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ABSTRACT

Pluripotent stem cells have been the focus of bioengineering efforts designed to generate regener-
ative products, yet harnessing therapeutic capacity while minimizing risk of dysregulated growth
remains a challenge. The risk of residual undifferentiated stem cells within a differentiated progen-
itor population requires a targeted approach to eliminate contaminating cells prior to delivery. In
this study we aimed to validate a toxicity strategy that could selectively purge pluripotent stem cells in
response to DNA damage and avoid risk of uncontrolled cell growth upon transplantation. Compared
with somatic cell types, embryonic stem cells and induced pluripotent stem cells displayed hypersensi-
tivity to apoptotic induction by genotoxic agents. Notably, hypersensitivity in pluripotent stem cells was
stage-specific and consistently lost upon in vitro differentiation, with the mean half-maximal inhibitory
concentration increasing nearly 2 orders of magnitude with tissue specification. Quantitative polymerase
chain reaction and Western blotting demonstrated that the innate response was mediated through
upregulation of the BH3-only protein Puma in both natural and induced pluripotent stem cells. Pretreat-
ment with genotoxic etoposide purged hypersensitive pluripotent stem cells to yield a progenitor pop-
ulation refractory to teratoma formation upon transplantation. Collectively, this study exploits a hyper-
sensitive apoptotic response to DNA damage within pluripotent stem cells to decrease risk of
dysregulated growth and augment the safety profile of transplant-ready, bioengineered progenitor
cells. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:000—-000

Strategies to improve the safety of cell ther-
apy have focused on separation or depletion of
remaining pluripotent stem cells [7]. A recent
study has demonstrated the utility of this ap-
proach with stem cell-specific surface antigens
and fluorescence-activated cell sorting to reduce
the burden of pluripotency within a heteroge-
neously differentiated cell population [7]. Al-
though this protocol was able to diminish large
teratoma formation and significantly reduce the
size of formed teratomas, the technical burdens
and specialized reagents/equipment required
for these protocols remains a challenge for wide-
spread clinical applications. Additionally, pro-
posed mechanisms to purge teratoma-forming
cells out of heterogeneous populations include
the use of “stop” mechanisms via suicide genes
[4, 8] or apoptotic induction in stem cells [9, 10].

INTRODUCTION

Pluripotent stem cells hold great promise for
therapeuticintervention of a wide variety of con-
ditions, ranging from heart disease [1, 2] to neu-
rodegenerative disorders [3]. Although differen-
tiation plasticity accounts for unique therapeutic
utility, the pluripotent capacity also illuminates
the risk of the formation of teratomas, dysregu-
lated tumors arising from cells containing all
three germ layers. Although most teratomas are
benign, the genomic instability of pluripotent
stem cells could contribute to genomic aberra-
tions that further lead to malignant teratocarci-
nomas [4, 5]. As stem cells undergo sequential dif-
ferentiation and lose pluripotency, daughter cells
acquire a gene expression profile that decreases
the risk for disruptive teratoma formation [6].
Therefore, to decrease teratoma formation, stem

cell-based therapeutic strategies have focused on
using partially differentiated or tissue-specific pro-
genitor cells. However, heterogeneous early-stage
progenitor populations may still harbor residual
undifferentiated pluripotent cells, challenging the
safety of therapeutic applications.

A pluripotent stage-specific characteristic that
would allow selective pharmacologic-induced
elimination without adverse effects to differenti-
ated progeny would advance pluripotent stem
cell-derived technologies toward feasible thera-
peutic interventions. Furthermore, a phenotype
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universal to pluripotent stem cell populations for both natural
and bioengineered sources would enable a broadly applicable
strategy agnostic to the starting material or genetic background.
Herein we hypothesize that DNA-damage repair mechanisms
and inducible apoptotic response to genomic insults represent a
feasible target for purging pluripotent stem cells.

Maintenance of genomic stability is dependent on high-fidel-
ity DNA repair [11], as cells continuously encounter low levels of
spontaneous genomic insults as a result of processes such as
replication, energy metabolism, and environmental stresses.
Correspondingly, the potential for devastatingly deleterious ef-
fects upon transmission of genetic errors to progeny cannot be
tolerated by embryonic stem cells underscored in their high ca-
pacity to repair genomic aberrations through hyperactive DNA
damage response and repair [11-15]. This defining characteristic
of dependence on high-fidelity repair in the pluripotent ground
state is further highlighted by studies showing that lack of the
Fanconi anemia DNA repair proteins [16] prevents the ability of
somatic cells to be successfully reprogrammed to a pluripotent
state [17-19]. Furthermore, embryonic stem cells also react
differently than somatic cells when faced with large genomic
insults. Instead of inducing a prominent cell cycle arrest and
undergoing a process to repair damaged DNA, embryonic
stem cells rapidly hyperinduce both p53-dependent and -in-
dependent apoptosis to prevent accumulated mutational
load [20-26]. The DNA damage response/repair and apopto-
sis induction differences between embryonic stem cells and
differentiated cells have also recently been recapitulated in
induced pluripotent stem (iPS) cells [27, 28]. Thus, exploiting
the natural mechanisms of DNA damage response may pro-
vide a specific strategy to segregate pluripotent stem cells
from differentiated progeny.

