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Effects of antioxidants on the quality and genomic stability of induced pluripotent stem (iPS) cells were
investigated with two human iPS cell lines (201B7 and 253G1). Cells used in this study were expanded from a
single colony of each cell line with the addition of proprietary antioxidant supplement or homemade
antioxidant cocktail in medium, and maintained in parallel for 2 months. The cells grew well in all culture
conditions and kept “stemness”. Although antioxidants modestly decreased the levels of intracellular
reactive oxygen species, there were no differences in the expression of 53BP1 and pATM, two critical
molecules related with DNA damage and repair, under various culture conditions. CGH analysis showed
that the events of genetic aberrations were decreased only in the 253G1 iPS cells with the addition of
homemade antioxidant cocktail. Long-term culture will be necessary to confirm whether low dose
antioxidants improve the quality and genomic stability of iPS cells.

hromosomal aberrations are commonly found in stem cells after long-term cultivation in a general CO,

incubator where the media was equilibrated with 95% air and 5% CO, (~20% O,), which is much higher

than in the in vivo physiological microenvironment of the stem cell niche (~1-5% O,, depending on the
tissue)'*. The exposure of stem cells to a non-physiological hyperoxic state may lead to oxidative stress and
induce DNA damage>°. A number of studies have recently tried to improve the genomic stability of stem cells by
culturing stem cells under physiological lower oxygen’ '°. However, these cells will be exposed to air during the
experimental processes, such as the medium change and cell passaging, unless a special oxygen-controllable clean
bench is available.

Alternatively, the addition of antioxidants in medium may effectively attenuate oxidative stress-induced
genomic instability of stem cells during in vitro expansion. Although the basic culture medium is well-known
to be consist of many amino acids and vitamins, and some supplements specially for stem cell culture are also
contained antioxidants, it still keeps unclear whether the basal level of antioxidants in medium is enough or not.
Interestingly, we have recently discovered a biphasic effect of antioxidants on genomic stability of stem cells®. We
found that the supplement of low dosages of antioxidant cocktails likely contribute to the decrease DNA damage
and the improvement of genomic stability of stem cells, conversely, high dosages of antioxidants increase the risk
of chromosomal abnormalities of stem cells by interfering with the endogenous DNA repair pathways.

Herein, we examined whether the supplement of low dosages of antioxidants in culture medium could improve
the quality and genomic stability of induced pluripotent stem (iPS) cells during long-term ex vivo expansion.

Results

Low dose antioxidants did not affect the growth and “stemness” of iP$ cells. We successfully maintained the
iPS cell lines for 2 months by regularly passage. The shape and growth of iPS cell colonies were not obviously
changed by adding either proprietary antioxidant supplement from Sigma-Aldrich (AOS) or homemade
antioxidant cocktail (AOH) at relative low concentrations in culture medium for 2 months of follow-up.
Immunostaining showed that all of these iPS cell colonies clearly expressed Oct3/4, Nanog, SSEA-4, and ALP

| 4:3779 | DOI: 10.1038/srep03779 1



C

Ocs - —— g— — -
Nanog MR AW SRR SNNE SRR S S

B-actin  CENEED s> SHEND SHED SIS S SE—

Control

1x104 5x10¢  2x10% dilution  20.0 4.0

Nanog

Y
<
7
7

SSEA-4

Hoechst

ALP

Control

1x10* 5x104 2x10° dilution 1.0 pM

xenoz [ R

[(EETU7] | Qe—————p e B

20.0 4.0

Figure 1 \ Stemness of iPS cells after 2 months of culture. The expression of stem cell markers Oct3/4, Nanog, SSEA-4, and ALP were detected by staining,
and representative images of expressions in 201B7 (A) and 253G1 (B) iPS cell lines were shown. Western blot analysis on the expressions of Nanog and
Oct3/4in 201B7 (C) and 253G1 (D) iPS cell lines was also done, and representative images that cropped from full-length blots (Supplementary Figure 1)
was shown. Abbreviations: AOS, proprietary antioxidant supplement from Sigma-Aldrich; AOH, Homemade antioxidant cocktail.

after 2 months (Figure 1A and B), indicating that all culture
conditions maintained “stemness” of iPS cells very well. Western
blot analysis also showed that the expressions of Nanog and Oct3/
4 at comparable high levels in all iPS cells under different culture
conditions (Figure 1C and D), although the expressions were not
carefully quantified.

