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Abstract: Cellular stress is the basis of a dose-dependent continuum of responses leading
to adaptive health or pathogenesis. For all cells, stress leads to reduction in
macromolecular synthesis by shared pathways and tissue and stress-specific homeostatic
mechanisms. For stem cells during embryonic, fetal, and placental development, higher
exposures of stress lead to decreased anabolism, macromolecular synthesis and cell
proliferation. Coupled with diminished stem cell proliferation is a stress-induced
differentiation which generates minimal necessary function by producing more
differentiated product/cell. This compensatory differentiation is accompanied by a second
strategy to insure organismal survival as multipotent and pluripotent stem cells
differentiate into the lineages in their repertoire. During stressed differentiation, the first
lineage in the repertoire is increased and later lineages are suppressed, thus prioritized
differentiation occurs. Compensatory and prioritized differentiation is regulated by at least
two types of stress enzymes. AMP-activated protein kinase (AMPK) which mediates loss
of nuclear potency factors and stress-activated protein kinase (SAPK) that does not. SAPK
mediates an increase in the first essential lineage and decreases in later lineages in
placental stem cells. The clinical significance of compensatory and prioritized
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differentiation is that stem cell pools are depleted and imbalanced differentiation leads to
gestational diseases and long term postnatal pathologies.

Keywords: embryonic stem cells; trophoblast stem cells; stress; oxidative stress;
ER stress/unfolded protein response; genotoxic stress; SAPK/INK; AMPK; differentiation

1. Introduction and Summary of Goals for the Review

Stress is the basis of adaptation and pathology. Thus an understanding of stress gives insight into
how cells and organisms remain alive and healthy but may also mortgage their futures as part of the
immediate response to stress. This review will analyze basic areas of the stress response with
knowledge derived from adult somatic cell responses and the emerging field of stress responses in
stem cells of the early conceptus; embryonic and placental trophoblast stem cells (ESC and TSC,
respectively). For early stem cells, stress-induced differentiation is an organismal survival strategy in
response to stress exposures which limit stem cell population expansion. This leads to more required
differentiated function/cell and increases early lineages while suppressing later ones.

2. What Is Stress? General Elements of Cellular Stress
2.1. Stressors

Organisms from unicellular prokaryotes to multi-cellular eukaryotes are constantly exposed to
conditions that cause acute stress (due to transient environmental changes) or chronic stress (due to
long-term fluctuations in maternal or environmental factors). Cells respond to many stresses through
changes in metabolic state, secretions and gene expression [1]. These stressors consist of nutrient
depletion, depletion of ATP [2], low oxygen condition [3,4], oxidative stress [4], heat shock or
hyperthermia, high osmotic exposure [5,6], DNA damage caused by exposure to UV radiation or
anticancer therapeutics and nuclear envelope stress ( involving changes in expression level of
components and their distribution) [7], cold treatment or hypothermia [8], baric stress [9], heavy metal
stress (enhancing cytotoxicity mostly via oxidative stress in addition to their own mechanisms of
action) [10], changes of cellular metabolism induced by cancerous transformation [11],
pro-inflammatory cytokines [12], mechanical stress [13] and stress hormones [14]. Thus cells are
exposed to a wide array of insults and the cellular stress responses are important in regulating cell
function or fate.

