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[Abstract] Various genetic alterations such as chromosomal translocation cause leukemia. For 

examples, gene rearrangements of the mixed-lineage leukemia (MLL) gene generate MLL fusion genes, 

whose products are potent oncogenic drivers in acute leukemia. To better understand the mechanism 

of disease onset, several murine leukemia models using retroviral gene transduction, xenograft, or Cre-

mediated chromosomal translocation have been developed over the past twenty years. Particularly, a 

retroviral gene transduction-mediated murine leukemia model has been frequently used in the leukemia 

research field. Here, we describe the detailed protocol for this model. 
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[Background] Gene rearrangements generate mixed-lineage leukemia (MLL) fusion genes, which 

cause highly aggressive acute leukemia. MLL-rearrangements are often associated with few additional 

genetic alterations and poor clinical outcomes (Andersson et al., 2015). Wild-type MLL enhances and 

maintains the expression of a subset of genes, including homeobox (Hox) genes, to stimulate the 

expansion of immature progenitors (Jude et al., 2007). The expression of Hoxa9 and Meis1 is highest 

in the immature progenitor/stem cell fraction, but gradually declines as cells differentiate, and eventually 

diminishes in terminally-differentiated cell fractions (Somervaille and Cleary, 2006; Yokoyama et al., 

2013). The MLL fusion protein constitutively up-regulates the expression of target genes, including 

Hoxa9 and Meis1, to immortalize immature progenitor cells and cause leukemia in vivo (Ayton and 

Cleary, 2003; Lavau et al., 1997). To date, more than 130 different MLL-rearrangements have been 

identified (Meyer et al., 2017). Two-thirds of MLL-rearranged leukemia cases are caused by fusion with 

a gene that is part of the AF4 family-ENL family-P-TEFb (AEP) complex (Yokoyama et al., 2010). The 

MLL fusion proteins constitutively form an MLL/AEP hybrid complex on the target chromatin (Okuda et 

al., 2014; Yokoyama et al., 2010), which further associates with the SL1 complex to activate RNA 

polymerase II-dependent transcription (Okuda et al., 2015 and 2016). AEP-mediated transactivation of 

MLL target genes transformed myeloid progenitors ex vivo, but did not cause leukemia in vivo, which 

suggested that other function is additionally required for in vivo leukemogenesis (Okuda et al., 2017). 

Recently, we showed that the ability to recruit the DOT1L complex is necessary to cause leukemia in 

vivo in addition to the ability to recruit AEP using in vivo leukemogenesis model. Thus, the combinatorial 

use of the in vivo leukemogenesis model and myeloid progenitor transformation assay is necessary to 

dissect the functional properties of oncogenes. In this protocol, we describe the in vivo leukemogenesis 

model using retroviral transduction in detail. 
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Materials and Reagents 
 
1. Pipette tips 

2. Tissue culture 10-cm dish (Greiner Bio One International, catalog number: 664160) 

3. Collagen-coated tissue culture 10-cm dishes (Corning, catalog number: 354450) 

4. 15-ml conical centrifuge tubes (Thermo Fisher Scientific, Thermo ScientificTM, catalog number: 

339650) 

5. Terumo syringe® 10-ml (Terumo, catalog number: SS-10ESZ) 

6. Terumo needle 21 G x1 ½” (Terumo, catalog number: NN-2138S) 

7. MS column (Miltenyi Biotec, catalog number: 130-042-201) 

8. Pre-separation filter (Miltenyi Biotec, catalog number: 130-041-407) 

9. Tissue culture 48-well plate (Thermo Fisher Scientific, Thermo ScientificTM, catalog number: 

150687) 

10. Millex-GV 0.45-µm PVDF 33 mm sterile syringe filter (Merck, catalog number: SLHV033RB) 

11. Terumo® tuberculin syringe 26 G x ½” (Terumo, catalog number: SS-01T2613S) 

12. Terumo Myjector® insulin syringe 29 G x ½” (Terumo, catalog number: SS-05M2913) 

13. Terumo syringe® 1-ml (Terumo, catalog number: SS-01T) 

14. Terumo needle 18 G x1 ½” (Terumo, catalog number: NN-1838S) 

15. Tissue culture 12-well plates (Thermo Fisher Scientific, Thermo ScientificTM, catalog number: 

150628) 