Low dose antioxidants decreased the intracellular ROS levels in
iPS cells. We first measured ROS level by detecting the fluorescence
intensity under microscope (Figure 2A). When compared with the
control, the addition of proprietary antioxidant supplement from
Sigma-Aldrich or homemade antioxidant cocktail at relative low
concentrations in culture medium obviously decreased the levels of
intracellular ROS in the iPS cells (upper images in Figure 2A). Semi-
quantitative analysis showed that the relative fluorescence intensity
of intracellular ROS were significantly lower in the iPS cells cultured
with the addition of antioxidants in medium than that of the control
(lower bar graphs in Figure 2A).

To further quantitative measure the ROS levels, we measured the
fluorescence intensity in iPS cells by flow cytometry (Figure 2B).
Again, the addition of antioxidants in medium showed to signifi-
cantly decrease the ROS levels in the iPS cells, although the decrease
of ROS by antioxidants was not clearly shown in a dose-dependent
manner.

Low dose antioxidants did not promote DNA damage or inhibit
DNA repair in iPS cells. We evaluated the DNA damage by counting
the formation of 53BP1 foci in the nuclei of iPS cells after 2 months
culture with the addition of antioxidants in medium or without. A
quantitative analysis showed that the percentages of iPS cells with
53BP1 foci (Figure 3A,B) in the nuclei, and the expressions of

phosphorylated ATM measured by Western blotting (Figure 3C,D)
were not notably different among culture conditions.

Genomic aberrations in iPS cells after 2 months culture. To facili-
tate direct comparisons, the same iPS cells that had been expanded
from a single colony were used to initiate cultures under different
conditions in parallel. The data from the array CGH showed some
amplifications (red dots) and a few of deletions (green dots), with log2
ratios over 0.75 (Figure 4A, Supplementary Table 1). Compared with
the control group which was not added antioxidants in medium, the
events of genomic aberrations in the 201B7 cell line were unexpec-
tedly observed when the addition of 10,000- and 200,000-fold diluted
proprietary antioxidant supplement and 1 pM homemade antioxi-
dant cocktail (Figure 4B). Interestingly, the events of genomic
aberrations in the 253G1 cell line were much lower with the addi-
tion of homemade antioxidant cocktail, but no obvious change by the
addition of the proprietary antioxidant supplement (Figure 4B).
The PANTHER classification system revealed that the aberrant
gene/proteins could be classified into twenty-five groups based on
their molecular function (Figure 5). According to the data, the
decreased chromosomal aberrations in the 253Gl cell line by the
addition of homemade antioxidant cocktail were most likely clas-
sified as enzyme modulator, hydrolase, nucleic acid binding, recep-
tor, and transcription factor (Figure 5). According to the biological
process, we noted that these chromosomal aberrations were likely
associated with cell communication, cellular process, and metabolic
processes in both cell lines (Figure 6, Supplementary Table 2).

Discussion
In this study, we examined whether the addition of low dose anti-
oxidants in culture medium affects the growth, quality, and genomic
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Figure 2 | Intracellular ROS levels in iPS cells. (A) Intracellular ROS in the iPS cells was loaded with 10 pM 2',7'-dichlorodihydrofluorescein diacetate
for 60 min, and representative images showed relatively lower fluorescence intensity in the iPS cell colonies cultured with antioxidants than that of
control. Data of semi-quantitative analysis on the intracellular ROS in 201B7 and 253Gl iPS cells were presented from three separate experiments. (B) The
intracellular ROS were also determined by flow cytometry, and data were presented from three separate experiments. Abbreviations: AOS, proprietary
antioxidant supplement from Sigma-Aldrich; AOH, Homemade antioxidant cocktail.

stability of iPS cells. We found that the iPS cells grew well and
“stemness” was maintained up to 2 months with the addition of
low dose antioxidants in medium. Although the addition of low dose
antioxidants in culture medium decreased the intracellular ROS
levels in iPS cells, it did not affect the expression of 53BP1 and
ATM, two critical molecules involved in DNA damage and
repair''™*?. Furthermore, array CGH analysis indicated that the
events of genetic aberrations were decreased only by the supplements
with homemade antioxidant cocktail in one of the two tested iPS cell
lines.

