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In vitro Tests for Detection of Tumorigenic/Undifferentiated Cells in Therapeutic Products
Derived from Human Induced Pluripotent Stem Cells

Yoji Sato Ph.D.
Division of Cellular and Gene Therapy Products, National Institute of Health Sciences, Tokyo, Japan

Abstract

Human induced pluripotent stem cells (hiPSCs) possess the capabilities of self-renewal and differentiation into
muttiple cell types, and they are free of the ethical problems associated with human embryonic stem cells. Currently, a
lot of attempts are made to develop hiPSC-derived therapeutic products for regenerative medicine/cell therapy. There
are significant obstacles, however, preventing the clinical use of hiPSC-derived products. One of the most obvious
safety issues is the presence of residual undifferentiated cells that have tumorigenic potential. We recently characterized
three in wiro assay methods for sensitive detection of tumorigenic/undifferentiated cells in hiPSC-derived products,
i.e. soft agar colony formation assay, flow cytometry assay and quantitative real-time polymerase chain reaction assay
{gRT-PCR). The soft agar colony formation assay appeared to be unable to detect hiPSCs, presumably attributable to
dissociation-induced apoptosis, a unigue property of human pluripotent stem cells. The flow cytometry assay using
anti-TRA-1-60 antibody detected 0.1% undifferentiated hiPSCs that were spiked in primary retinal pigment epithslial (RPE)
cells. Moreover, gRT-PCR with a specific probe and primers was found to detect a trace amount of LIV28 mRNA, which
is equivalent to that present in a mixture of a single hiPSC and 5.0x10° RPE cells. Our findings provide highly sensitive
and guantitative i virp assays essential for facilitating safety/quality profiling of hiPSC-derived RPE cells for their clinical
use.

Key words : induced pluripotent stem cells, regenerative medicine, tumorigenicity, safety,
quality control 3
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Ataxia telangiectasia derived iPS cells
show preserved x-ray sensitivity and
decreased chromosomal instability
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Geriatric Medicine, Tokyo Metropolitan Institute of Gerontology, Tokyo, 173-0015, Japan, ®Depariment of Research Team for
Geriatric Pathology, Tokyo Metropolitan Institute of Gerontology, Tokyo, 173-0015, Japan, “Department of BioSciences, Kitasato
University School of Science, Kanagawa, 252-0373, Japan, ®Department of Chemical and Materials Engineering, National Central
University, Taoyuan, 32001, Taiwan, “Cellege of Science, King Saud University, Riyadh, 11451, Saudi Arabia.

Ataxia telangiectasia is a neurodegenerative inherited disease with chromosomal instability and
hypersensitivity to ionizing radiation. iP$ cells lacking ATM (AT-iPS cells) exhibited hypersensitivity to
X-ray irradiation, one of the characteristics of the disease. While parental ataxia telangiectasia cells exhibited
significant chromosomal abnormalities, AT-iPS cells did not show any chromosomal instability in vitro for
atleast 80 passages (560 days). Whole exome analysis also showed a comparable nucleotide substitution rate
in AT-iPS cells. Taken together, these data show that ATM is involved in protection from
irradiation-induced cell death.

* he technology to generate human induced pluripotent stem cells (iPS cells) has impacted various medical
fields, such as clinical applications and drug discovery, as well as basic biological science on reprogramming
of differentiated cells'?. The most recent attention has been placed on their potential use in cell-based
transplantation. Using in vitro differentiation, iPS cells, like embryonic stem cells (ES cells), can provide an
unlimited source of useful cell types for transplantation. The use of iPS cells in clinical application and research
has been largely welcomed by society because use of these cells avoids the substantial ethical concern of cellular
origin that plagues ES cells. The fact that the cells are autologous for patients could be another advantage in
transplantation. Soon after human iPS cell technology was introduced, researchers also began to realize an
additional and possibly greater value for the technology as a system to model human diseases®. Since iPS$ cells
can be generated from skin biopsies or blood samples, retain all the genomic information from the original
patients, and can be differentiated in vitro into cell types which are not easily accessible in patients, iPS cells can be
utilized to study how genetic aberrancies in the patient manifest in target cells in vitro.

