Cartilage tissue engineering identifies abnormal human induced pluripotent stem cells

Akihiro Yamashita1, Shiying Liu1, Knut Woltjen2,3, Bradley Thomas1,#, Guoliang Meng1,

Akitsu Hotta2,3,5,6, Kazutoshi Takahashi2, James Ellis6,7, Shinya Yamanaka2,3,4,8 

and Derrick E Rancourt1*
1. Department of Biochemistry & Molecular Biology, University of Calgary, Calgary, Alberta, Canada,

2. Department of Reprogramming Science, Center for iPS Cell Research and Application,

Kyoto University, Kyoto, Japan,

3. Institute for Integrated Cell Material Sciences (iCeMS), Kyoto University, Kyoto, Japan,

4. Yamanaka iPS Cell Special Project, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

5. PRESTO, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

6. Developmental and Stem Cell Biology, The Hospital for Sick Children, Toronto, Ontario, Canada

7. Department of Molecular Genetics, University of Toronto, Toronto, Ontario, Canada

8. Gladstone Institute of Cardiovascular Disease, San Francisco, CA 94158, US

# current address:

Department of Medical Microbiology and Immunology, University of Alberta,

Edmonton, Alberta, Canada, 

*To whom correspondence should be addressed
Tel : +1-403 220 2888
FAX : +1-403 270 0834

e-mail : rancourt@ucalgary.ca

Supplementary information

Supplementary Figure 1.  Cartilage replacement of bone following 6 months after transplantation
Bone (left) stained by H&E.  Methylene Blue (middle) stains bone pink.  Toluidine Blue (right) stains cartilage purple.  Arrows indicate hypertrophic and/or degraded cartilage.  Scale bars represent 50 µm throughout.
Supplementary Figure 2. Chondorgenic differntiation of human iPSCs
Chondrogenic differentiation of iPSC (BJ-EOS-4YA) stained by Alcian Blue (left) and COL2 (right) following 2 weeks of culture.  Scale bars represent 50 µm.

Supplementary Figure 3. Karyotype of human iPSC line BJ-EOS-4YA. 
Tumorgenic iPSC clone showed normal kayotype (46XY; after > 20 passages). 
Supplementary Figure 4. Percentage of aggregates containing tumor-like tissues following cartilage differentiation. 

6, >8weeks of differentiation. KDp53 indicated -pifithrin treated aggregates at 6 weeks of cartilage differentiation: Mean ± SEM (N = 3) per lane. 
Supplementary Figure 5. Teratomas formation in late tumor-formaing iPSC clone in vivo.

The in vitro 30 days of cartilage differentiation aggregates tranplanted into SCID mices.  Following 6 months of transplantation, teratomas were observed in late tumor-formaing iPSC clone (4YF).  Scale bars represent 50 µm.  
Supplementary Figure 6. Percentage of aggregates with dying tissue following cartilage differentiation. 

6, >8weeks of differentiation. KDp53 indicated -pifithrin treated aggregates at 6 weeks of cartilage differentiation: Mean ± SEM (N = 3) per lane. 
Supplementary Figure 7. Apoptotic cell death within cartilaginous aggregates.

Histological section of iPSC-derived aggregates at 6 weeks (201B6): Dead-like tissues with small nuclear (top) and apoptosis cells indicated by TUNEL staining (bottom)
Supplementary Figure 8. Gene expression level of pro-oncogenic genes, endogenous c-MYC and LIN28B by real-time PCR following 4 weeks of cartilage differentiation.

The expression of endogenous c-MYC and LIN28B relatively showed high expression level in abnormal iPSC clones (4YA and 451F3).  Data is expressed as mean ± SEM (N = 3) per lane.
Supplementary Figure 9. Gene expression levels endogenous pluripotency genes, OCT4 and NANOG by real-time PCR following 2 weeks of cartilage differentiation.

