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a  b  s  t  r  a  c  t

Human  pluripotent  stem  cells  (hPSCs)  have  great  potential  in regenerative  medicine  because  they  can
differentiate  into  any  cell  type  in  the  body.  Genome  integrity  is  vital  for human  development  and  for high
fidelity  passage  of genetic  information  across  generations  through  the  germ  line.  To  ensure  genome  sta-
bility, hPSCs  maintain  a lower  rate  of mutation  than  somatic  cells  and  undergo  rapid  apoptosis  in response
to  DNA  damage  and  additional  cell  stresses.  Furthermore,  cellular  metabolism  and  the  cell cycle  are  also
differentially  regulated  between  cells  in pluripotent  and  differentiated  states  and  can  aid  in protecting
hPSCs  against  DNA  damage  and  damaged  cell propagation.  Despite  these  safeguards,  clinical  use  of  hPSC
derivatives could  be compromised  by tumorigenic  potential  and  possible  malignant  transformation  from
failed to  differentiate  cells.  Since  hPSCs  and  mature  cells differentially  respond  to  cell  stress,  it  may  be
possible  to  specifically  target  undifferentiated  cells  for rapid  apoptosis  in  mixed  cell  populations  to  enable
safer use  of hPSC-differentiated  cells  in  patients.

© 2016  Elsevier  Ltd. All  rights  reserved.
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1. Introduction

New possibilities in regenerative medicine have been enabled
by the production of human embryonic stem cells (hESCs) and
the reprogramming of somatic cells into human induced pluripo-
tent stem cells (hiPSCs) [1–4]. Both cell types classify as human
pluripotent stem cells (hPSCs) and each can self-renew indefi-
nitely in culture. hPSCs also have the potential to develop into
all of the mature cells in our bodies, including the germ cells that
pass genetic information on to our progeny. Therefore, protection
against harmful DNA mutations and other heritable lesions is vital
for propagation of our species. Consistent with this fidelity, hPSCs
exhibit a low rate of DNA mutation due to enhanced mechanisms of
DNA damage protection and repair [5–9]. In the event that irrepara-
ble DNA or other forms of heritable damage do occur, however,
suboptimal hPSCs are prevented from replicating by sensitive and
rapid apoptotic mechanisms [10–13]. hPSCs also uniquely regu-
late the cell cycle and cell cycle checkpoints to prevent damaged
cells from further differentiation or cell division [14–16]. In this
review we will examine and discuss the mechanisms employed by
hPSCs to prevent the propagation of damaged cells, which centers
on increased sensitivity to apoptosis triggers. Furthermore, ter-
atoma formation in a rodent is the current gold standard test for
hPSCs, but this occurrence also portends a potential tumorigenic
threat for using hPSC derivative cells clinically [17]. An increased
sensitivity to apoptotic stimuli for hPSCs could enable the selec-
tive removal of cells which fail to differentiate from a therapeutic
cell population. Metabolic differences between hPSCs and their
differentiated progeny are also substantial [18–23], potentially
enabling metabolic selection against hPSCs in cell mixtures. There-
fore, we also examine emerging methods for selective elimination
of hPSCs that do not harm healthy populations of differentiated
cells intended for cell therapies.

2. hPSCs show increased sensitivity to apoptosis

2.1. Mitochondria and BCL-2 family proteins in apoptosis

Apoptosis can be regulated by BCL-2 (B cell lymphoma-2) fam-
ily proteins and their interactions with the mitochondrion. BCL-2
family proteins can be divided into three functional groups: pro-
apoptotic effector proteins BAK (BCL-2 antagonist/killer) and BAX
(BCL-2 associated X protein), a set of pro-apoptotic BH3 (BCL-
2 homology domain 3)-only proteins, and a set of pro-survival
proteins that include BCL-2 itself [24]. BAK and BAX can initiate
the apoptosis cascade by induction of mitochondrial outer mem-
brane permeabilization (MOMP) [25,26]. BAK and BAX are activated
through protein interactions that induce structural changes and
their homo-oligomerization. Activation of BAX causes exposure
of its N-terminal domain and insertion of its C-terminal domain
into the mitochondrial outer membrane, which contrasts with BAK,
which is localized to the mitochondrial outer membrane in both
inactive and active conformations [27–29]. Homo-oligomerized
BAK or BAX forms a pore that causes MOMP  [25,26,30]. MOMP
subsequently leads to the release of pro-apoptotic proteins in the
mitochondrial intermembrane space (IMS), including cytochrome
c, which activates caspase-9 protease in the cytosol [28,31,32].
In turn, caspase-9 activates additional effector caspases, unleash-
ing a cascade of proteases that culminates in apoptotic cell death