Free radicals are viewed as harmful by-products of cell metabol-
ism, and it is well known that the accumulation of ROS in cells will
induce the oxidation of DNA, lipids, and proteins, which results in
cell damage and causes genomic instability. However, a number of
studies have identified a critical physiological role of ROS in intra-
cellular signaling'*™'°. We have recently demonstrated that an
extreme suppression of ROS by high-dose antioxidants could
down-regulate the DNA repair-related protein kinases and conver-
sely causes genomic instability of stem cells’. Based on our recent

study’, a modest inhibition of intracellular ROS by the supplement
with low dose antioxidants in medium likely contributes to decrease
the DNA damage of human adult tissue stem cells and ES cells
cultured in general CO, incubator (~20% O,). These findings from
past studies pursued us to systemically examine whether low dose
antioxidants could improve the quality and genomic stability of iPS
cells, one of the most focused stem cell sources for future medical
applications.

Data from this study showed that the addition with either 10,000
~ 200,000-fold diluted proprietary antioxidant supplement or 1 ~
20 pM homemade antioxidant cocktail in the culture medium did
not affect the growth and “stemness” of iPS cells by 2 months follow-
up, although the additions with antioxidants significantly decreased
ROS levels in iPS cells. Strikingly, the decrease of ROS levels in iPS
cells by either proprietary antioxidant supplement or homemade
antioxidant cocktail did not clearly show a dose dependent manner.
This may due to the relative narrow range of antioxidant dosages
used for study and the limitation on sensitivity of measuring ROS
levels by DCF fluorescence. Otherwise, although the supplements of
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Figure 3 | The expressions of 53BP1 and pATM in iPS cells. The expression of 53BP1 was detected by immunostaining, and cells with 53BP1 foci were
counted in 201B7 (A) and 253G1 (B) iPS cell lines. The expression of pATM was examined by Western blot. Representative images that cropped from
full-length gels (Supplementary Figure 2) was shown, and semi-quantitative analysis of expression was also done (C), (D). The data are presented as
the means * SD from three separate experiments. Abbreviations: AOS, proprietary antioxidant supplement from Sigma-Aldrich; AOH, Homemade

antioxidant cocktail.
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Figure 4 | Array CGH analysis for genetic aberrations in iPS cells after 2 months of culture. (A) With log2 ratios over 0.75, the data from array CGH
showed some amplification (red dots) and a few of deletion (green dots) in both the 201B7 and 253Gl iPS cell lines cultured with the addition of
antioxidants or without. (B) The number of amplification and deletion within the events of genetic aberrations are shown. Abbreviations: AOS,
proprietary antioxidant supplement from Sigma-Aldrich; AOH, Homemade antioxidant cocktail.
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low dose antioxidants in medium significantly decreased the intra-
cellular ROS levels in iPS cells to almost 30 ~ 50% of the control,
there was no obviously changes on the expressions of 53BP1 and
ATM, indicating that low dose antioxidants had very limited effects
on DNA damage and repair for these iPS cells within 2 months of
culture.

Chromosomal copy number aberrations are known to be the result
of the underlying genetic instability, and array CGH allows the global
profiling of such copy number aberrations'. Strangely, compared
with iPS cells cultured without the addition of antioxidants, array
CGH analysis showed that the events of chromosomal copy number
aberrations were decreased only in the 253G1 iPS cells supplemented
with 1 ~ 20 uM homemade antioxidant cocktail. The reason on the
variations of genetic aberrations remains unclear, but it may be due
to a casually growth selection of iPS cells during passages and a
variation between cell lines in response to antioxidants.

Increasing evidences have shown the variation among iPS cell
lines, as well as among embryonic stem (ES) cell lines'*'*. Due to a
very strict rule on using human ES cells for study in Japan, we used
two different iPS cell lines for experiments to testing the variation.
The data of CGH array differed between two iPS cell lines in this
study has actually suggested a variation between iPS cell lines.
Otherwise, the Primate ES cell Medium (Cat. #RCHEMDO001) used
for culturing iPS cells in this study was purchased from company,
and the detail recipe of medium was not available due to the highly
commercial confidence. Considering the most of medium for stem
cell culture consist of antioxidants, the basal level of antioxidants in
the Primate ES cell Medium may potential attenuate the oxidative
stress-induced damage of iPS cells, which probable partially cancel
the protective effects by further addition with either proprietary

antioxidant supplement or homemade antioxidant cocktail at a rela-
tive low dosages. That might also help to explain why we did not see
dose dependence on either ROS levels or genomic stability by the
addition of antioxidants in this study.