Ataxia telangiectasia (AT) is a rare neurodegenerative inherited disease characterized by early-onset progressive
cerebellar ataxia, telangiectasias of the eyes and skin, immunodeficiency, chromosomal instability, hypersensitivity
to ionizing radiation, and increased risk of cancer®. AT is caused by a defect in the ATM gene, which is responsible
for recognizing and correcting DNA damage, and for destroying the cells when the errors cannot be corrected. One
feature of ATM protein is its rapid increase in kinase activity immediately after double-strand DNA break forma-
tion®. The phenotypic manifestation of AT is due to the broad range of phosphorylation of substrates for the ATM
kinase, involving DNA repair, apoptosis, G,/S, intra-S checkpoint and G»/M checkpoints, gene regulation, trans-
lation initiation, and telomere maintenance®. Therefore, a defect in ATM has severe consequences, and may lead to
tumor formation. For example, the increased risk for breast cancer in AT patients implicates the involvement of
ATM in the interaction and phosphorylation of BRCA1 and its associated proteins following DNA damage’.

Though the molecular basis of AT, such as a defect in the ATM gene and the effect that has on the broad range
of substrates for the ATM kinase has been well established, the linkage between the loss of ATM function and
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various clinical outcomes remain still unclear. Atm-deficient mice
have been created to recapitulate the human disease and then char-
acterized to understand the relationship between the AT phenotype
and the pleiotropic function of Atm®. Mice homozygous for Atm
disruption show growth retardation, neurologic dysfunction, immu-
nologic abnormalities, lymphoreticular malignancies, chromosomal
instability, and extreme sensitivity to ionizing radiation. However,
oculocutaneous telangiectasias and remarkable histological evidence
of neuronal degeneration, which are characteristics of human AT
patients, have not been seen in these mice. The mouse model for
AT is, therefore, very useful, but limited for understanding the
human disease.

Mouse iPS$ cells from tail-tip fibroblasts of Atm-deficient mice
have been reported™'. Reprogramming efficiency is greatly reduced
in the fibroblasts of Atm-deficient mice. Likewise, ATM-deficient
human pluripotent stem cells, i.e. ES cells and iPS$ cells, have success-
fully been established by disrupting ATM gene' and from patients
with ataxia telangiectasia'>'?, respectively. These pluripotent stem
cells exhibit disease-specific characteristics such as radiosensitivity
and cell cycle checkpoint defects, and therefore serve disease model
cells for clarification of pathogenic mechanism and screening novel
compounds to treat the disease. The AT-iPS cell platform was indeed
used to screen low-molecular compounds'?.

In the present study, we attempted to generate iP$S cells from
fibroblasts of ataxia telangiectasia (AT-iPS cells), and successfully
established the cells from the fibroblasts of AT patients. The repro-
gramming efficiency was very low as previously reported in the
establishment of murine ATM-KO iPS cells. Human AT-iPS cells
exhibited hypersensitivity to X-ray irradiation. Unexpectedly, the
human AT-iPS cells did not show any chromosomal instability in
vitro, i.e. maintenance of intact chromosomes lasted for at least 80
passages (560 days). These results indicate that the established
human AT-iPS cells may be useful for the exploration of the mech-
anism of reprogramming, for clarifying the pathogenesis of AT, and
for facilitating novel therapeutic interventions of the human disease.
The possible mechanisms for the low reprogramming efficiency and
for stable maintenance of their chromosome in the AT-iPS cells will
also be discussed.