16. Bottle-top filter 0.2-µm PVDF (Corning, catalog number: 431098) 

17. Five-week-old female C57BL/6JJcl mice (donor mice) (CLEA Japan, Tokyo, Japan)  

18. Seven-week-old female C57BL/6JJcl mice (recipient mice) (CLEA Japan)  

19. Platinum-E packaging (PLAT-E) cell line (Morita et al., 2000) (gifted from Dr. Toshio Kitamura, 

or Cell Biolabs, catalog number: RV-101) 

20. WEHI-3 (ATCC, catalog number: TIB-68) 

21. pMSCV-neo vector (Takara Bio, ClontechTM, catalog number: 634401) 

22. pMSCV-neo-MLL-ENL (request to Akihiko Yokoyama: ayokoyam@ncc-tmc.jp) 

23. Trypsin-EDTA solution (NACALAI TESQUE, catalog number: 32778-34) 

24. LipofectamineTM 2000 transfection reagent (Thermo Fisher Scientific, InvitrogenTM, catalog 

number: 11668019) 

25. Opti-MEMTM I medium (Thermo Fisher Scientific, InvitrogenTM, catalog number: 31985070) 

26. 70 % ethanol 

27. CD117 microbeads, mouse (Miltenyi Biotec, catalog number: 130-091-224) 

28. 2.5% Baytril solution (Bayer, BaytrilTM, https://www.baytril.com/en/farm-animals/product/oral/) 

29. Polybrene infection/transfection Reagent (10 mg/ml) (Merck, catalog number: TR-1003-G) 

30. Bambanker serum-free freezing media (NIPPON Genetics, catalog number: BB01) 

31. G418 solution (NACALAI TESQUE, catalog number: 16513-84) 

32. Sodium chloride (NaCl) (NACALAI TESQUE, catalog number: 31320-05) 
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33. Na2HPO4.12H2O (Wako Pure Chemical Industries, catalog number: 196-02835) 

34. Potassium dihydrogenphosphate (KH2PO4) (Wako Pure Chemical Industries, catalog number: 

164-22635) 

35. Potassium chloride (KCl) (Wako Pure Chemical Industries, catalog number: 160-22115)  

36. Fetal bovine serum (FBS) (NICHIREI, Sigma-Aldrich, catalog number: 172012-500ml) 

37. Penicillin-streptomycin-glutamine (P/S) solution (NACALAI TESQUE, catalog number: 06168-

34) 

38. Dulbecco’s modified Eagle medium (DMEM) (NACALAI TESQUE, catalog number: 08459-64) 

39. RPMI 1640 (NACALAI TESQUE, catalog number: 30264-56) 

40. Ethylenediaminetetraacetic acid (EDTA) (NACALAI TESQUE, catalog number: 15130-95) 

41. Sodium hydroxide (NaOH) (Wako Pure Chemical Industries, catalog number: 198-13765) 

42. Ammonium chloride (NH4Cl) (Wako Pure Chemical Industries, catalog number: 017-02995) 

43. Potassium hydrogen carbonate (KHCO3) (Wako Pure Chemical Industries, catalog number: 

166-03275) 

44. Bovine serum albumin (BSA) (Wako Pure Chemical Industries, catalog number: 019-23293) 

45. Murine stem cell factor (SCF) (PeproTech, catalog number: 250-03) 

46. Murine interleukin-3 (IL-3) (PeproTech, catalog number: 213-13) 

47. Murine interleukin-6 (IL-6) (PeproTech, catalog number: 216-16) 

48. Murine granulocyte-macrophage colony-stimulating factor (GM-CSF) (PeproTech, catalog 

number: 315-03)  