The present study defines the DNA damage-induced apopto-
tic sensitivity of a panel of embryonic stem cell lines, three-factor
and four-factor derived iPS cell lines. The apoptotic-sensitive
phenotype is attributed to an apoptotic “priming” of cells
through the upregulation of Puma protein. Moreover, this hy-
persensitive phenotype is selective and disappears upon in vitro
differentiation. Quantitative reverse transcription-polymerase
chain reaction (PCR) and in vivo teratoma studies demonstrate
that pharmacologic pretreatment of partially differentiated het-
erogeneous cell populations with a DNA-damaging agent purges
the population of residual teratoma-forming progenitors. This
treatment effectively eliminates teratoma formation within the
progenitor population of cells upon in vivo transplantation with-
out causing genomic instability in the surviving progeny. Collec-
tively, this study demonstrates that the Puma-induced pheno-
type of a hypersensitive apoptotic response to DNA damage
within pluripotent stem cells can be exploited to decrease risk of
aberrant tumor formation. Therefore, a targeted pharmacologic
strategy based on stage-specific apoptotic induction advances
the therapeutic potential and safety profile of pluripotent stem
cell-based technologies toward feasible regenerative medicine
applications.

MATERIALS AND METHODS

Materials

Allophycocyanin (APC)-annexin V was from BD Pharmingen (San
Diego, CA, http://www.bdbiosciences.com), etoposide and hy-

droxyurea from Sigma-Aldrich (St. Louis, MO, http://www.
sigmaaldrich.com), and the broad-spectrum caspase inhibitor
Q-VD-OPhe from SM Chemicals (Anaheim, CA, http://
www.smbiochemicals.com). Troponin T was obtained from
Thermo Scientific (Billerica, MA, http://www.thermoscientific.
com), a-actinin from Sigma-Aldrich, Alexa Fluor 568 goat anti-
mouse from Invitrogen (Carlsbad, CA, http://www.invitrogen.
com), and all other antibodies from Cell Signaling Technology
(Beverly, MA, http://www.cellsignal.com). Quantitative PCR re-
agents and primer/probes were from Applied Biosystems (Foster
City, CA, http://www.appliedbiosystems.com) and Integrated
DNA Technologies (IDT, Skokie, IL, http://www.idtdna.com),
respectively.

Cell Culture

iPS1-5 and four-factor (4F)-iPS1-3 were created by introduction
of lentiviral vectors expressing Oct4, Sox2, and KIf4 (and c-Myc in
4F) into mouse embryonic fibroblasts (viPS Vector Kit; Open Bio-
systems) followed by isolation and expansion of individual
clones. All pluripotent lines were maintained in EmbryoMax Dul-
becco’s modified Eagle’s medium (Millipore, Billerica, MA,
http://www.millipore.com) containing penicillin G, streptomy-
cin, L-glutamine (Invitrogen), sodium pyruvate (Lonza, Basel,
Switzerland, http://www.lonza.com), nonessential amino acids
(Mediatech, Herndon, VA, http://www.cellgro.com), 2-mercap-
toethanol (Sigma-Aldrich), 15% embryonic stem cell qualified fe-
tal calf serum (FCS) (Invitrogen) and leukemia inhibitor factor
(LIF) (Millipore). During and after differentiation cells were cul-
tured in Dulbecco’s modified Eagle’s medium containing penicil-
lin G, streptomycin, L-glutamine, sodium pyruvate, nonessential
amino acids, and 20% FCS.

Annexin V Staining and Analysis

Cells were seeded in gelatin-coated plates 1 day before treat-
ment. Twenty-four hours later cells were treated with the indi-
cated drug concentrations for an additional 24 hours. Cells were
then analyzed for apoptosis using APC-coupled annexin V. Cells
were resuspended in binding buffer (1 mM HEPES, 0.14 M Nacl,
2.5 mM CaCl,) with 5% (vol/vol) APC annexin V and incubated in
the dark for 30 minutes. After collection on a FACSCalibur flow
cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ,
http://www.bd.com), data were analyzed by assessing percent-
age of APC-annexin V-positive using CellQuest software (BD Bio-
sciences, San Jose, CA, http://www.bdbiosciences.com). Data
are plotted as normalized percentage of annexin V-negative cal-
culated as 100 — ([(observed — baseline)/(100 — baseline)] X
100). Half-maximal inhibitory concentration (IC,) values were cal-
culated using online ReaderFit software (http://www.readerfit.
com) and a four-parameter logistic model equation F(x) = ([A —
DI/[1 + (x/C)®]) + D, where C is equivalent to the half-maximal
inhibitory concentration.

Detection of Apoptotic Cells

Cells were sedimented at 1,000 rpm for 10 minutes, washed with
ice-cold phosphate-buffered saline (PBS), fixed in 3:1 (vol/vol)
methanol:acetic acid for 1 hour at room temperature, deposited
onto microscope slides, stained with 1 wg/ml Hoechst 33258,
examined by fluorescence microscopy, and analyzed for apopto-
tic morphological changes.
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Protein and Message Levels

