Generation of mice derived from induced pluripotent stem cells
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Short Abstract: Generating induced pluripotent stem cell (iPSC) lines produces lines of differing developmental potential. Here we describe a derivation protocol that produces fully pluripotent iPSCs as measured by the generation of mice in tetraploid embryo complementation assays.

Abstract:
The production of induced pluripotent stem cells (iPSCs) from somatic cells provides a means to create valuable tools for basic research and may also produce a source of patient-matched cells for regenerative therapies.  Following the initial reports of iPSC generation, many modifications to the Yamanaka protocol have been shown to generate iPSCs, including different combinations of transcription factors, inducible transgenes, plasmid and RNA transfection, use of small molecules, expression of microRNAs and protein transduction.  Many of these protocols generate iPSC lines that have not been shown to generate full term or adult “all-iPSC mice” in tetraploid embryo complementation (TEC) assays. 

Recently, we reported the derivation of several iPSC lines that reproducibly generate adult mice via TEC. We designed an optimized protocol to maintain viability of fibroblast cultures, achieve tight control of reprogramming transcription factor expression, and enhance the reprogramming process with the addition of the histone deacetylase inhibitor, valproic acid (VPA).  While this method’s overall efficiency of reprogramming was similar to previously published protocols, the resulting iPSC lines displayed a greater pluripotent potential than other reported lines. Furthermore, 75% of our iPSC lines tested by TEC generate newborn pups and two iPSC lines give rise to viable pups with efficiencies of 5-13%, which is comparable to embryonic stem cell (ESC) lines validated by TEC1-3 and higher than that reported for most other iPSC lines 4-8.  Here we describe the entire process of generating fully pluripotent iPSCs and iPSC mice, which may be helpful for investigators wishing to compare the pluripotency of iPSC lines or establish the equivalence of different reprogramming methods.

Protocol: 
This method was used in the research reported in Boland et al., Nature 461, 91-96 (2009).


1)  Preparation of Lentivirus

In our laboratory we use doxycycline-inducible lentiviral shuttle vectors that encode for Oct4, Sox2, Klf4, and c-Myc under control of a tetO response element.  We employ the reverse tetracycline trans-activating protein, rtTAM2.2 9, to induce reprogramming factor expression in the presence of doxycycline.  This system allows for tightly controlled, high expression of reprogramming factors.  The lentiviral vectors used here are self-inactivating and thus cannot replicate following genomic integration.  However, caution is required when working with lentivirus to prevent infection of lab personnel.  Any surface that has come into contact with virus must be immersed in 10% bleach for 15 minutes.
   
1.1) Thaw HEK293T cells and passage at least once before transfection.  Cells should be maintained at subconfluent density in HEK medium at 37°C, 5% CO2 in a humidified environment.  Routinely passage cells every 2 d with a split ratio of 1:6-1:10.

1.2) Seed ~8 x 106 HEK293T cells/T150 with 25 ml HEK medium.  One T150 for each lentivirus preparation.

1.3) The following day transfect HEK293T cells via calcium phosphate precipitation.  Prepare two 15 ml conical tubes for each virus to be prepared.  Label the tubes “A” and “B”.  Tube A, 10 µg of each of:  the lentiviral shuttle vector encoding reprogramming factors (or rtTAM2.2), the viral packaging vectors, and plasmid encoding the tropic envelope protein, VSVg.  Add 186 µl 2M CaCl2 to Tube A, and bring the volume to 1.5 ml with sterile H2O.   Tube B: 1.5 ml 2X HBS (pre-warmed to room temperature).

1.4) Pipette the mixture in Tube A until it is a homogenous solution.  Add solution A to solution B dropwise and let stand at room temperature for 2-3 min.

1.5) Aspirate growth medium of HEK293T cells and replace with 22 ml pre-warmed HEK medium without penicillin and streptomycin. 

1.6) Pipette combined solutions AB (calcium phosphate precipitate) directly to HEK293T cells and distribute evenly by gentle rocking.

1.7) Collect growth medium containing lentiviral particles from the transfected cells at 24 and 48 h post-transfection.   At each collection time replenish with 25 ml pre-warmed HEK medium.  Remove particulate debris from the supernatant by centrifugation at 3000 x g for 5 min at 4°C.