In all, the addition of low dose antioxidants in culture medium did
not obviously affect the growth and “stemness” of iPS cells over 2
months. Although low dose antioxidants moderately decrease the
intracellular ROS levels of iPS cells, further experiments with longer
term of cultivation will be necessary to confirm the benefit of anti-
oxidants for ex vivo expansion of iPS cells.

Methods

Long-term culture of human iP$ cells. Human iPS cell lines (207B7 and 253G1)
purchased from Riken, Japan, were used for this study. The 207B7 iPS$ cell line was
induced by Yamanaka four factors*, and the 253G1 iPS cell line was induced by 3
factors without c-Myc*'. These iPS cells were maintained as described previously with
a few modifications®**'. Briefly, iPS cell lines were recovered to 6-well culture plate
and incubated in a typical CO, incubator (95% air/5% CO,, ~20% O,). After second
passage, a single colony of iPS cells was picked and moved into a well of 24-well
culture plate for expansion. The iPS cells expanded from a single colony (passage #6)
were then harvested and initiated to culture with the addition of proprietary
antioxidant supplement from Sigma-Aldrich (AOS, Catalogue Number: Sigma
A1345) at 10,000-fold, 50,000-fold, and 200,000-fold dilution, and with the addition
of homemade antioxidant cocktail (AOH) that consists of L-ascorbate, L-glutathione,
and a-tocopherol acetate (Sigma-Aldrich) at the concentrations of 20 pM, 4 pM, and
1 pM, respectively’, or without the addition of any antioxidant as control. We
maintained these iPS cells under each condition in parallel for 2 months by regularly
passaging (passaged every 5-7 days) and then used for the following experiments
(passages #16 for 207B7 and passages #14 for 253G1). We used Primate ES cell
Medium (Cat. #RCHEMDO001) with the supplement of 5 ng/mL bFGF (Cat.
#RCHEOTO002, ReproCell Inc. Yokohama, Japan) for all culture of the iPS cells, but
the feeder cells was prepared by culture mouse embryonic fibroblast in DMEM
medium (Sigma-Aldrich) with 10% fetal bovine serum (Hyclone Laboratories, Inc.).
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Figure 6 | Biological processes affected by the genetic aberrations detected by array CGH. Most of the increased genetic aberrations were associated with
cell communication, cellular process, and metabolic process. Abbreviations: AOS, proprietary antioxidant supplement from Sigma-Aldrich; AOH,

Homemade antioxidant cocktail.

Determination of the expression of stem cell markers. The “stemness” of iPS cells
was estimated by examining the expressions of Oct3/4, Nanog, and SSEA-4 using
immunostaining. Briefly, iPS cells were cultured in 4-well chamber culture slides
(Nalge Nunc International) for 5 days, and then fixed with 1% formaldehyde for

10 min. After blocking, the cells were incubated with primary antibodies against
human Oct3/4, Nanog, and SSEA-4 (R&D Systems, Inc.) for 1 hr and then with the
appropriate Alexa 680-conjugated secondary antibodies for 20 min. The nuclei were
stained with Hoechst 33258. Staining for the expression of ALP was performed using
an Alkaline Phosphatase staining kit (Cosmo Bio Co., Ltd).

The expression levels of Oct3/4 and Nanog were further examined by Western
blotting, as described previously”**. Briefly, total protein was purified from iPS cells,
separated using SDS-PAGE gels, and then transferred to nitrocellulose membranes.
Membranes were incubated with primary antibodies against Oct3/4, Nanog, or -
actin, followed by the appropriate horseradish peroxidase-conjugated secondary
antibodies, and then visualized using an enhanced chemiluminescence detection kit
(Amersham Biosciences).

Determination of intracellular reactive oxygen species (ROS). To detect the
intracellular ROS levels, iPS cells were seeded in 4-well culture chamber slides and
cultured with or without antioxidants as mentioned above. After approximately 5
days of culture, 10 pM 2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
(Invitrogen) was added to the cells for 60 min®**. The cells were then washed, and the
intracellular ROS were directly observed as the fluorescence using a fluorescence
microscope and were recorded with a digital camera (DP-26, Olympus, Tokyo,
Japan). The relative fluorescence intensity was semi-quantitatively measured using
Image-Pro Plus software (Media Cybernetics) and normalized by control.