49. IMDM powder (Thermo Fisher Scientific, GibcoTM, catalog number: 12200036) 

50. Sodium hydrogen carbonate (NaHCO3) (Wako Pure Chemical Industries, catalog number: 195-

14515)  

51. Methyl cellulose (viscosity: 4,000 cP) (Sigma-Aldrich, catalog number: M0512) 

52. Beta-mercaptoethanol (NACALAI TESQUE, catalog number: 21418-84) 

53. Sodium pentobarbital (NACALAI TESQUE, catalog number: 02095-04) 

54. 25x phosphate-buffered saline Ca2+/Mg2+-free (PBS) (see Recipes) 

55. D10 media (see Recipes) 

56. R10 media (see Recipes) 

57. R10W10 media (see Recipes) 

58. 0.5 M EDTA solution (see Recipes) 

59. ACK lysis buffer (see Recipes) 

60. SM buffer (see Recipes) 

61. Cytokine stocks (see Recipes) 

62. AC media (see Recipes) 

63. Anesthetic solution (see Recipes) 
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Equipment 
 

1. Pipetman P2, P20, P200, P1000 

2. 5% CO2 incubator 37 °C 

3. 5% CO2 incubator 32 °C 

4. Centrifuge for 15-ml conical tubes 

5. Cell counter (Hemacytometer) 

6. Laminar flow cabinet 

7. Surgical scissors and forceps 

8. MACS multistand (Miltenyi Biotec, catalog number: 130-042-303) 

9. MiniMACS separator (Miltenyi Biotec, catalog number: 130-042-102) 

10. Portable Pipet-Aid® XP pipette controller (Drummond Scientific, catalog number: 4-000-101) 

11. -80 °C freezer 

12. 1-L glass bottle 

13. Autoclave 

14. Shaker 

15. Gammacell® 40 exactor with cesium-137 (Best Theratronics, model: Gammacell® 40) 

16. Inverted microscope for general cell culture 

 

Software 
 

1. GraphPad Prism (GraphPad Software, La Jolla, CA, USA) 

 

Procedure 
 

Schedule: 

Day 1. Start culturing PLAT-E cells from freeze stock 

Day 4. Replate PLAT-E cells for transfection 

Day 5. Transfect PLAT-E cells 

Day 6. Preparation of c-kit positive cells and irradiation of mice 

Day 7. Transduction of retrovirus to c-kit positive cells and injection 

Notes: 

1. Prepare a donor mouse (five-week-old female C57BL/6J mouse) and five recipient mice (seven-

week-old female C57BL/6J mice) per sample. 

2. One positive control (MLL-ENL) and one negative control (Empty vector; pMSCV-neo) are required 

in this experiment. 
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A. Virus preparation 

1. On day 1, thaw 4 x 106 PLAT-E cells from freeze stock and culture in 10-cm dishes with D10 

media (see Recipes). The freezing media need to be removed for the initial culture.  

Note: Culture size depends on the sample size. 

2. On day 4, replate 4 x 106 PLAT-E cells in two 10-cm collagen-coated dishes with 10 ml of D10 

media for a sample. In detail, remove the culture media, add 10 ml of PBS, remove PBS, add 1 

ml of trypsin-EDTA and incubate for 5 min in a 37 °C 5% CO2 incubator. Add 9 ml of D10 media, 

transfer into a 15 ml tube, spin down cells at 400 x g for 5 min at room temperature, and then 

remove the supernatant. Add 10 ml of D10 media, count the cell number, and replate 4 x 106 

PLAT-E cells in two 10-cm collagen-coated dishes with 10 ml of D10 media for a sample. 

3. On day 5, transfect PLAT-E cells with 16 µg of DNA and 40 µl of LipofectamineTM 2000 

transfection reagent. At the time of transfection, the cell confluency should be 60-70%. In detail, 

dilute 16 µg of DNA in 1 ml of Opti-MEMTM media and dilute 40 µl of LipofectamineTM 2000 

transfection reagent in 1 ml of Opti-MEMTM media, separately. After 5 min, combine the DNA 

solution with the LipofectamineTM 2000 solution. Mix gently and incubate for 20 min at room 

temperature. Add the DNA-Lipofectamine mixture to each dish and incubate in a 37 °C 5% CO2 

incubator. After 6 h, replace the media with fresh D10 media and incubate in a 32 °C 5% CO2 

incubator for 2 days. 