2.2. Adaptive Responses

A first set of cellular adaptive responses to stress consists of a decrease in almost all
macromolecular syntheses; normal proteins, RNA, fatty acids and DNA and increase in synthesis of a
group of stress proteins, which is probably regulated by cytoskeletal changes occurring during stress.
This phenomenon is highly evolutionarily conserved [15]. The stress proteins act by controlling cell
cycle, repairing damaged proteins and folding them back to the native state, regulating gene
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transcription, antioxidant function and controlling mitogenesis [16]. These adaptive responses include
the heat shock protein (HSP) family [17] and the thioredoxin system [18]. It has been claimed that the
cells regulate about 44 stress proteins as core mediators out of 368 gene products, known to be
evolutionarily conserved among the archaea, the eubacteria and eukaryotes [19-22] in comparison
against the whole human proteome, which reflect different aspects of the stress response; for example,
molecular chaperone DnaK (HSP70) and DnalJ (HSP40), MutS/MSH (a component of the eukaryotic
mismatch repair machinery), DNA topoisomerase III, Lon (a stress-induced ATP-dependent protease),
Glutathione reductase, efc. [19,20]. Some regulatory RNAs (micro-RNAs) have emerged that
contribute to these mechanisms as well [21,22]. Thus the cellular stress response is a complex
mechanism set which involves a variety of cellular functions.

Most members of the HSP family are synthesized under normal conditions of growth before stress.
We call this stress response pathway a cellular/organismal “health insurance policy”, as health
insurance (stress response mechanisms) are produced while cells are healthy and replete with energy
before stress. Obviously the molecules synthesized prior to the stress response do not just sit around in
a static state before stress. They are involved in cell proliferation, signal transduction, anti-apoptotic
functions, growth factor and cytokine-like effects [23] and also protein folding, assembly,
translocation, and degradation [24]. This indicates that these proteins regulate physiological functions
as well as cell stress responses.

A second set of adaptive responses (cellular homeostasis responses) initiate during cellular stress.
This set of responses is stressor-specific with a slower onset, which is involved in re-establishing
homeostasis when healthy cells survive the initial period of stress, and continue until conditions
change again. For example, during exposure to hypertonic stress, transporters become activated and
enzymes function more, so that they control the accumulation of compatible organic tissue— specific
osmolytes to counterbalance extracellular hypertonicity [19,25]. Thus cell responses to environmental
stressors can be considered as homeostasis responses specific to those stressors but which incorporate
signaling pathways that are shared between stressors (Figure 1).

2.3. Stress Outcomes

The changes initiated by stress may last for hours to days according to the effect of stress on the
biochemical environment and gene expression [26]. Stress may result in epigenetic modifications
(DNA methylation and histone methylation, phosphorylation and acetylation), which change the
expression of the genes without altering the DNA, or genomic changes may occur due to single-strand
or double-strand breaks and structural rearrangements [27]. These alterations can be passed on to
daughter cells in the cell lineage and some groups of proteins such as Polycomb-group (PcG) and
Trithorax-group proteins (trxG) are, respectively, involved in remembering and maintaining the silent
or active pattern of expression of associated genes [28]. Thus DNA-damaging agents, and other
stressors, may lead to some changes which can be maintained in many cell generations.

Stress response initiates by upregulation of HSPs mediating refolding of damaged proteins as well
as maintaining genomic integrity via nucleotide excision repair (NER) [29-31]. If anti-stress
mechanisms are not successful, intracellular proteins become denatured and insoluble, tending to
aggregation and precipitation. Denatured proteins are not functional and must be eliminated. When a
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protein is un-repairable, a signal can be sent to the HSPs by some modifications such as carbonylation
(irreversible protein oxidation). The HSPs which are ubiquitin-dependent proteases will cause
degradation of the damaged proteins. There are mediating proteins that can switch adaptive responses
to apoptosis i.e. in DNA damage response, ataxia telangiectasia mutated (ATM) is recruited to sites of
broken DNA and phosphorylates checkpoint kinase 2 (Chk2) and subsequently p53. In sub-lethal
damages, survival pathways are engaged via p21-mediated cell cycle arrest but if the damage is too
severe pro-apoptotic p53 target genes become activated which promote apoptosis [32]. So cells can
respond to stress, depending on the level and mode of stress, in various ways ranging from the
activation of survival pathways and adaptation in mild stresses to the initiation of cell death in the

severe stresses.