1.8) Concentrate virus by ultracentrifugation through a 20% sucrose cushion (2 ml/25 ml viral supernatant) for 2 h at 112,000 x g at 4°C.   Suspend viral pellet in 0.4 ml MEF medium at 4°C for 15-30 min with gentle rocking.  Store viral particles in single use aliquots (i.e. 50 µl) at -80°C.

2)  Preparation of Mouse Embryonic Fibroblasts for Reprogramming

2.1) Set up mouse timed matings.   On embryonic day 13.5 (E13.5), euthanize the pregnant female and dissect the embryos from the uterine horns.  Place and store embryos in 1X PBS (pre-chilled to 4°C) on ice.

2.2) Remove the extraembryonic tissues (i.e. chorion, amnion and placenta).  Decapitate and eviscerate the embryo, and remove the tail and limbs.  Mince the remaining carcass with the blade of a scalpel.

2.3) Wash the minced carcass in 5 ml pre-chilled 1X PBS.  Centrifuge at 200 x g for 5 min.

2.4) Aspirate the supernatant. Suspend pellet in 5 ml 0.25% Trypsin-EDTA and incubate at 37°C with vigorous shaking for 20-30 min.

2.5) Add 5 ml of MEF medium (pre-warmed to 37°C), mix and centrifuge at 200 x g for 5 min.

2.6) Aspirate supernatant and resuspend pellet in pre-warmed MEF medium.

2.7) Plate dissociated MEFs in 2-3 wells of a 6-well plate pre-coated with 0.1% gelatin. This is considered passage 1.
2.8)  Passage MEFs at a dilution of 1:4-1:5 every 48 hours.  MEFs at passage 3 are ready for lentiviral transduction. 
 
3)  Derviation of iPSC lines
 
3.1) The day before lentiviral transduction; seed ~3 x 105 primary MEFs into one well of a 6-well plate pre-coated with 0.1% gelatin.

3.2) Day 1: Primary MEFS should be 80-90% confluent for lentiviral transduction.  Add lentiviral particles directly to MEF media and incubate with MEFs overnight at 37°C, 5% CO2 in a humidified environment.

3.3) The following day (day 2) aspirate the medium and wash twice with 3 ml of 1X PBS to remove viral particles.

3.4) Add 0.5 ml pre-warmed 0.25% Trypsin-EDTA to the cells and incubate at 37°C for 3-5 min with occasional rocking.

3.5) Triturate to achieve a single-cell suspension.   Observe cells by light microscopy to ensure a single cell suspension.

3.6) Transfer MEFs into a 15 ml conical tube containing 5 ml MEF media.  Centrifuge at 200 x g for 5 min.  Aspirate the supernatant and gently resuspend cells in MEF medium. 

3.7) Evenly split the cell suspension between two wells of a 6 well plate pre-coated with 0.1% gelatin.

3.8) Rock the plate back and forth, side to side, and once in a circular motion to achieve an even distribution of cells throughout the well.  Incubate overnight at 37°C, 5% CO2 in a humidified environment.

3.9) Day 3: Repeat steps 4-9 except split the cells evenly from one well to 3 wells of a 6 well plate pre-coated with 0.1% gelatin.  This will yield 6 wells of transduced primary fibroblasts.

3.10) Day 4: Add doxycycline (dox) at a concentration of 10 µg/ml to 5/6 wells. One well should remain untreated to serve as a control.  

3.11) Add VPA at 1.9 mM to 3 of the 5 wells treated with dox.  VPA dramatically reduces the proliferation rate of MEFs.  Dense cultures of MEFs tolerate prolonged exposure of VPA whereas subconfluent cultures tend to senesce within 2-5 days.  Therefore, MEFS should be 100% confluent when VPA is added.

3.12) Day 5: Aspirate the medium, wash and trypsinize the cells as before.  Passage the cells treated with dox/VPA to a 15 cm2 tissue culture dish pre-coated with 0.1% gelatin and each of the other conditions to pre-coated 10 cm2 dishes in ES cell medium supplemented with fresh dox and VPA.  