 

B. Preparation of c-kit (CD117) positive progenitor cells 

1. On day 6, euthanize the five-week-old female C57BL/6J mice by cervical dislocation, spray 70 % 

ethanol to the whole body in open air, and dissociate the femurs and tibiae from the donor mice 

in a laminar flow cabinet (Figure1). Peripheral muscle should be removed by surgical scissors 

as thoroughly as possible. 

Note: The volume of solution described in the following procedures is for the cells from one 

donor mouse. If the temperature is not specifically noted, all the procedures should be 

conducted at room temperature.  

 

  
Figure 1. Illustrative image of mouse tibia and femur 
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2. Cut the end of the femurs and tibiae and flush the bone marrow with 10 ml of PBS (see Recipes) 

using a 10-ml syringe attached with a 21 G needle (Figure 2). 

 

 
Figure 2. Isolation of bone marrow cells from tibia and femur 

 

3. Homogenize the bone marrow cells gently by passing them through the 21 G needle several 

times. 

4. Spin down cells at 400 x g for 5 min, and then remove as much of the supernatant as possible. 

5. Resuspend the cells in 1 ml of ACK lysis buffer (see Recipes) and incubate on ice for 1 min. 

6. Add 10 ml of R10W10 media (see Recipes) and spin down cells at 400 x g for 5 min, and then 

remove the supernatant. 

7. Resuspend the cells in 10 ml of SM buffer (see Recipes) and spin down at 400 x g for 5 min, 

and then remove the supernatant. 

8. Resuspend the cells in 0.5 ml of SM buffer, add 20 µl of CD117 microbeads, and incubate for 

20 min on ice or in the refrigerator. 

9. Add 10 ml of SM buffer and spin down cells at 400 x g for 5 min, and then remove the 

supernatant to wash the cells. 

10. Wash the cells again as in step B9. 

11. Install an MS column on a MACS magnetic stand and equilibrate with 1 ml of SM buffer. 

12. Place a pre-separation filter on top of the column and load the cells onto MS column through 

the pre-separation filter. 

13. Wash the column with 1 ml of SM buffer twice. 

14. Remove the column from the magnetic stand and place it on a new 15-ml conical tube. 

15. Add 1 ml of SM buffer to the column to elute c-kit-positive cells by gravity flow (optionally using 

a plunger). 

16. Add 10 ml of R10W10 media and spin down cells at 400 x g for 5 min, and then remove the 

supernatant. 

17. Resuspend all of the cells in 1 ml of R10W10 and transfer the cells into one well in a 48-well 

plate. 

18. Add cytokines (10 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml IL-6 at the final concentration) and 

incubate the cells in a 37 °C 5% CO2 incubator overnight. 
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C. Irradiation of mice 

1. On day 7, irradiate recipient mice with a sub-lethal dose (6 Gy) in a gamma-cell. Several mice 

can be irradiated at the same time using an individually separatable cage. 

2. Add 1 ml of 2.5% Baytril solution to 200 ml of drinking water and treat for 1 week. The Baytril-

containing water is not necessarily changed during the 1-week treatment. 

 

D. Virus transduction 

1. On day 7, count the cells. A total of 1-2 x 106 c-kit-positive cells are expected from a donor 

mouse. 

2. Add an appropriate amount of R10W10 media to make a 6 x 105 cell/ml suspension and add 

1/250 volume of 10 mg/ml polybrene solution. 

3. Aliquot 1 ml of cell suspensions into 15-ml conical tubes (two tubes for each sample). 

4. Suck 10 ml of the virus supernatant from the PLAT-E cell culture using a 10-ml syringe, attach 

a filter (0.45-µm) to the 10-ml syringe, and add the virus supernatant directly to the c-kit-positive 

cell suspension. 