Results

Generation of iP$ cells from human AT cells. It has been reported
that fibroblasts from Atm-deficient mice show remarkably low
reprogramming efficiency compared to normal fibroblasts. Thus,
we examined whether iPS cells could be efficiently generated from
human cells having a mutation in the ATM gene (AT10S cells,
Figure 1A) by using the vesicular stomatitis virus G glycoprotein
(VSV-QG) retroviral transduction system (Figure 1B). By using this
system, the transduction efficiency was 53.8% = 11.9% (mean =
standard deviation) as estimated by enhanced green fluorescent
protein (EGFP) expression (Figure 1C). Southern blot analysis
with cDNA probes for each of four transgenes (OCT-3/4, SOX2,
KLF-4, and ¢-MYC) confirmed that each clone had chromosomal
integration of the exogenously infected genes (Supplemental Figure
S1). When the reprogramming factors OCT3/4, SOX2, KLF4 and c-
MYC were introduced in 2.0 X 10° AT10S cells, only 10 iPS colonies
were successfully generated. We compared the reprogramming
efficiency of AT-iPS cells with that of MRC5-iPS cells that were
generated by the same VSV-G retrovirus construct and protocol.
The efficiency of AT-iPS cell colony generation (0.005%) was
approximately 1/100, compared with that of MRC5-iPS cell
generation (0.5%). Morphological characteristics of AT-iPS cells
were similar to those of other intact iPS cells and ES cells
(Figure 1D). Immunohistochemical analyses demonstrated that
expression of the pluripotent cell-specific nuclear proteins, OCT3/4,
SOX2 and NANOG, and the keratan stlfate proteoglycan TRA-1-60
(Figure 1E, Supplemental Figure S2) was consistent with the profile

observed in hES cells. Hierarchical clustering analysis and principle
component analysis of gene chip analysis data revealed that AT-iPS
cells were grouped into the same category as MRC5-iPS cells, but not
grouped into the ES cell category and parental cell category,
regardless of gene set: all genes, neural genes, DNA-damage genes,
and cell cycle-related genes (Supplemental Figure S3).

Teratoma formation of AT-iPS§ cells. To address whether the AT-
iPS cells have competence to differentiate into specific tissues,
teratoma formation was performed by implantation of AT-iPS
cells at the subcutaneous tissue (1.0 X 107 cells/site) of immunode-
ficient NOD/SCID mice. Four independent AT-iPS cell clones
induced teratomas within 6-10 weeks after implantation. Histologi-
cal analysis of paraffin-embedded sections demonstrated that the
three primary germ layers were generated as shown by the pre-
sence of ectodermal glia and neuroepithelium, mesodermal muscle
and cartilage, endodermal ciliated epithelium morphologically in the
teratoma (Figure 1F). Thus, all AT-iPS cell clones examined had
potential for multi-lineage differentiation in vivo.

Characterization of AT-iPS cells. We examined the expression of
the mutated ATM gene in AT-iPS cells by RT-PCR for amplifying the
sequence including exon 31 of the ATM gene to confirm that the
established cells were AT-derived (Figure 2A, Supplemental Table
S1). AT-iPS cells clearly retained expression of the mutated ATM
gene that had a deletion of 165 bp corresponding to the deletion of
exon 31, showing that these cell clones were actually AT10S derived.
We also performed protein blot analysis on AT-iPS and MRC5-iPS
cells (Supplemental Figure S4). ATM was detected at the protein level
in MRC5-iPS cells, but not in AT-iPS cells (Supplemental Figure S4A,
B). p53 was expressed at a similar level in AT-iPS and MRC5-iPS
cells, and phosphorylation of p53 on serine-15 was similar in AT-iPS
and MRC5-iPS cells (Supplemental Figure S4C, D).

The proliferative capacity of four AT-iPS cell clones was measured
and compared with that of three MRC5-iPS cell clones (Figure 2B).
No significant differences in proliferation rates were detected
between the AT-iPS cell clones and the MRCS5-iPS cell clones.
Continuous observation through 18 passages revealed that AT-iPS
cells continued to expand at a rate similar to MRC5-iPS cells, and
could be cultured for more than 20 passages. Neither cessation of cell
proliferation like senescence nor apoptosis/cell death was detected
during cultivation through 20 passages.

