with reprogramming media, cells adopt clear 

morphological changes. At Day 20 cells adopt endothelial morphology distinct from MEFs. 

Further culture to Day 35 results in several round hematopoietic-like cells emerging from the 

endothelial-like intermediates that are GFP+ (when using the 34/H2BGFP MEFs) and stain 

positive for the hematopoietic markers Sca1 and CD45 (Figure 2). This staining demonstrates 

that these cells gain phenotypic markers suggestive of hemogenic induction. Further culture 

results in cells expressing CD45 while maintaining expression of the huCD34 reporter. Upon 

placental aggregation culture cells adopt clonogenic potential and generate colonies in 

methylcellulose containing various hematopoietic morphologies and blast-like cells (Figure 3).  

 

FIGURE LEGENDS: 

Figure 1. Strategy for hemogenic induction in MEFs. Diagram illustrating the reprogramming 

process and each step within it. The general reprogramming process first involves MEF 

expansion, followed by splitting at the appropriate density into gelatin-coated 6-well plates. Cells 

are then transduced with the cocktail of Gata2, Gfi1b, cFos, Etv6, and FUW-M2rtTA. Cells are 

further cultured with standard DMEM supplemented with DOX. At Day 4 cells are trypsinized 

and split into 6-well plates. Every 6 days media is changed and at chosen time points cells can be 

analyzed by FACS, CFU, or gene expression assays. 

 

Figure 2. Induction of hematopoietic cells emerging from precursors. Cells positive for 

34/H2BGFP stained for Sca1 and CD45 demonstrate induction of a hemogenic program. A) This 

image shows a merge of cells stained for CD45 and Sca1 while fluorescing GFP with a 

underlying brightfield image of the reprogrammed cells. Only a subset of the flat cell population 

expresses Sca1, an endothelial/hemogenic marker, and only rounded hematopoietic-like cells 

emerging from these cells stain red for CD45, a pan-hematopoietic marker. B) This image shows 

the stained and GFP fluorescent cells without the brightfield image, clearly showing close 

association of CD45+ cells with the Sca1+ cells. The scale bar represents 100 μM. 
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Figure 3. Generation of CD45+ hematopoietic cells. A) About 12.7% of 34/H2BGFP MEFs 

transduced with Gata2, Gfi1b, cFos, and Etv6 are GFP+CD45+ after 35 days of reprogramming. 

Clear myeloid morphologies and blast-like cells can be seen following H&E staining (B) after 

cytospin of CD45+ sorted cells plated in methylcellulose for 10 – 14 days. This demonstrates the 

clonal multilineage potential of the reprogrammed cells that adopt hematopoietic function after 

transduction with this minimal set of TFs. The scale bar represents 100 μM. 

 

DISCUSSION: 

Generating HSPCs de novo from easily attainable somatic cells offers a unique method to study 

hematopoiesis in vitro, and the opportunity to potentially apply this technology to the human 

system. This translation would generate a new tool to study human hematologic disease in a dish, 

as well as provide drug testing platforms and gene targeting opportunities to treat numerous 

disorders with novel therapeutics or HSC transplants. In the field, recent studies have expanded 

on the ability to generate HSPCs de novo, demonstrating the importance of several features of 

the reprogramming process. These include the choice of the starting cell populations and TF 

cocktails, as well as how culture conditions (co-culture niche) and supplementation (cytokines, 

small molecules, etc.) significantly impact the efficiency of reprogramming24-26. Several studies 

are applying reprogramming technology to the human system without traveling through a 

pluripotent intermediate,27,28 an undesirable step in these processes.  