5. Spin the cell suspension at 1,100 x g for 2.5 h at 32 °C (Spinoculation). 

6. After spinoculation, remove the virus supernatant and wash the cells twice each with 10 ml of 

PBS. 

7. Resuspend the cells to 2 x 105 cells/100 µl in PBS.  

Note: The number of cells injected affects the duration and incidence of leukemogenesis. Thus, 

we can manipulate the duration by decreasing/increasing the cell number to some extent. 

8. Place the cell suspensions on ice until injection. 

 

E. Transplantation 

1. Inject 300 µl of anesthetic solution (see Recipes) intraperitoneally using a tuberculin syringe. 

Mice will be anesthetized completely within 5 min and stay asleep up to 1 h. 

2. After 5 min, inject 100 µl of the cell suspension into the retro-orbital sinus using a Myjector® 

insulin syringe. Pop up the eye, place the needle 1-2 mm deep between the eye and skin toward 

the brain to reach the vein, and gently inject the cell suspension (Figure 3) (Yardeni et al., 2011). 

Notes: Alternatively, the tail vein injection is applicable instead of retro-orbital injection. 

3. Place the mice into a cage for recovery and monitoring. 
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Figure 3. Retro-orbital injection in mice 
 

F. Tumor cell isolation and culture 

1. When a mouse exhibits a morbid look, sacrifice the mouse, and dissociate the tumor cells from 

the femurs and tibiae as the same method of bone marrow preparation (steps B1-B6). Optionally, 

dissociate the spleen for pathological analysis. 

Notes: Morbid look indicates the condition of losing weight, bad coat of fur, and minimum 

reaction against stimulation e.g., sound and poking with a fingertip. It can be normally observed 

from day 60 to day 140 in the primary transplantation, and from day 20 to day 50 in the 

secondary transplantation. 

2. Prepare the bone marrow cell suspension with ACK buffer treatment described in steps B2-B6. 

3. Add 1 ml of R10W10 media and count the cell number. 

4. Add an appropriate amount of R10W10 media to make a 5 x 105 cells/ml suspension. 

5. Aliquot 200 µl of the cell suspension, add 1 ml of AC media (see Recipes) using a 1-ml syringe 

attached with an 18 G needle, and mix by vortexing. Optionally, the residual cells can be stocked. 

In detail, spin down cells at 400 x g for 5 min, and then remove the supernatant. Resuspend the 

cells in freezing media (We typically use the Bambanker freezing solution, but R10W10 plus 

10% DMSO can be alternatively used.) and directly store at -80 °C. For long-term storage, 

storage tube should be transferred to liquid nitrogen from -80 °C freezer. 

6. Add 20 µl of G418 solution to eliminate normal cells and incubate in a 37 °C 5% CO2 incubator 

for 5 days. 

7. Transfer the cells into a 12-well plate using a 1-ml syringe with an 18 G needle and incubate in 

a 37 °C 5% CO2 incubator for several days. During the culture, prepare the recipient mice for 

secondary transplantation. If the media turns orange during culture because of excess cells, 

add an additional 1 ml of AC media with G418.  

Note: It is important to maintain good culture conditions. Overgrowth drastically affects the 

incidence of leukemia in the second transplantation.  
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G. Secondary transplantation 

1. Collect cells with 10 ml of PBS, transfer to 15-ml conical tubes, and spin at 400 x g for 5 min. 

2. Remove the supernatant, resuspend the cells in 10 ml of PBS, and remove the debris to pass 

through a Pre-separation filter. 

3. Count the cell number and resuspend the cells to 2 x 105 cells/100 µl in PBS.  

Note: The number of cells injected affects the duration and incidence of leukemogenesis. Thus, 

we can manipulate the duration by decreasing/increasing the cell number to some extent. 