3.13) Replenish cells every day with ESC medium supplemented with fresh dox and VPA.  ESC-like colonies should begin to appear after ~7 days in the dox/VPA treatment and after ~10 days in the dox alone treatment.  No colonies should appear in the absence of dox treatment.

3.14) Once colonies possess a bright refractive, well-defined border and contain 30-50 cells, manually isolate the colonies with a gel loading pipette tip and transfer to a U-bottom 96 well plate containing 20 µl of 0.25% trypsin-EDTA.  Trypsinize to single cells and transfer to feeders in a flat bottom 96 well plate in ESC medium containing dox/VPA or dox alone. 

3.15) Continue to clonally expand the isolated iPSC lines on feeders in ESC medium.  Remove dox and VPA on day 19 after their addition (post-transduction day 23).  Discard iPSC lines that do not maintain self-renewal or proliferation rates similar to ESC controls.

4)  Preparation of iPSCs For Blastocyst Injection

4.1) Thaw iPSCs and plate on feeders in ESC medium.  Passage the cells at least once on feeders before use for injection.  

4.2) One well of a 6-well plate containing 70-80% confluent iPSCs will provide more than a sufficient number of cells for injection.  Aspirate growth medium and wash the cells with ~3 ml 1X PBS (without Ca2+/Mg2+).

4.3) Add 0.5 ml pre-warmed 0.05% Trypsin-EDTA to the cells and incubate at 37°C for 10 min with occasional rocking.

4.4) Triturate to achieve a single-cell suspension.  Observe cells by light microscopy to ensure a single cell suspension.  The iPSCs need to be in single cell suspension as colonies/cell aggregates will clog the injection pipette.

4.5) Add 1.0 ml ESC medium and triturate to obtain a homogenous solution.

4.6) Return the plate to the 37°C incubator and incubate for ~15 min or until the majority of feeders have begun to adhere.

4.7) Gently remove the medium containing the iPSCs taking care not to dislodge the weakly adherent feeders. 

4.8) Place the iPSCs in a 15 ml conical tube containing 5 ml ESC medium.  Centrifuge at 200 x g for 5 min.  Aspirate the supernatant and remove the remainder of ES cell medium with a micropipette.  Tap the tube to dislodge the pellet and gently resuspend cells in 0.2-0.5 ml pre-chilled FHM medium.  Store cells on ice until and during injection into tetraploid blastocysts.


5)  Generation of Tetraploid Blastocysts

Procedures performed in this section have been described in detail elsewhere10-12. Here we outline our technique, optimized for the BTX Electro Cell Manipulator ECM 2001.

5.1)  Set up embryo donor mice by priming 23-28 day old female mice (C57BL/6J-Tyrc-2J /BALB/cByJ F1) with PMS and HCG. Administer 5 IU of PMS at 2PM and 5 IU of HCG 47 hours later. After HCG injection, set up female mice with C57BL/6J-Tyrc-2J /BALB/cByJ F1 stud males. Check the following day for vaginal plugs. 

5.2) Euthanize plugged female mice and collect oviducts. Collect 1-cell embryos by placing oviducts in FHM with Hyaluronidase and gently tearing the ampulae.  Allow the cumulus masses to sit in FHM/Hyaluronidase for 5-7 minutes. 

5.3) Collect 1-cell embryos using a mouth pipette and wash through drops of FHM media before placing them in KSOM-AA culture. Culture at 37°C, 5% CO2 under mineral oil overnight and select 2-cell embryos the day of electrofusion, discard all other embryos.

5.4) Place a BTX Microslide in a 10 cm Petri dish. Pour enough room temperature electrofusion media to submerge the slide in the solution, but not so much that the poles of the electrode are completely submerged.


5.5) Switch on ECM 2001 and BTX Enhancer 400. Connect the ECM’s cables to the microslide’s electrode and fix the cables to the side of the Petri dish to prevent unintended movement of the slide.

5.6) Run one manual pulse to get a reading on the BTX enhancer and note the voltage of the AC/DC currents being applied. A good starting point is AC current at 5 volts, and DC pulse at 100 volts, with pulse duration of 0.05ms. Pulse duration and AC current should not vary much, but DC current is crucial in achieving a high fusion rate without much embryo lysis.