Cells were treated with 5 uM etoposide or vehicle in the pres-
ence of 5 uM of the broad-spectrum caspase inhibitor Q-VD-
OPhe for 24 hours. Cells were then collected and washed with
PBS; either they were lysed in radioimmunoprecipitation protein
lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% Triton, 0.5%
sodium deoxycholate) with protease (Roche Applied Science, In-
dianapolis, IN, https://www.roche-applied-science.com) and
phosphatase (Thermo Scientific) inhibitors or total RNA was ex-
tracted using an RNeasy kit (Qiagen, Valencia, CA, http://www.
giagen.com). Total protein concentration was determined using
a bicinchoninic acid assay (Pierce, Rockford, IL, http://www.
piercenet.com), and 50 ug of total protein was subjected to SDS-
polyacrylamide gel electrophoresis, transferred to polyvi-
nylidene difluoride, and probed with antibodies as indicated. For
quantification, band intensities were determined using Image)
software, and then values were normalized to loading controls
then control lanes. cDNA was synthesized from extracted RNA
using a SuperScript Il First-Strand Synthesis System (Invitrogen).
Quantitative PCR (qPCR) was performed in triplicate using 50 ng
of RNA and TagMan Universal PCR Master Mix (Applied Biosys-
tems). PCR was performed on an ECO Real-Time PCR system
(Hllumina) using a program that consisted of 50°C for 2 minutes
and 95°C for 10 minutes, then 40 cycles of 95°C for 10 seconds
and 60°C for 30 seconds using Puma (mm.PT.42.7446951), Bim
(mm.PT.49a.15907147), Nanog (mm.PT.42.10788230), Oct4
(mm.PT.42.7439100.g), Sox2 (mm.PT.42.12958650.g), and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) (mm.PT.39.1)
probe sets. Data analysis was performed using the following
equations: AC, = C, (sample) — C, (GAPDH), AAC, = AC, (sam-
ple) — AC, (control/standard sample), and are expressed as rel-
ative fold change = 27 44%,

Short Hairpin RNA Knockdown

Puma short hairpin RNA (shRNA) experiments were performed
using Mission TRC1 predesigned shRNAs directed against mouse
Puma (TRCNO000009711) or a nontargeting control (Sigma-Al-
drich). 293T cells were transfected with 3 ug of the indicated
shRNA plasmid plus 2.25 and 0.75 ug, respectively, of psPAX2
and pMDG packaging vector plasmids using Lipofectamine 2000
(Invitrogen). Twenty-four hours after transfection, the medium
was replaced with fresh medium, and 48 hours later the super-
natant was harvested, filtered, and applied to R1 cells plated in
gelatin-coated plates. Twenty-four hours after infection, virus-
containing media were replaced, and 24 hours later cells were
treated with vehicle or the indicated concentrations of etopo-
side for an additional 24 hours. Cells were then assayed for an-
nexin V binding by flow cytometry as described above or har-
vested for Western blotting. Four different shRNAs directed
against Puma were screened and produced varying levels of
knockdown; repeated analysis was done with the single
shRNA that produced the best knockdown. Control experi-
ments using fluorescent-tagged shRNA molecules indicated
an approximately 40% transfection efficiency into R1 cells un-
der these conditions.

In Vitro Differentiation

Cells were differentiated into three-layer embryoid bodies (EBs)
using the hanging-drop method. Indicated cells were harvested
and resuspended in differentiation medium (20% FCS without
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LIF) to a concentration of 8 X 10% cells per milliliter. Twenty-five-
microliter drops were deposited on the lids of plates and incu-
bated for 48 hours. Cells were then transferred to floating
suspension for another 48 hours to allow for spontaneous differ-
entiation. Cells were then transferred to gelatin-coated plates
and allowed to adhere and further differentiate for the indicated
number of days.

For DNA damage response experiments, EBs at day 5 were dis-
sociated using trypsin, replated into gelatin-coated wells, and al-
lowed to adhere for 24 hours; these cells were treated with the
indicated drug and concentration on day 6 for an additional 24
hours and then assayed as described above. For survival experi-
ments, cells were differentiated as above, plated onto gelatin-
coated plates on day 5, treated with the indicated concentration of
etoposide on day 6 for 24 hours, and then washed once with drug-
free media and further incubated in drug-free media for up to 10
additional days.

For mouse spectral karyotyping, the indicated samples were
incubated with colcemid, and metaphase spreads were prepared
3 hours later. Slides from each indicated specimen were pre-
treated, hybridized with mouse SKYPaint probe (Applied Spectral
Imaging, Vista, CA, http://www.spectral-imaging.com), incu-
bated for 72 hours, and then washed and detected. For immu-
nofluorescence, spontaneously contracting day 15 EBs were ob-
served via light microscopy. Then cells were stained for troponin
T and a-actinin using Alexa Fluor 568 as a secondary antibody
and 4’,6-diamidino-2-phenylindole (DAPI) as a nuclear stain. For
gPCR, samples were assayed as above with vascular endothelial
growth factor receptor 2 (KDR) (mm.PT.45.5869721), troponin |
(Tnni3) (mm.PT.45.16007114.g), C-X-C chemokine receptor
4 (CXCR4) (mm.PT.45.17237585), «-feto protein (AFP)
(mm.PT.49.10942304), myocardin (MyoCD) (mm.PT.45.
10793490), Nkx2.5 (mm.PT.45.15814021), myocyte-specific
enhancer factor 2c (Mef2c) (mm.PT.45.16471049), Tbx5
(mm.PT.45.9001572), Gata4 (mm.PT.45.12430274), myosin
heavy chain B (Myh7) (mm.PT.45.8913378), myosin 6 (Myh6)
(mm.PT.45.7820254), and a-actin (Actcl) (mm.PT.45.11428881)
primer/probes (Integrated DNA Technologies).