4. Place the cell suspension on ice. 

5. Inject 300 µl of anesthetic solution intraperitoneally using a tuberculin syringe. 

6. Inject 100 µl of the cell suspension into the retro-orbital sinus using a Myjector® insulin syringe. 

7. Place the mice into a cage for recovery and monitoring.  

Note: The duration of survival in secondary transplantation shortens compared to that in initial 

transplantation (Figure 4). It could be because leukemia cells need to acquire genetic/epigenetic 

alterations during the first disease onset. Or, the cancer stem/initiating population may be more 

enriched at the time of second transplantation compared to the initial transplantation. It is 

unclear at this point why the duration has been shortened dramatically in the second 

transplantation.  

 

 
Figure 4. Leukemogenic potential of MLL-ENL in this model 

 

Data analysis 
 

1. We typically perform this experiment a minimum of two times using five recipient mice per 

sample. Total ten recipient mice per sample are needed for primary transplantation in two 

independent experiments. To confirm the leukemogenic ability, five recipient mice are typically 

transplanted with primary leukemia cells. 

2. For survival analysis, we use GraphPad Prism software. To compare two data sets, we use a 

Log-rank method. To compare three or more data sets, we use the Gehan-Breslow-Wilcoxon 

test. 
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Recipes 
 

1. 25x phosphate-buffered saline Ca2+/Mg2+-free (PBS) (1 L) 

a. Mix 200 g NaCl, 72.4 g Na2HPO4·12H2O, 5 g KH2PO4, and 5 g KCl 

b. Bring to 1 L with distilled H2O 

c. Autoclave for 20 min at 121 °C 

d. Dilute to 1x with distilled H2O for working solution 

2. D10 media 

Add 55 ml of FBS and 5.5 ml of P/S solution to 500 ml of DMEM 

3. R10 media 

Add 55 ml of FBS and 5.5 ml of P/S solution to 500 ml of RPMI 1640 

4. R10W10 media 

a. Culture WEHI-3 in R10 media to confluent 

b. When media turns orange, collect and filter (0.22 µm) the media 

c. Aliquot and store at -80 °C 

d. Add 55 ml of FBS, 55 ml of WEHI-3 culture media, 5.5 ml of P/S solution to 500 ml of RPMI 

1640 

5. 0.5 M EDTA solution 

a. Weigh 93.06 g EDTA 

b. Bring to 1 L with distilled water and adjust pH to 8.0 with NaOH 

6. ACK lysis buffer  

a. Mix 8.29 g of NH4Cl and 1 g of KHCO3 

b. Bring to 1 L with distilled water 

c. Add 200 µl of 0.5 M EDTA solution 

d. Filter (0.2-µm) and store at 4 °C 

7. SM buffer 

a. Add 15 ml of FBS to 500 ml of 1x PBS 

b. Filter (0.2-µm) and store at 4 °C 

8. Cytokine stocks 

a. Dissolve 10 mg of BSA powder in 10 ml of PBS and filter (0.2-µm) (PBS + 0.1% BSA) 

b. Dissolve cytokines (SCF, IL-3, IL6, GM-CSF) to 50 µg/ml with PBS + 0.1% BSA 

c. Aliquot and store at -80 °C 

9. AC media 

a. Dissolve IMDM powder with 500 ml of distilled water, add 3 g NaHCO3, and filter (0.2-µm) 

b. Weigh 16 g of methyl cellulose in a 1-L glass bottle 

c. Autoclave methyl cellulose powder for 20 min at 121 °C 

d. Dissolve sterile methyl cellulose with 300 ml of sterile water and 500 ml of IMDM in a shaker 

overnight 

e. Add 200 ml of FBS and 7 µl of beta-mercaptoethanol 
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f. Aliquot and store at -20 °C 

g. Before use, add 20 µl SCF, 20 µl IL-3, 20 µl GM-CSF, and 1 ml P/S solution 

10. Anesthetic solution 

a. Dilute sodium pentobarbital solution by ten-fold with PBS before use 

b. The final concentration of sodium pentobarbital should be 5 mg/ml 
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