5.7) Using a mouth pipette, take about 30-40 two-cell embryos from KSOM-AA culture and wash them through several drops of electrofusion medium.

5.8) Draw electrofusion media from the microslide dish into mouth pipette and take embryos from the wash.  Place them in the 1 mm gap between the electrodes on the microslide.  Be careful that they are aligned down the middle of the gap and that they are not in contact with each other.

5.9) Apply AC current by pressing the manual pulse button. The embryos will rotate in the AC field, until the plane of blastomere contact is parallel to the electrodes. A correct setting of AC should be determined in pilot experiments. 

5.10) After embryos have aligned, press the manual pulse button again to apply the DC pulse.

5.11) With electrofusion medium in the pipette, collect the embryos from the microslide. Wash embryos through several drops of KSOM-AA and place them in KSOM-AA culture at 37°C, 5% CO2.

5.12) Repeat steps 7-11 for remaining 2-cell embryos. After subsequent fusion groups, monitor and select embryos with fused blastomeres. Successfully fused embryos will appear to be in 1-cell stage. Culture embryos for ~30 min and discard lysed and 2-cell embryos. In our hands, up to 95% of treated embryos fuse successfully.

5.13) Continue to culture fused embryos in microdrops of KSOM–AA under mineral oil at 37°C, 5% CO2.  You should expect 85-95% of fused embryos to form tetraploid (4n) blastocysts after 48 h of incubation.


6)  Microinjection of iPSCs into Tetraploid Blastocysts

We use a Nikon TE-200 inverted microscope equipped with DIC optics and Narishige micromanipulators for blastocyst injection.  Each tetraploid blastocyst is injected with 10-12 iPSCs using a standard protocol for ESC injection into mouse blastocysts10,11.

6.1) Place a 20 µl drop of FHM in the center of a concave microscope slide and cover it with 150 µl of mineral oil.

6.2) Lower the holding pipette and microinjection needle into the FHM drop. Allow 2-3 minutes for both needles to partially fill with FHM.

6.3) Wash 20-30 tetraploid blastocysts through drops of FHM and transfer to the FHM drop on the microscope slide. 

6.4) Mouth pipette iPSC mixture into the drop. It may be necessary to dilute the cell mixture in a drop of FHM beforehand if cells are too concentrated or aggregated.

6.5) Pick up 100-200 cells with the injection needle.

6.6) Hold the blastocyst with the inner cell mass in the 9 o’clock position.  Inject cells into blastocoel by penetrating the zona pellucida and trophoblast at the 3 o’clock position.

6.7) Return iPSC complemented blastocysts to KSOM-AA culture.




7)  Transfer of Complemented Tetraploid Blastocysts into the Uterine Horns of Recipient Mice

Complemented tetraploid blastocysts are surgically transferred to the uterine horns of female recipient mice according to the guidelines of the researcher's institute, using the standard technique11 which we shall briefly summarize. Select female CD-1 mice at the pro-estrus stage and set them up for mating with vasectomized males.  Check for vaginal plugs the next morning.  Females are ready for uterine embryo transfer two days after the plug was detected (2.5 dpc).  One day before recipient females are mated with vasectomized males, set up additional CD-1 females with non-vasectomized males to be used as foster mothers for iPSC mice retrieved by Caesarian-section. 

8)  Caesarean Section and Fostering of iPSC-Derived Pups

We perform Caesarean sections and fostering according to the standard protocols11. Euthanize recipient mice 16 days after embryo transfer at 7-8PM (recipient 18.5 dpc) and dissect pups from the uterine horns.  Foster viable pups to CD-1 mothers that delivered litters the same day.


Discussion: Generating mice from iPSC lines using TEC assays provides a stringent functional test for pluripotency. This test may be useful to assess the relative efficacy of different reprogramming methods or to identify iPSC lines that may be most useful for generating certain cell types in vitro. Mice generated from iPSCs may be used to stringently test the long term stability and tumorigenicity of iPSC-derived tissues. This protocol will be useful to investigators wishing to generate fully pluripotent iPSC lines or iPSC mice. 