For flow cytometry, day 15 EBs were fixed in 2% paraformal-
dehyde, permeabilized with ice-cold 90% methanol, and stained
with a cardiac troponin T antibody in phosphate-buffered saline
with 0.5% bovine serum albumin. Cells were analyzed on a
FACSCalibur flow cytometer (Becton Dickinson), and data were
analyzed by assessing percentage troponin T-positive using Cell-
Quest software. Data are represented as normalized to cells
stained with an IgG control.

Teratoma Formation

Cells at different stages of differentiation were harvested
through trypsinization and washed with PBS, and the number of
total viable cells was determined using trypan blue and a Count-
ess Automated Cell Counter (Invitrogen). Cells were resus-
pended in medium containing 10% FCS at a concentration of
2 X 107 live cells per milliliter, and 50 ul was injected subcu-
taneously into nude mice. Tumor size was monitored every
other day through measurement with vernier calipers, and
mice were sacrificed when tumor volume reached 10% of the
initial animal body weight. All mouse experiments were con-
ducted according the procedures approved by the Institu-
tional Animal Care and Use Committee at the Mayo Clinic
(Rochester, MN).



Teratoma Purging by DNA Damage

RESULTS

Pluripotent Cells Are Hypersensitive to Apoptosis
Induction in Response to DNA Damage

Since maintaining the fidelity of the genome within cells capable
of creating a complete organism is crucial, specific mechanisms
are in place to ensure proper transmission of error-free DNA to
embryonic progeny. One such mechanism in pluripotent stem
cells is the rapid activation of the apoptotic machinery in re-
sponse to DNA double-strand breaks [21]. We investigated the
sensitivity of various mouse embryonic stem (ES) cell lines com-
pared with their somatic counterparts (mouse embryonic fibro-
blasts [MEFs]) to increasing dosages of DNA-damaging agents. In
response to the DNA-damaging agents etoposide or hy-
droxyurea, ES cell lines exhibited dose-dependent apoptosis, as-
sessed through annexin V binding and staining, with mean IC;,
values for etoposide of 2.1 and 3.5 uM (R1 and CGRS, respec-
tively) compared with an IC;, of >100 wM in MEFs (Fig. 1A). A
similar hypersensitive response of ES cells compared with MEFs
to hydroxyurea suggested that the response was not solely a
drug-specific phenotype but rather an innate response to exten-
sive DNA double-strand breaks. Additionally, apoptosis was as-
sessed through Hoechst nuclei staining to demonstrate that this
phenotype was not limited to the annexin V binding assay. Al-
though MEFs exhibit mainly intact nuclei after high-dose etopo-
side, R1 ES cell nuclei exhibit ~50% apoptotic morphology
(marked by white arrowheads) upon treatment with a lower
dose of etoposide (Fig. 1D), consistent with the annexin V bind-
ing assay data. Furthermore, assessment of the apoptotic re-
sponse to etoposide or hydroxyurea of five independent three-
factor (Oct4, KIf4, and Sox2) reprogrammed iPS cell clones (Fig.
1B, 1C) demonstrated mean ICs, values for etoposide ranging
from 0.03 to 0.5 wM within this class of stem cells. These data
indicate that the phenotype of apoptotic hypersensitivity to DNA
damage is shared among pluripotent stem cells. However, the
response of iPS cells to DNA damage is not a unique phenotype
restricted to cells reprogrammed without the use of potentially
oncogenic c-Myc, as the apoptotic responses of three indepen-
dent four-factor (Oct4, KIf4, Sox2, and c-Myc) reprogrammed iPS
cell lines were also more sensitive to apoptosis induction when
compared with MEFs (Fig. 1B, 1C). These four-factor repro-
grammed iPS cell lines had mean IC, ranges, 0.6-1.5 uM, simi-
lar to those of the ES cell lines. Collectively these results extend
previous studies [24, 27] and demonstrate the ability of various
pluripotent cells to undergo hyperactive apoptosis in response
to drug-induced DNA damage.

Pluripotent Cells Have Elevated Levels of the
Proapoptotic BH3-Only Protein Puma, Which Is Further
Induced in Response to DNA Damage

Although hyperactivation of apoptosis induction is consistent for
pluripotent cells, we aimed to further dissect the downstream
mechanism of this stage-specific activation. To determine which
apoptotic proteins are responsible for the induction of DNA dam-
age-induced cell death, levels of intrinsic apoptotic proteins be-
fore and after etoposide treatment were determined by West-
ern blotting somatic (MEF) and ES cell (CGR8 and R1) lysates (Fig.
2A). The proapoptotic multidomain proteins Bak and Bax and the
antiapoptotic proteins Bcl-2 and Mcl-1 did not correlate with or
account for differential sensitivity of pluripotent cells over so-

matic cells to DNA damage. However, the BH3-only proteins Bim
and Puma were expressed higher in the ES cell lines and were fur-
ther upregulated in response to etoposide treatment (Fig. 2A). This
basal and induced upregulation of Puma protein was also observed
in the induced pluripotent stem cell lines (supplemental online Fig.
1). qPCR confirmed higher relative Puma message levels in all pluri-
potent cell lines, 1.5- to 5-fold, and a 4.5- to 15-fold increase upon
etoposide treatment (Fig. 2B); Bim, however, showed no consistent
correlation in mRNA level between cell lines before or after drug
treatment (supplemental online Fig. 2A).