 

Here is a protocol that was the first to generate HSC-like cells from somatic cells via a 

developmental process while avoiding the use of the pluripotency factors and the formation of 

pluripotent intermediates. The generated HSC-like cells appear to develop via a developmental 

process, first requiring cells to travel through a hemogenic endothelial intermediate similar to an 

EHT. At Day 20 of reprogramming endothelial-like intermediates form that contain endothelial 

and hematopoietic gene expression profiles. HSC-like cells emerge from these intermediate cells 

at Day 35 that contain cell surface immuno-phenotypes and gene expression profiles highly 

similar to HSCs and can produce erythroid and myeloid colonies in CFU assays. This suggests 

that, unlike most other studies, this reprogramming protocol recapitulates a complex 

developmental process in vitro, and can permit further study of hematopoiesis and hematologic 

disease processes that involve embryonic hematopoiesis. These studies allow further research on 

how to treat and cure the multitude of hematologic disorders that exist, and how to manipulate 

hematopoiesis to this end. This can be done by inducing a hemogenic program in patient-specific 

fibroblasts to establish in vitro disease models. With these models, normal and diseased 

hematopoiesis can be finely dissected and studied, as well as subjected to drug screens and gene 

editing to treat/correct hematopoietic defects associated with the disease of interest. 

 

Using mouse fibroblasts supports various beneficial qualities of this reprogramming process. The 

fibroblasts themselves are easy to obtain from donor mice, making cell acquisition simple. 

Translating this technology to humans would thus only necessitate patient skin samples, making 

acquisition of patient-specific blood products and subsequent cell testing a viable option for 

hematologic disease treatment. Additionally, fibroblasts are very epigenetically distinct from 

hematopoietic cells, demonstrating the ability of the chosen TFs in this reprogramming protocol 

to both epigenetically repress fibroblast identity, and also to instigate a hemogenic program by 

altering the epigenetic memory of the starting cells29,30. Although transplantation studies do not 
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yet demonstrate full multilineage engraftment function of these derived cells, seeing if these 

factors induce a hemogenic program that generates fully functional hematopoietic cells in the 

human system will be of great interest.  

 

Several steps within this protocol can be modified in case of difficulty during the 

reprogramming, such as the number of cells plated prior to transduction and the amount of virus 

used for transduction. Optimal results were seen using 150,000 cells per 6-well plate (step 3.2) 

with the previously described volume of virus (steps 3.3 and 3.5), but more cells can be used in 

case of cell death upon exposure to the virus. Similarly, smaller volumes of virus can be used 

should cell death be an issue, as long as reprogramming proceeds as described (that can be 

checked via FACS analysis, CFU assays, and gene profiling). Ensuring that steps 2.13 – 2.19 

yield proper amounts of virus is required for the success of the rest of the protocol. Steps 3.5 – 

3.7 are also critical, as successful transduction of cells is crucial for inducing this hemogenic 

program. The appropriate amount of DOX per well of transduced cells must be kept consistent 

and fresh to ensure expression of the transgenes (thus necessitating the frequent media changes). 

Though not absolutely necessary, cell culture in the dark when using DOX may help prevent loss 

of DOX function. After transduction, cells should be closely monitored under the microscope by 

morphology and assayed by various analytical methods (such as FACS and CFU assays) to 

ensure successful viral transduction and reprogramming. Reprogrammed cells may not adopt as 

many morphological changes as expected, requiring the previously mentioned analytical 

methods to serve as the best indicators of proper reprogramming.  

 

Recent studies have utilized different features of this reprogramming protocol, such as Gata2 in 

the TF cocktail or fibroblasts as the starting cell population31-33. These methodologies also appear 

to induce developmental programs during the reprogramming process. Other strategies have 

shown the importance of the hematopoietic niche during reprogramming9,10,25,26. Identifying all 

the factors that assist in reprogramming will be essential to develop the protocol that generates 

bona fide HSCs from easily attainable patient-specific cells. In summary, here we describe a 

strategy to generate HSC-like cells from an induced developmental process in mouse fibroblasts 

via inducible Gata2, Gfi1b, cFos, and Etv6 overexpression. This technology will be translated to 

the human system, where, in combination with other published studies, will allow generation of 

patient-specific blood products suitable for a variety of clinical applications. 
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35 x 10 mm culture dishes Thermo Scientific 171099
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the manuscript. Please use the updated manuscript located in your Editorial Manager account (under 

“File Inventory”) for all subsequent revisions. 