Stem cell-associated gene expression in AT-iPS cells. The expres-
sion profiles of stem cell-associated genes were examined with
qualitative RT-PCR to confirm the iPS cell characteristics of the
established cell clones. The expression of the endogenous repro-
gramming factor genes (KLF4, SOX2, OCT3/4, and ¢-MYC) were
undetectable or very low in the parental AT10S cells, but were all
activated in AT-iPS cells (Figure 2C to F). While the transgenes were
fully silenced in AT-iPS cells (Figure 2G), expression of pluripotent
cell-specific genes, such as DNMT3B, NANOG, and TERT, were
activated in all AT-iPS cell clones to a similar extent of those in
control hES cells and MRC5-iPS cells (Figure 2H to J, Supplemen-
tal Figure S5).

Karyotypic analysis of AT-iPS cells during cultivation. AT is a
chromosome instability syndrome. The patients’ cells frequently
show chromosomal aberrations such as spontaneous chromatid/
chromosome breaks, triradials, quadriradials and telomeric asso-
ciations as well as numerical anomalies. In general, fibroblastic cell
lines derived from AT patients accumulate chromosomal aberrations
with an increase in passage number. Therefore, we performed karyo-
typic analyses of the AT10S parental cells and AT-iPS cell clones at
various passages (until 41 passages for more than 10 months).
Parental AT10S cells frequently exhibited chromosomal abnor-
malities, such as deletion, addition and translocation (Figure 3A).
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Figure 1 | Generation of iPS$ cells from ataxia telangiectasia-derived cells. (A). Phase-contrast image of AT10S ataxia telangiectasia-derived cells.
(B). Protocol for iPS cell generation. (C). Infection efficiency as assessed by retrovirus carrying the EGFP gene. (D). Phase-contrast microphotographs of
AT-iPS cell clones at passages 28 and 96. (E). Immunocytochemical analysis of AT-iPS cells using antibodies to NANOG (a), OCT3/4 (a), SOX2 (b),
SSEA-4 (c), and TRA-1-60 (d). (F). Histology of teratoma generated by AT-iPS cells. (a): ectodermal glia and neuroepithelium, (b): cartilage, (c):
intestinal epithelium, (d): adipose tissue, (e): smooth muscle, (f): epidermis, (g): bone, (h): hepatocytes, (i): retina, (j): intestine.

In contrast, most cells of the four AT-iPS cell clones had an intact
karyotype at passage 13 to 16 (Figure 3B-D). Even after a long
cultivation period (passage 41), karyotypes of all cells of the four
AT-iPS cell clones remained intact. Morphological characteristics
of AT-iPS cell colonies, i.e. the growth of flat and aggregated colo-
nies, did not significantly change even at passage 96 (Figure 1D).
Also, AT-iPS cells retained high alkaline phosphatase activity and
teratoma formation after a long-term cultivation (Supplemental
Figure S6).

Elongated telomere length in AT-iPS cells. Telomere lengths in
AT10S cells and AT-iPS cells were measured (Table 1). TIG-1 at
34 population doublings served as a telomere length standard
(6.91 kbp). The established ATiPS-262, -264, and -024 cells had
13.14, 15.64, and 16.54 kbp in telomere length, while the parental
AT10S cells were 4.13 kbp. The results clearly show that AT-iPS
cells gain elongated telomeres after iPS cell generation.