To determine whether Puma is necessary to induce apopto-
sis in pluripotent stem cell lines after DNA damage, the hyper-
sensitive phenotype was examined upon shRNA-mediated Puma
downregulation. As Puma was decreased approximately 40%
(determined via Western blotting; Fig. 2C, inset), annexin V stain-
ing following 5 uM etoposide treatment demonstrated that R1
ES cells had acquired resistance (p = .0025) to DNA damage with
a decrease from 68.3% apoptosis in control cells to 52% apopto-
sis in Puma shRNA cells (Fig. 2C). However, loss of Bim through
shRNA-mediated downregulation did not affect the apoptotic
response upon etoposide treatment in ES cells (supplemental
online Fig. 2B), suggesting that it is not a necessary mediator of
apoptosisinduction in this setting. These data indicate that Puma
is a critical downstream mediator that regulates induction of
apoptosis in response to DNA damage in pluripotent stem cells.

Differentiated Progeny Decrease Puma Expression and
Acquire Resistance to Apoptosis Induction in Response
to DNA Damage

As elevated levels of the BH3-only protein Puma are a major
mediator of apoptotic hypersensitivity of pluripotent cells, we
hypothesized that spontaneous differentiation of pluripotent
cells would reduce expression of this protein. Indeed, Puma pro-
tein levels seen in pluripotent R1 cells decreased to levels seen in
somatic cells in progeny subjected to spontaneous differentia-
tion in embryoid bodies for 12 days (Fig. 3A). Upon treatment of
R1 ES cells (right, red graphs) with increasing doses of etoposide
(top graph) a decrease in apoptosis occurred, shifting the IC,
12-fold from 2.1 to 25.8 uM, in day 6 post-embryoid body for-
mation (Fig. 3B). This change was further exacerbated at day 11
post-embryoid body formation, with the ICg, shifting to >100
1M (Fig. 3B). In the iPS5 clone (left, blue graphs), the ICg, for
etoposide increased fivefold from 0.044 to 0.223 M at day 6
and >100 uM at day 11 post-embryoid body formation (Fig. 3C).
These results were recapitulated with hydroxyurea treatment
(bottom graphs). Collectively, these data indicate that the hyper-
sensitivity of pluripotent stem cells to DNA damage, mediated
through the BH3-only protein Puma, is lost upon tissue-specific
differentiation and is associated with natural expression levels of
Puma.

Pharmacologic Purging of Pluripotent Cells Without
Functional Disruption of Daughter Cell Genomic
Stability or Cardiogenic Potential

A concern limiting the use of DNA-damaging strategies is the risk
of a pharmacologic agent eliciting genotoxic effects and causing
permanent damage to the genome of the tissue-specific prog-
eny. The consequential effect of pluripotent cell purging could
produce accumulation of excessive DNA damage either reducing
the progenitor cell differentiation capacity or unintentionally in-
tensifying their tumorigenic potential. Progenitor cells after 5
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Figure 1. Pluripotent cells are hypersensitive to apoptosis induction in response to DNA damage. (A): MEFs and two embryonic stem cell
lines, CGR8 and R1, were treated with 0, 1, or 100 wM etoposide for 24 hours; stained with annexin V-allophycocyanin (APC); and analyzed by
fluorescence-activated cell sorting (FACS). Histograms from a representative experiment are shown at left. The average apoptotic response of
the indicated cells to increasing concentrations of etoposide (middle) or hydroxyurea (right) is also shown. Curves are the mean of three
independent experiments; error bars represent =SEM. (B): Embryonic fibroblasts from green fluorescent protein/luciferase mice (MEF),
three-factor reprogrammed induced pluripotent stem cells (iPS1), or four-factor reprogrammed induced pluripotent stem cells (4F iPS3) were
treated with 0, 1, or 100 wM etoposide for 24 hours; stained with annexin V-APC; and analyzed by FACS. Histograms from a representative
experiment are shown at left. Average apoptotic response of the indicated cells (five 3-factor iPS clones or three 4-factor iPS clones) to
increasing concentrations of etoposide (middle) or hydroxyurea (right) is shown at right. Curves are the mean of three independent experi-
ments; error bars represent =SEM. (C): IC5, for each of the indicated cell lines to etoposide was calculated using online ReaderFit software and
four-parameter logistic model equation. Data are IC5, = SD. (D): Twenty-four hours after treatment of MEFs or R1 ES cells with DMSO or 10
or 2.5 uM etoposide, respectively, cells were stained with Hoechst 33258 and examined by fluorescence microscopy. Examples of cells
exhibiting apoptotic morphology are marked with white arrowheads. Abbreviations: 4F, four-factor; DMSO, dimethyl sulfoxide; ES, embryonic

stem; Etop, etoposide; IC,, half-maximal inhibitory concentration; iPS, induced pluripotent stem; MEF, mouse embryonic fibroblast.

days of spontaneous differentiation were treated with etoposide
for 24 hours and then incubated in drug-free medium for an
additional 10 days. Progeny formed colonies of surviving daugh-
ter cells similar to those of untreated stem cells (Fig. 4A, upper
panels). Spectral karyotyping revealed no clonal structural or
chromosomal gains or losses (defined as being present in at least
two or three metaphase spreads, respectively) in the cells sub-
jected to treatment (Fig. 4A), demonstrating a normal karyotype
in surviving cells.