 

Thank you for modifying the format, I have kept it consistent with this latest revision.  

 

• Please take this opportunity to thoroughly proofread your manuscript to ensure that there are no 

spelling or grammatical errors. Your JoVE editor will not copy-edit your manuscript and any errors in 

your submitted revision may be present in the published version. 

 

The manuscript has been thoroughly proofread to ensure no spelling or grammatical errors. 

 

• JoVE reference format requires that DOIs are included, when available, for all references listed in the 

article. This is helpful for readers to locate the included references and obtain more information. Please 

note that often DOIs are not listed with PubMed abstracts and as such, may not be properly included 

when citing directly from PubMed. In these cases, please manually include DOIs in reference 

information. 

 

I have gone through to ensure that the DOI is listed for each reference. I have found the DOI number for 

“Lewis, I. D. et al. Umbilical cord blood cells capable of engrafting in primary, secondary, and tertiary 

xenogeneic hosts are preserved after ex vivo culture in a noncontact system. Blood. 97 (11), 3441-3449 (2001)” 
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induced pluripotent stem cells. Acta Naturae. 5 (4), 15-21 (2013).” 
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email/website) as a Word document to the Editorial Manager site in the "Supplemental files (as 

requested by JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This 

figure has been modified from [citation]." 
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In step 3.2 I have included the culture media used for MEFs. 
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Manuscript Summary: 

 

The manuscript by Daniel et al. describes a method for viral reprogramming of mouse embryonic 

fibroblasts using four transcription factors, Gata2, Gfi1b, cFos, and Etv6. Introduction of these 4 factors 

bypasses the pluripotent intermediate to specify cells with hematopoietic potential. The text is well-

written, easy to follow, and includes specifics necessary for a researcher with moderate technical 

knowledge to conduct the procedures independently. A negative control for placental aggregation is 
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suggested. Potential applications are outlined and expected results are fairly represented. References 

cited are appropriate. Overall, this will be a great resource to have available on JoVE. 

 

Major Concerns: 

 

There are no major concerns. 

 

Minor Concerns: 

 

I offer only minor suggestions, which may or may not be useful for eventual video production. 

 

-4.18, Line 361) Can authors comment on why the colonies need 3-4 weeks in the methylcellulose CFU 

assay? Typical CFU are counted from other murine sources 10-14 days after initial plating. In fact, the 

figure 3 legend also references use of 10-14 days. 

 

I apologize, you are correct. I have edited the protocol to use the correct timing of 10 – 14 days.  

 

-Line 398. Typo: hematopoetic 

 

Thank you, I have fixed this to the correct spelling. 

 

-Line 450. Typo: epigentically 

 

Thank you, I have fixed this to the correct spelling. 

 

-Fig 1. At day 4, the MEFs are transferred to a large plate on filters in aggregate. Perhaps a cartoon of a 

floating filter on a large plate or use of the word "aggregate" would better represent the stepwise written 

protocol. 

 

You are correct; this could be made clearer in the figure. To maintain the simplicity of the figure but still reflect 

that information, I have included “(placental aggregation protocol)” at the CFU assay analyses point to make 

clear that this assay is done through the placental aggregation protocol. 

 

Additional Comments to Authors: 

 

N/A 

 

Reviewer #2: 
 

Manuscript Summary: 

 

Outlines the procedures to demonstrate direct conversion from MEF to blood progenitors. 

 

Major Concerns: 

 

None. 

 

Minor Concerns: 

 

none 

 

Additional Comments to Authors: 



 

Excellent paper. 

 

Reviewer #3: 
 

Manuscript Summary: 

 

The manuscript reported a protocol to induce hemogenic program in mouse embryonic fibroblasts (MEFs) via 

doxycycline-based overexpression of transcription factors (TFs). And they showed that, based on FACS, about 

12.7% of reprogramming MEFs after 35 days were GFP+ and CD45+ which is a pan-hematopoietic marker, 

indicating high efficiency of this reprogramming technology. While it is very interesting, however, there are 

some questions for this manuscript. 