Genomic alteration during AT-iPS cell cultivation. Because
ATI1OS cells exhibited considerable chromosomal abnormalities in
vitro, we performed a structural alteration analysis using a SNP
genotyping array for AT-iPS cells in ATiPS-262 cells at passage 17,
ATiPS-263 cells at passage 27, ATiPS-264 cells at passage 25, and
ATiPS-024 cells at passage 25. Compared to parental AT10S cells,
we identified 12 unique structural alterations (Figure 4A, B). Among
these genomic alterations, no common chromosomal region was
detected in the AT-iPS cells. We also performed exome analysis on
the AT-iPS cells to clarify the number of genetic alterations that
occur when cells are induced to become pluripotent. The number
of bases that our sequencer produced were 18.0, 17.2,17.4, 17.8 and
18.1 Gb, and mean mapped depths of coverage were 91.7, 89.7, 88.0,
83.3, and 90.0 reads for ATiPS-262, ATiPS-263, ATiPS-264, and
ATiPS-024 cells, respectively. In total, 212 SNVs were called. A
23,314-kb copy-neutral loss of heterozygosity (CNLOH) in ATiPS-
262 cells, a 3,586-kb deletion in ATiPS-262 cells, and a 234-kb
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Figure 2 | Expression of the endogenous genes and the transgenes. (A). Expression of intact and mutated ATM gene in MRC5-iPS and AT-iPS cells.

(B). Growth curves of AT-iPS and MRC5-iPS cells. Cell number was counted on the indicated day after cells (10° cells/dish) were seeded on matrigel-
coated 6-well plates. (C). Expression of the endogenous KLF4 gene. (D). Expression of the endogenous SOX2 gene. (E). Expression of the endogenous
OCT-3/4 gene. (F). Expression of the endogenous ¢-MYC gene. (G). Expression of the OCT-3/4, SOX2, KLF4, and ¢-MYC transgenes in each iP$ cell at
passage 10 (more than 30 population doublings). (H). Expression of the DNMT-3B gene. (I). Expression of the NANOG gene. (J). Expression of the TERT
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Figure 3 | Karyotypes of AT-iPS cells and their parental cells after long-term cultivation. (A). Karyotypic analysis of AT10S parental cells. (B). Karyotypic
analyses of AT-iPS cell clones at Passage 13-16. (C). Karyotypic analyses of AT-iPS cell clones at Passage 41. (D). Karyotypic analyses of AT-iPS cell
clones at Passage 76-85. For karyotypic analysis, 20 cells were analyzed and the number of cells with the indicated karyotype was shown in brackets.

deletion in ATiPS-024 cells involved 2, 37, and 1 SNV, respectively.
These SNVs were removed from the count because the events were
caused by large-scale structural mutations rather than single
nucleotide substitutions. Furthermore, ambiguously called five
SNVs that escaped from the filtering process were manually
eliminated (Supplemental Table S2). The numbers of SNVs were
43, 48, 35, and 41 (167 SNVs in total) in ATiPS-262, ATiPS-263,
ATiPS-264, and ATiPS-024 cells, respectively (Figure 4B,
Supplemental Table S2). Importantly, the identified number of
non-synonymous coding bases is larger than that of synonymous
coding (Figure 4C). We estimated that 0.48 single nucleotide
alterations had occurred per population doubling (PD) in the AT-
iPS cells. Single nucleotide change patterns in the 4 AT-iPS cells were
summarized in Figure 4D.

Detection of genomic mutation by the whole exome analysis. The
whole exome analysis, in which our samples were compared to the
hg19 reference sequence, also detected the homozygous mutation at
a splice donor site of the ATM gene (chr11:108164206, IVS31 + 2T
> A) (Supplemental Table $3). The mutation at the splice donor site
is compatible with the truncated ATM mRNA that had a deletion of
exon 31 (Figure 2A). The detection of this mutation confirms
reliability of the whole exome analysis.

Sensitivity to irradiation in AT-iPS cells. AT patients and the cells
derived from the patients show higher sensitivity to ionizing
radiations and to radiomimetic drugs. Thus, we examined the
radiosensitivity of AT-iPS cells, and compared it with that of
MRC5-iPS cells (Figure 5A). Five minutes after irradiation at
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