The expression of endogenous pluripotency genes, OCT4 and NANOG showed relatively high expression level in late tumor-forming iPSC clones (4YF and 451F3).  Data is expressed as mean ± SEM (N = 3) per lane.
Supplementary Figure 10. Gene expression level of inflammatory cytokines, IL6 and TNF by real-time PCR following 4 weeks of cartilage differentiation.

The expression of IL6 and TNF relatively showed high expression levels in direct death iPSC clone (201B).  Data is expressed as mean ± SEM (N = 3) per lane.      
Supplementary Table 1. Cell lines examined in this study.
Supplementary Table 2. Tumor observation following differentiation into cartilage.
Supplementary Table 3. Dying tissue observed following differentiation into cartilage.
Supplementary Table 4. Primer list for real-time RT-PCR.
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Cell lines

2 5
ESC CA1 CA2 H1 H9 cCi CcC3
EOS-Retro 4F 4YA 4YE 4YF - - -
(infant cells) (infant cells) (infant cells)
Retro 4F 201B6 201B7 246G1 TIG107-4F1 TIG120-4F1 -
(adult cells) (adult cells) (infant cells) (adult cells) (adult cells)
Retro 3F 253G1 253G4 246H1 246H2 TIG121-3f1 -
(adult cells) (adult cells) (infant cells) (infant cells) (adult cells)
Retro L-MYC 32R1 32R2 32R6 - - -
(adult cells) (adult cells) (adult cells)
Integration-free 409B2 414C2 451F3 454 E2 457C1 -
6F (adult cells) (adult cells) (dental pulp) (dental pulp) (dental pulp)

4F: OCT3/4, SOX2, KLF4, c-MYC
3F: OCT3/4, SOX2, KLF4

L-MYC: OCT3/4, SOX2, KLF4, L-MYC

6F: OCT3/4, SOX2, KLF4, L-MYC, LIN28, p53shRNA

adult cells
infant cells

adult dernal fibroblats

BJ cell lines
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Tumor-like tissues

tumors (%) n=3 1 2 3 4 5 6
ESC CA1 CA2 H1 H9 CcC1 CC3
6w 0 0 0 0 0 0
>8w 0 0 0 0 0 0
KDp53 0 0 0 0 0 0
EOS Retro 4F 4YA 4YE 4YF - - -
6w 35+7.6 0 0
>8w 5+4.6 0 20+17.3
KDp53 53.6+13.4 0 13.349.5
Retro 4F 201B6 201B7 246G1 TIG107-4F1 | TIG120-4F1 -
6w 0 0 0 4.5+0.6| 2.98+0.24
>8w 0 0 0 2.2+3.8 4.6+0.6
KDp53 0 0 0 0 0
Retro 3F 253G1 253G4 246H1 246H2 TIG121-3f1 -
6w 0 0 0 23+3.3 0
>8w 0 0 0 37.047.1 0
KDp53 0 0 0 7.542.5 0
Retro L-Myc 32R1 32R2 32R6 — - B
6w 0 0 0
>8w 0 0 0
KDp53 0 0 0
Integration-free 6F 409B2 414C2 451F3 454 E2 457C1 -
6w 0 0 0 0 0
>8w 0 0| 23.2+14.3 0 0
KDp53 0 2.2+2.1 0 3.8+3.3 0
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Dead/enuclear-like tissue