Because this strategy preserved the genomic stability of the se-
lected cells, the cardiogenic efficacy of purged progenitor cells
within a spontaneous differentiation population was assessed. R1
ES and iPS5 cells were subjected to spontaneous differentiation for
6 days and then treated with or without an IC,, of etoposide. Live
cells were harvested 24 hours later, and gPCR analysis of several
pluripotency markers (Oct4, Sox2, and Nanog) revealed significantly
lower levels of pluripotency markers than their untreated counter-
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parts after the pulse treatment of etoposide (Fig. 4B). Compara-
tively, the pluripotency levels in treated cells at day 6 (Fig. 4B, darker
red or blue bars) approached those of cells at day 12 of differentia-
tion (Fig. 4B, black bars), demonstrating the reduction in pluripotent
capacity induced by the selective purging treatment.
Furthermore, an extensive analysis of the potential of un-
treated and purged surviving cells to differentiate into a cardiac
lineage demonstrated that both populations were able to
equally yield cardiomyocytes, as visualized by ability of EBs to
spontaneously beat (data not shown), as well as cardiac troponin
and a-actinin expression (Fig. 4C, left). qPCR analysis demon-
strated the retention of cells after etoposide treatment that ex-
pressed the cardiac markers CXCR4, KDR, Mesp1, Mesp2, Mef2C,
Nkx2.5, TBX5, Gata4, MyoCD, Myh7, Myh6, Actcl, and Tnni3,
similar to that of untreated cells (Fig. 4C, middle), whereas flow
analysis demonstrated similar percentages of these populations
that were cardiac troponin-positive (Fig. 4C, right). Together
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Figure 2. The BH3-only protein Pumais responsible for the hypersensitivity of pluripotent cells to apoptosis induction following DNA damage.
(A): After CGR8 or R1 embryonic stem cells or MEFs were treated for 24 hours with dimethyl sulfoxide (DMSO) (—) or 5 M etoposide (+) for
24 hours in the presence of 5 uM Q-VD-OPhe, whole cell lysates were subjected to SDS-polyacrylamide gel electrophoresis, transferred to
polyvinylidene difluoride, and probed with the indicated antibodies against various apoptotic proteins. (B): Total RNA was extracted from
MEF, R1,iPS1-5, and 4F-iPS1-3 cell lines treated for 24 hours with DMSO or 5 uM etoposide for 24 hours in the presence of 5 uM Q-VD-OPhe.
Real-time polymerase chain reaction was performed on cDNA made from each sample using a primer/probe for mouse Puma. Results are
expressed as fold change compared with corresponding MEF sample (see Materials and Methods). Error bars represent +SD of technical
triplicates; results are representative of three independent experiments. (C): Forty-eight hours after infection with the indicated shRNA, R1
cells were treated with indicated concentration of etoposide for 24 hours and then stained with allophycocyanin-annexin V and analyzed by
flow cytometry. Results are the average of three independent experiments. Error bars indicate =SEM. *, p < .05; **, p < .005 in an unpaired
t test. Western blot inset in (C) shows immunoblot of shRNA transfected cells treated with DMSO (—) or 5 uM etoposide (+). Numbers under
lanes represent approximate Puma level as determined through quantification and normalization to loading control using ImageJ software.
Abbreviations: 4F, four-factor; Etop, etoposide; iPS, induced pluripotent stem; MEF, mouse embryonic fibroblast; shRNA, short hairpin RNA.

these data indicate that treatment of a progenitor population of  into tissue-specific lineages. However, harnessing this unique
cells with etoposide limits pluripotent cells in vitro without caus-  therapeutic potential requires a fail-safe strategy to minimize
ing genomic instability or loss of daughter cell differentiation the risk of dysregulated growth of residual pluripotent cells
capability. in the preparation of therapeutic progeny. In this study, we
aimed to use a genotoxic strategy that could selectively purge
pluripotent stem cells from tissue-specific progenitors in vitro
and avoid the risk of uncontrolled cell growth upon in vivo trans-
plantation. Herein we demonstrated that pluripotent stem
cells are hypersensitive to apoptosis induction in response to
DNA damage when compared with their somatic counter-
parts. We have attributed this hypersensitivity to a “priming”
of the pluripotent cells for apoptosis induction through up-
regulation of the BH3-only protein Puma. This selective apo-
ptotic phenotype and the causative agent Puma are both rap-
idly lost upon early stages of spontaneous differentiation.
Notably, we then demonstrated that teratoma-forming cells
could be purged out of a heterogeneous population of differ-
entiating progeny through treatment with a DNA-damaging

These results, recapitulated in both embryonic and induced plu- agent in order to reduce the un(fiesirable effect of dysregllj-
ripotent stem cell lines, indicate the ability to pharmacologically ~ '2ted growth upon transplantation. As the pharmacologic

purge pluripotent cells and eradicate dysregulated cell growth  treatment is genotoxic, we confirmed that the dose and du-
and subsequent teratoma formation. ration of etoposide in vitro did not affect survival or differen-

tiation capacity of remaining tissue-specific or differentiating
progeny. Collectively, these observations not only demon-
strate the utility of exploiting the DNA damage hypersensitiv-
Pluripotent stem cells offer unprecedented potential for regen- ity of pluripotent cells to enhance the safety of transplantable
erative medicine based on an unlimited potential to differentiate progenitor cells as therapeutics, but also identify a critical

Pharmacologic Purging of a Progenitor Population
Decreases Teratoma Formation

To functionally validate the utility of the DNA damage-induced
purging assay, propensity for teratoma formation upon trans-
plantation was assessed. Pluripotent cells compared with day 6
spontaneously differentiated progeny with or without etoposide
treatment were injected through subcutaneous transplantation
into immunodeficient nude mice. After 4 weeks of in vivo growth
of engrafted cytotypes, the size of teratomas formed from R1 ES
cells injected mice was reduced from a median tumor volume of
557 mm? in the untreated group to 25 mm? in the treated group
(Fig. 5A). Examining the iPS cell line, there was also a notable
reduction from 203 mm? in tumor volume without pretreatment
of etoposide to no detectable tumors with treatment (Fig. 5B).