To further quantitative measure the ROS levels, cells cultured in 6-well plates were
also added with DCFH-DA for 60 mins, and then trypsin-treated and fixed. The DCF
fluorescence intensity in cells was detected by flow cytometer using a FACS Calibur,
and data were analyzed with CellQuest software (BD Biosciences) as described

previously™'*.

Evaluations on DNA damage and repair. To evaluate the DNA damage, iPS cells
were seeded on 4-well chamber culture slides. The cells were fixed in 1%
formaldehyde for 10 min after 5 days of culture. After blocking, the cells were
incubated with primary antibody against 53BP1 (Abcam), followed by a FITC-

conjugated secondary antibody. The nuclei were stained with Hoechst 33258. The
positively stained cells were observed under fluorescence microscopy with 200-fold
magnification, and more than 200 cells were counted to calculate the percentage of
iP$ cells with 53BP1 foci in the nucleus™.

The expression levels of ATM, a key molecule involved in DNA repair, were
measured by Western blotting as described above. Briefly, the total protein was
purified from the iPS cells, separated using SDS-PAGE gels, and transferred to
nitrocellulose membranes. After blocking, the membranes were incubated with
primary antibodies against ATM (phosphorylated at Ser-1981, pATM) or B-actin,
followed by the appropriate horseradish peroxidase-conjugated secondary antibod-
ies. The expression was visualized using an enhanced chemiluminescence detection
kit, and semi-quantitative analysis was done by measuring the density of bands using
Image J software.

Array comparative genomic hybridization (CGH) and data analysis. An array
CGH was performed following the standard Agilent protocol (V7.1). Briefly, genomic
DNA (gDNA) was extracted from the iPS cells after 2 months of culture by using the
QIAGEN DNeasy Blood & Tissue kit. Total of 250 ng gDNA samples from iPS cells
or 250 ng sex-matched human reference DNA (G1521, Promega) were digested with
AluI and Rsal, and then labeled with Cy5- or Cy3-dUTP (SureTag DNA labeling kit,
Agilent Technologies), respectively. Following purification with Amicon Ultra
columns (Millipore), the labeled DNA vyield and dye incorporation were measured
using a NanoDrop spectrophotometer (ND-1000, Thermo Scientific). The labeled
DNA samples, 2 pig human Cot-1 DNA (Agilent Technologies), blocking agent, and
Hi-RPM buffer (array CGH Hybridization kit, Agilent Technologies) were mixed
together and hybridized at 65°C on the standard Agilent 8 X 60 K array for 24 hours
in a rotisserie oven at 20 rpm. The slides were washed and scanned immediately using
an Agilent high-resolution scanner. The data were extracted using Agilent Feature
Extraction software (version 10.7.1.1) with the CGH_105_Sep09 protocol.

The array CGH data sets were analyzed with the Genomic Workbench 6.5 software
(Agilent Technologies). Aberrant regions were determined using the ADM-2 algo-
rithm with the threshold set to 5.0, and the aberration filter was selected with the
following parameters: a minimum number of probes in region 3, a maximum of
10,000 aberrations, and a percent penetrance per feature of 0. A copy number gain
was defined as a log2 ratio > 0.75, and a copy number loss was defined as a log2 ratio
< —0.75.
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Functional categorization of aberrant genes/proteins. To understand the biological
significance of the identified chromosome aberrations, the related genes/proteins in
the aberrant regions were listed and classified based on the PANTHER (Protein
ANalysis THrough Evolutionary Relationships) system (http://www.pantherdb.org),
a unique resource that classifies genes and proteins by their functions. During this
process, the PANTHER ontology, a highly controlled vocabulary (ontology terms) of
biological process, molecular function, and molecular pathway, was used to
categorize the proteins into families and subfamilies with shared functions.

Statistical analysis. All of the results are presented as the means * SD. The statistical
significance was determined by 1-way analysis of variance followed by post hoc test
(Dr. SPSS 11, Chicago, IL). Differences were considered significant when p < 0.05.
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