 

Major Concerns: 

 

I know this should be the detailed protocol from their Cell Stem Cell paper (2013 August 1). In this 

abstract, the authors clearly said that "Starting with 18 candidate TFs, and through a process of 

combinatorial elimination, we obtained a minimal set of factors that would induce the highest percentage 

of GFP+ cells. We found that Gata2, Gfi1b, and cFos were necessary and the addition of Etv6 provided 

the optimal induction." However, the protocol never mentioned how did they narrow down the TFs from 

18 to 4, this should be the most important part for this protocol, which this details, it will increase much 

more impact for this protocol, because it will allow other labs to use this technology to screen other 

factors. 
 

Thank you for your comment. The process of combinatorial elimination of TFs was done through literature 

review and subsequent deletion of TFs one by one similar to the approach taken by Yamanaka for finding the 

pluripotency factors (Takahashi and Yamanaka, Induction of pluripotent stem cells from mouse embryonic and 

adult fibroblast cultures by defined factors, Cell. 2006 Aug 25;126(4):663-76. Epub 2006 Aug 10.) until the 

optimal yield of GFP+ colony numbers was identified. The GFP+ colonies are based on a double transgenic 

system that we used for the screening. Our system involves using a human CD34rtTA mouse crossed with a 

TetO-H2BGFP mouse (DOX off). We isolated MEFs from these mice, removed residual GFP+ and CD45+ cells 

by flow and then transduced them with the TF combinations. When the CD34 gene is turned on the GFP fusion 

protein is expressed. We have included this in the introduction to make it clear how the final set of TFs was 

determined. The DOX inducible lentiviruses we used for the final reprogramming were incompatible with the 

double transgenic MEFs. For the JoVE protocol we focused on the reprogramming strategy necessary to 

replicate our findings with the finalized set of TFs rather than on how the final set was reached, as the 2013 Cell 

Stem Cell paper covered this in detail.  

 

The authors did have a strategy for hemogenic induction in MEFs in figure 1, but it would be much 

better if they could also show the protocol steps in this figure (1.1-4.19). 
 

Thank you for your comment. In the effort of simplicity we chose to display the generalized reprogramming 

strategy using TF-inducible vectors, which can use MEFs from any source, not necessarily through our protocol 

of isolating MEFs from our double transgenic mouse. Including the generation of virus and the placental 

aggregation would complicate the figure, and warrant multiple additional panels to visualize these techniques. 

We selected to have the simple reprogramming strategy so that others who want to follow this process can see 

the generate plate layout.  

 

The authors mentioned that the reprogramming efficiency is 12.7%, however, Figure 2A/2B suggested a 

much higher efficiency (based on double positive of GFP and CD45, may be higher than 50%?), unless 

not a representative image. 
 



You are correct, the images from figures 2A/2B demonstrate an area of a GFP+ cluster, but they are not 

indicative of the entire field of transduced cells in the plate. Figure 3, demonstrating a yield of 12.7% 

GFP+CD45+ cells includes the entire population of cells in the dish, which is not represented by the images in 

Figure 2.  

 

Minor Concerns: 

 

At page 4, 1.11) Cut the remaining tissue into small pieces using forceps and transfer to a 50 ml conical 

tube containing 10 ml of trypsin. "forceps" should be "scissors and forceps". 

 

You are correct, I have fixed this error.  

 

Additional Comments to Authors: 

 

N/A 

 

[Editorial recommendation: Please keep JoVE’s protocol requirements in mind as you address the above 

comment - the protocol must contain sufficient details in order to enable users to accurately replicate your 

technique. We recommend NOT removing any details from the protocol text.] 

I would like to thank the editor and the reviewers again for their comments and edits to the manuscript. I hope I 

have addressed each comment sufficiently. If any concerns remain please let me know and I will address them 

as soon as possible. 