DiscussION
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Figure 3. Differentiation initiates resistance to apoptosis induction in response to DNA damage. (A): MEFs, pluripotent R1 cells, and R1 cells at day
12 post-embryoid body (EB) differentiation were isolated, and whole cell lysates were subjected to SDS-polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene difluoride, and probed with the indicated antibodies. Numbers under lanes represent approximate Puma level as deter-
mined through quantification and normalization to loading control using ImageJ software. (B): Progeny isolated on day 6 or day 11 post-EB formation
were treated with 0, 1, or 100 wM etoposide for 24 hours, stained with annexin V-allophycocyanin, and analyzed by fluorescence-activated cell
sorting. Histograms from a representative experiment are shown at the top right (histograms and curves from MEF and pluripotent R1 from Fig. 1A).
The average apoptotic response of the indicated cells to increasing concentrations of etoposide (top) or hydroxyurea (bottom) is shown at right.
Curves are mean of three independent experiments; error bars represent =SEM. (C): Three-factor reprogrammed induced pluripotent stem cell
clone 5 (iPS5) was differentiated to day 6 or day 10 and treated and assayed as in (A) (curves from green fluorescent protein/luciferase MEF and iPS5
from Fig. 1B). Shown is the average apoptotic response of the indicated cells to increasing concentrations of etoposide (top) or
hydroxyurea (bottom) for 24 hours. Curves are mean of three independent experiments =SEM. Abbreviations: DMSO, dimethyl

sulfoxide; Etop, etoposide; iPS, induced pluripotent stem; MEF, mouse embryonic fibroblast; Pluri, pluripotent.

protein and inducible mechanism of apoptosis responsible for
this stage-specific phenotype.

Accumulating genomic mutations in embryonic stem cells is
unacceptable because of the devastating consequences of trans-
mitting secondary genomic mutations to rapidly expanding pro-
genitor cells within the embryo. Therefore ES cells possess the
phenotype of hyperactive DNA repair to reduce mutational
load by quickly removing any acquired aberrations through
error-free repair [12, 24]. Additionally, upon overwhelming
amounts of DNA damage, the balance within stem cells shifts
from survival through repair to death by apoptosis of dam-
aged cells as an organism-wide protective mechanism [29].
This massive, rapid apoptosis induction occurred consistently
in all pluripotent cell types tested herein and was greatly di-
minished in somatic and differentiated cells of the same ge-
notype. The mechanism of selective hypersensitive apoptotic
response to DNA damage of pluripotent stem cells, especially
to the topoisomerase poison etoposide, has previously been

www.StemCellsTM.com

attributed to the tumor suppressor protein p53 [29]. How-
ever, the actual downstream apoptotic mediators have not
been completely elucidated. Puma is a BH3-only protein that
when activated, through either transcriptional upregulation
or other mechanisms, neutralizes antiapoptotic proteins and
activates the proapoptotic multidomain proteins Bax and Bak
[30]. Western blotting and gPCR data indicated that unstimu-
lated pluripotent cells have higher basal levels of Puma com-
pared with their somatic counterparts [31] and that these
levels are further induced in response to drug treatment. This
differential expression could explain why pluripotent cells are
significantly more sensitive to DNA damage than even embry-
onic fibroblasts. In support of this hypothesis, recent studies
have reported the involvement of Puma in DNA damaged in-
duced apoptosis during reprogramming [32]. These data sug-
gest that the BH3-only protein Puma is a critical downstream
mediator regulating induction of apoptosis in response to
DNA damage in pluripotent cells.
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Figure 4. Pharmacologic treatment of a progenitor population of semidifferentiated cells purges out pluripotent cells while preserving
differentiation capability. (A): R1 ES cells were subjected to differentiation through the hanging drop method. Cells on day 6 post-EB formation
were treated with DMSO or 2.5 wM etoposide for 24 hours. Twenty-four hours after treatment, cells were washed and further incubated in
drug-free media for another 9 days. Surviving cells were harvested at day 9 post-etoposide treatment and analyzed via spectral karyotyping
of mouse chromosomes. (B): R1 (left, red) and iPS5 (right, blue) cells were subjected to differentiation. Cells on day 6 post-EB formation were
treated with DMSO or 2.5 or 0.05 uM etoposide (R1 and iPS5, respectively) for 24 hours. RNA was harvested from pluripotent starting cells,
day 6 post-EB with and without treatment, and day 12 post-EB cells (untreated). cDNA was synthesized and subjected to quantitative
polymerase chain reaction (QPCR) for the pluripotency markers Nanog, Oct4, and Sox2. Data are average fold change of the indicated message
of cells from triplicates = SEM and are representative of three independent experiments. *, p < .05; *#*, p < .005 in an unpaired t test. (C):
R1 cells were spontaneously differentiated and treated as in (A) but subjected to 10 uM etoposide treatment, to provide a more stringent
level of characterization; cells were then harvested 10 days after treatment for RNA extraction and subsequent gPCR with the indicated
primer/probe or harvested and subjected to flow staining for cardiac troponin and analyzed via fluorescence-activated cell sorting. For microscopy,
cells were dissociated and replated onto coverslips on day 13 post-EB for troponin or a-actinin fluorescence staining 48 hours later on day 15. qPCR
data are average fold change of the indicated message of cells from triplicates == SEM. Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; DMSO,

dimethyl sulfoxide; EB, embryoid body; ES, embryonic stem; Etop, etoposide; iPS, induced pluripotent stem.