The mechanisms that control the generation and identification of fully pluripotent iPSCs remain poorly understood and it is possible that some iPSC lines produced using this method will not pass the TEC test. Many factors may vary between experiments including genetic backgrounds, lentiviral titer, patterns of lentiviral insertion, cell cycle parameters of the donor population, inter-laboratory differences in various steps of the TEC procedure and variable propensities of iPSCs to harbor genetic or epigenetic aberrations. To best ensure success, we take care to monitor our lentiviral titers and subject iPSC lines to karyotype analyses to eliminate any lines harboring chromosomal abnormalities. We suggest that other investigators also follow these procedures and that appropriate ESC control experiments be performed before testing iPSCs in TEC experiments.
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Media and buffers used in this protocol:

HEK293T growth medium.  90% DMEM, 10% FBS, 100 U/ml penicillin and 10 mg/ml streptomycin. Exclude penicillin and streptomycin from HEK media used on day of transfection.  HEK medium can be stored at 4°C for up to 1 month.

2X HBS.  42 mM Hepes, 274 mM NaCl, 10 mM KCl, 1.5 mM Na2HPO4·7H2O, 12 mM Dextrose.  pH to 7.1 +/- 0.1.  pH is critical!  Sterile filter and store at 4°C.

Mouse embryonic fibroblast (MEF) growth medium (also for use with feeders).  70% DMEM, 20% Medium 199, 10% FBS, 100 U/ml penicillin and 10 mg/ml streptomycin.  Store at 4C for up to 1 month.

ESC growth medium.   85% DMEM,15% ES cell qualified FBS, 1X Glutamax,
0.1 mM non-essential amino acids, 0.1 mM β-mercaptoethanol, 1,000 U/ml ESGRO, 100 U/ml penicillin and 10 mg/ml streptomycin. ESC media can be stored at 4C for up to three weeks. 

Electrofusion medium.  0.3 M Mannitol, 0.1 mM MgSO4, 50 mM CaCl2, and 3% BSA in embryo tested water.  Store at 4°C for up to 3 months.

	
Name of the reagent
	
Company
	
Catalogue number
	
Comments (optional)

	DMEM
	Invitrogen
	11965-092
	 

	ES cell qualified FBS
	Invitrogen
	104392-024
	

	FBS
	Invitrogen
	16140-071
	

	Glutamax
	Invitrogen
	
	

	-Mercaptoethanol
	Sigma 
	Sigma M7522
	

	0.1% Gelatin
	Millipore
	ES006-B
	

	MEM Non-Essential Amino Acids
	Invitrogen
	11140
	

	Medium 199
	Invitrogen
	11150-059
	

	Penicillin/Streptomycin
	Invitrogen
	15140-122
	

	ESGRO (murine LIF)
	Millipore
	ESG1106
	

	Valproic Acid
	Sigma
	P4543
	

	DMSO
	Fisher
	BP231-100
	

	0.25% Trypsin-EDTA
	Invitrogen
	25200
	

	PBS Ca2+/Mg2+ 
	Invitrogen
	14040-133
	

	PBS Ca2+/Mg2+ free
	Invitrogen
	14190-144
	

	Pregnant mare serum gonadotropin, for superovulation, freeze-dried, 2000 IU
	Harbor-UCLA Research Institute
	n/a
	

	Chorionic gonadotropin, human
	Sigma
	C1063
	

	FHM medium with Hyaluronidase
	Millipore
	MR-056-F
	

	KSOM-1/2 AA medium 
	Millipore
	MR-121-D
	

	FHM
	Millipore
	MR-024-D
	

	Water, for embryo transfer, embryo tested
	Sigma
	W1503
	

	Mineral oil, embryo tested
	Sigma
	M5310
	

	CaCl2

	Sigma

	C7902

	

	MgSO4
	Sigma
	M2773

	

	D-Mannitol
	Sigma
	M4125
	

	Bovine serum albumin (BSA), embryo tested
	Sigma
	A3311
	

	Mouse embryonic fibroblasts, non-irradiated
	Millipore
	PMEF-CFL
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