[24,33,34]. BAK and BAX have overlapping roles in apoptosis, but
differ in their mechanisms of activation [36–38]. Bak or Bax knock-
out mice have limited abnormalities, whereas a double knockout
of both Bak and Bax is perinatal lethal due to defects in apoptosis
induction [35]. In somatic cells, inactive BAX is located in the cyto-
sol until an apoptotic stimulus causes BAX to interact with p53
or BH3-only proteins, activating BAX [27,39–41]. BH3-only pro-
teins can directly bind and activate BAK or BAX, or they can bind
and neutralize pro-survival BCL-2 family member proteins. When
pro-survival BCL-2 proteins are not bound by BH3-only proteins,
they can bind directly to activated BAK or BAX, inhibiting their
pro-apoptotic activities [24]. Additional proteins can also interact
with BCL-2 family member proteins to sensitize or deaden cellular
responses to apoptosis induction [40,42–44]. Therefore, the cellu-
lar apoptotic threshold is a complex balance between pro-survival
and pro-apoptotic proteins and their interactions.

2.2. Differential roles of BAK and BAX

Some hESC lines show a unique pattern of BAX regulation dur-
ing S-phase of the cell cycle, poising these lines for rapid apoptosis
induction upon DNA damage. In these lines, during S-phase BAX is
sequestered in the Golgi apparatus in its activated conformation,
held away from the mitochondrion. Cell stress from DNA damage
causes a rapid p53-dependent translocation of active BAX from the
Golgi to the mitochondria by an unknown mechanism, causing apo-
ptosis (Fig. 1). By maintaining BAX in its active conformation in the
Golgi, certain hESC lines bypass the BAX activation step and are
‘primed’ for a cell death response [11]. It is not yet known, how-
ever, how active BAX is localized to the Golgi and what holds it
there prior to p53-dependent translocation to the mitochondrion.
Active BAX forms homo-oligomers and pores activating MOMP [25]
making it unclear whether active BAX also causes pore formation
in the Golgi membrane stack and, if not, what prevents pore for-
mation or oligomerization. Active BAX is detected by an antibody
that recognizes its exposed N-terminal domain [11], but it is not
known whether this antibody-detected conformational change is
sufficient for BAX activity. The H1 hESC line lacks Golgi-localized
active BAX but still exhibits hypersensitivity to apoptosis induction
that is typical of other hPSC lines [10,11,45]. One interpretation of
this data is that hPSC hypersensitivity to apoptosis may  be inde-
pendent of active BAX in the Golgi, or there may be additional
mechanisms of hypersensitivity. In addition, whereas BAX has a
key role in the apoptotic response of hPSCs to DNA damage, BAK is
actually more important in response to other apoptotic insults and
cell stresses. For example, the induction of rapid apoptosis in hPSCs
by transcriptional inhibition using actinomycin D depends more on
BAK than BAX [10]. Overall, some hPSC lines localize active BAX to
the Golgi [11], but this unique localization is not required for apo-
ptosis hypersensitivity in all hPSC lines, raising questions about its
role in mitochondrial priming of hPSCs for apoptosis.

2.3. Enhanced mitochondrial priming in hPSCs

hPSCs also undergo rapid apoptosis with activation of
the unfolded protein response and transcriptional inhibition
[10,12,13]. These data strongly suggest that hPSCs are hypersen-
sitive to multiple and perhaps all activators of mitochondrial-
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