Concordant with the idea that the BH3-only protein Puma is
the main downstream mediator of hypersensitive, pluripotent-
specific DNA damage-induced apoptosis, this protein was dem-
onstrated to be highly downregulated upon spontaneous differ-
entiation. This decrease should then shift the balance in somatic
or in vitro differentiated cell types back to repair rather than
immediate apoptosis in response to DNA damage. Accordingly,
decreased apoptotic hypersensitivity to DNA damage was ob-
served when pluripotent cells were subjected to spontaneous
differentiation. Presumably this loss of apoptosis in these differ-
entiated cells correlates with a concordant increase in repair
activity and cell cycle arrest in these cells after induction of DNA
double-strand breaks and thus warrants further investigation.
The data herein support the idea that intolerance to DNA-dam-
aging agents is an acquired, selective characteristic of pluripo-
tent cells that is readily lost upon tissue-specific differentiation.

The genomic instability of pluripotent cells has been well
documented [33—-35] and could possibly be further exacerbated

upon introduction of a potentially mutagenic pharmacologic
agent when assessed through spectral karyotyping [36]. How-
ever, when a heterogeneous population of progenitor cells was
subjected to a pulse of etoposide, spectral karyotyping demon-
strated that surviving cells have karyotypes similar to those of
cells not subjected to treatment. These results demonstrate
not only that surviving cells do not accumulate genomic aber-
rations but also that treatment does not impose a selective
pressure and/or advantage on the remaining cells. Interest-
ingly, the IC;4 values for etoposide of the pluripotent cell lines
are near the circulating levels attainable in the plasma of chil-
dren treated for acute lymphoblastic leukemia (1-2 uM) [37].
Because this hypersensitive apoptotic induction in response
to DNA damage is an inherent pluripotent-specific phenotype
and results in robust elimination of pluripotent cells, these
data indicate that the selective phenotype could be exploited
as a titratable assay to target stage-specific elimination of
unwanted cell populations.

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 5. Pharmacologic purging of a therapeutic progenitor population decreases teratoma formation. R1 (A) and iPS5 (B) cells were

subjected to differentiation through the hanging drop method and treated with dimethyl sulfoxide or 2.5 or 0.05 uM etoposide (R1 and iPS5,
respectively) on day 6 post-embryoid body (EB) formation. Twenty-four hours later these cells, as well as pluripotent cells and cells at day 10
post-EB formation, were harvested through trypsinization and washed before 1 X 10° cells were injected subcutaneously into nude mice.
Tumor size was monitored every other day through measurement with vernier calipers. Images at left show representative mice, graphsin the
middle plot tumor size of animals in different treatment groups at day of sacrifice, and images at right show hematoxylin- and eosin-stained
histological sections from a representative day 6 without treatment teratoma. Scale bars = 50 um. Abbreviations: ES, embryonic stem; iPS,

induced pluripotent stem; L, left; Pluri, pluripotent; R, right.

In this study, we demonstrated that eradication of “contam-
inating” pluripotent cells through etoposide treatment does not
cause karyotypic changes in surviving differentiated cells and
does not disrupt the capacity for tissue-specific differentiation.
The stage-specific progenitors obtained by 6 days after in vitro
differentiation yielded consistent cardiogenic progenitors with
structural and functional characteristics expected from bioengi-
neered progenitors despite the low dose of genotoxic purging.
Furthermore, this purging assay significantly reduced the potential
for dysregulated cell growth, as mice injected with cells at day 6
post-embryoid body formation and etoposide treatment demon-
strated a significant reduction in teratoma formation. However,
several mice in the untreated group did form large teratomas, dem-
onstrating the presence of contaminating pluripotent cells within
day 6 progenitors, highlighting the unacceptable risk of untreated
pluripotent stem cell-based strategies. Ultimately, these data dem-
onstrate the efficiency of using DNA damage-induced selective
purging of residual pluripotent cells out of a heterogeneous thera-
peutic cell population to increase the safety of tissue-specific, trans-
plant-ready progenitors by eliminating the risk of teratoma forma-
tion inherent to pluripotent stem cell sources.

CONCLUSION

Although the potential for therapeutic use of pluripotent
stem cells for debilitating diseases is appropriately high-
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lighted, the risk of dysregulated cell growth will continue to
prevent therapeutic translation until safe and effective strat-
egies are established as a fail-safe for clinical-grade applica-
tion. Collectively, our pluripotent cell-purging assay validated
herein demonstrates that pluripotent cells are selectively hy-
persensitive to DNA damage-induced apoptosis as a function
of the specific apoptotic inducer protein Puma. This strategy,
primed for clinical translation, establishes the feasibility and
utility of a teratoma-purging assay based on natural mecha-
nisms required for maintenance of genomic stability and en-
suring healthy embryogenesis.
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