Dead (%) n=3 1 2 3 4 5 6
ESC CA1 CA2 H1 H9 CC1 CcC3
6w 0 0 0 0 0 0
>8w 0 0 0 0 0 0
KDp53 0 0 0 0 0 0
EOS Retro 4F 4YA 4YE 4YF - - -
6w 9.241.3 0 0
>8w 94.9+4.6 0 0
KDp53 40.8+14.0 0 0
Retro 4F 201B6 201B7 246G1 TIG107-4F1 | TIG120-4F1 -
6w 95.0+0.9 0 0 0 0
>8w 100+0 0 0 0 0
KDp53 95.940.5 0 0 0 0
Retro 3F 253G1 253G4 246H1 246H2 TIG121-3f1 -
6w 0 0 0 6.6+3.4 0
>8w 0 0 0 4.1+0.6 0
KDp53 0 0 0 78.9+7.7 0
Retro L-Myc 32R1 32R2 32R6 - - -
6w 0 0 0
>8w 0 0 0
KDp53 0 0 0
Integration-free 6F 409B2 414C2 451F3 454 E2 457C1 -
6w 0 0 0 0 0
>8w 0 0 0 0 0
KDp53 0 0 0 0 0
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Genes Primer
SOX9 For: 5-AGACCTTTGGGCTGCCTTAT-3'
Rev: 5-TAGCCTCCCTCACTCCAAGA-3'
AGGRECAN | For: 5-TGAGGAGGGCTGGAACAAGTACC-3'
Rev: 5-GGAGGTGGTAATTGCAGGGAACA-3'
COoL2 For: 5-TTTCCCAGGTCAAGATGGTC-3'
Rev: 5-CTTCAGCACCTGTCTCACCA-3'
c-MYC For: 5-GCGTCCTGGGAAGGGAGATCCGGAGC-3'
(endogenous) | Rev: 5-TTGAGGGGCATCGTCGCGGGAGGCTG-3'
LIN28B For: 5-CCTCCTCAGCCAAAGAAGTG-3'
Rev: 5-GTGGTGATGTACAGCCATGC-3'
OCT3/4 For: 5-GACAACAATGAGAACCTTCA-3'
(endogenous) | Rev: 5-TTCTGGCGCCGGTTACAGAA-3'
NANOG For: 5-CAAAGGCAAACAACCCACTT-3'
Rev: 5-CTGGATGTTCTGGGTCTGGT-3'
IL6 For: 5-TCTCCACAAGCGCCTTCG-3'
Rev: 5-CTCAGGGCTGAGATGCCG-3'
TNFa For: 5-CCAGGCAGTCAGATCATCTTCTC-3'
Rev: 5-AGCTGGTTATCTCTCAGCTCCAC-3'
B-actin For: 5-TGGCACCACACCTTCTACAATGAGC-3'

Rev:

5'-GCACAGCTTCTCCTTAATGTCACGC-3'
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Genes                      Primer

SOX9 For: 5'-AGACCTTTGGGCTGCCTTAT-3'

Rev: 5'-TAGCCTCCCTCACTCCAAGA-3'

AGGRECAN For: 5'-TGAGGAGGGCTGGAACAAGTACC-3'

Rev: 5'-GGAGGTGGTAATTGCAGGGAACA-3'

COL2 For: 5'-TTTCCCAGGTCAAGATGGTC-3'

Rev: 5'-CTTCAGCACCTGTCTCACCA-3'

c-MYC For: 5'-GCGTCCTGGGAAGGGAGATCCGGAGC-3'

(endogenous) Rev: 5'-TTGAGGGGCATCGTCGCGGGAGGCTG-3'

LIN28B For: 5'-CCTCCTCAGCCAAAGAAGTG-3'

Rev: 5'-GTGGTGATGTACAGCCATGC-3'

OCT3/4 For: 5'-GACAACAATGAGAACCTTCA-3'

(endogenous) Rev: 5'-TTCTGGCGCCGGTTACAGAA-3'

NANOG For: 5'-CAAAGGCAAACAACCCACTT-3'

Rev: 5'-CTGGATGTTCTGGGTCTGGT-3'

IL6 For: 5'-TCTCCACAAGCGCCTTCG-3'

Rev: 5'-CTCAGGGCTGAGATGCCG-3'

TNF

!

For: 5'-CCAGGCAGTCAGATCATCTTCTC-3'

Rev: 5'-AGCTGGTTATCTCTCAGCTCCAC-3'

²

-actin For: 5'-TGGCACCACACCTTCTACAATGAGC-3'

Rev: 5'-GCACAGCTTCTCCTTAATGTCACGC-3'
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