Figure 1. Stem cell adaptive response. Cell will respond to stressors in different ways,
through reducing the macromolecular production and increasing the heat shock protein
synthesis, in parallel with some stressor-specific responses. These adaptations are in favor
of cell survival otherwise the apoptotic pathways become activated, leading to cell death.
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2.4. Stressed Stem Cells

There are different types of cell in normal adult tissues which are organized in a hierarchal manner
to sustain tissue integrity and function. Multipotent adult stem cells locate at the top of the hierarchy
and give rise to progenitor cells and differentiated cell types with specific functions [33]. These cells
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respond differently to the same exposure due to varying state of differentiation and degree of
protection and repair [34]. Pluripotent embryonic stem cells differentiate into all tissues of the embryo
and have highly efficient mechanisms to repair any DNA damage resulted from stressors. Stem cells
are proficient in antioxidant defense but several antioxidant and stress-resistance genes become
down-regulated during early steps of differentiation into embryoid bodies [35]. Oct4 (octamer-binding
transcription factor 4), also known as POUSF, is necessary for the maintenance of the embryonic stem
cell phenotype and pluripotency (through splicing variant Oct4A) as well as stress resistance and
response pathways (through splicing variant Oct4B) [36—38]. The expression of this transcription
factor is also down-regulated during differentiation of stem cells [39].

Stem cells in the early embryo may give rise to large clones of mutant cells if DNA damage is not
repaired. Interestingly stem cells in the irradiated blastocyst attempt DNA repair, but the most rapidly
proliferating stem cells in gastrulation undergo apoptosis at the same irradiation dose [40]. There is a
lack of a G1 checkpoint in embryonic stem cells so that mutated cells can progress into S-phase, where
the damage can be exacerbated, and this leads to cell death [39,41]Thus stem cells in the embryo have
enhanced mechanisms to prevent and repair DNA damage or kill damaged stem cells and they are
different from somatic cells in terms of their capacity to repair or alternatively to lead in apoptosis.

We discussed two types of stress response, decreased macromolecular synthesis and hormesis of
tissue- and stress type-specific stress responses that rescue the stressed cell. During development,
pluripotent and multipotent stem cells have a third type of stress response. They differentiate when
stress diminishes stem cell population expansion, and they differentiate to earliest lineage while
suppressing later lineages. We found that hyperosmolar stress causes dose-dependent and
time-dependent changes in embryo growth and stem cell accumulation as well as apoptosis, as shown
in Figure 2, e.g., 200 mM dose of sorbitol caused stasis of placental trophoblast stem cell (TSC)
population size expansion and cell accumulation [42,43]. The stress enzyme stress-activated protein
kinase (SAPK) is activated over a long dose range in a sigmoidal dose response for sorbitol [5] and
other stressors [3,44,45]. When this occurs SAPK-dependent differentiation is mediated by heart and
mesoderm inducer (Handl) transcription factor [46]. As stem cell accumulation diminishes, SAPK-
dependent differentiation increases. Handl normally mediates induction of the first TSC-derived
lineage after the embryo implants into the uterus but stress rapidly induces Handl and the Handl-
dependent placental lactogen (PL) 1 protein markers of this first lineage. The induction of the first
lineage is not limited to PL1 but a global analysis shows that many markers of the first lineages are
induced by 24 h of 400 mM sorbitol [6]. The early global response in the first 30 minutes is
accompanied by decreased mRNA synthesis, in agreement with the known early stress-induced
decreases in macromolecular synthesis.

Cultured in 400 mM sorbitol, TSC mounted a massive differentiation to the first lineage but lost the
ability to recover between 4 and 24 h. Embryos resisted 1,000 mM sorbitol for more than a day before
their demise [43] whereas stem cells die within hours of addition of 1,000 mM. Time- and
dose-dependent responses to stress, cell cycle arrest, apoptosis and SAPK induction and role are
similar in stem cells and somatic cells but embryos can tolerate particular levels of hyperosmolar stress
for days while somatic cells may go to die within a few hours of exposure.
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Figure 2. S-shaped curve for compensatory and prioritized differentiation with a reverse
S-shaped curve for stem cell accumulation. As the dose of hyperosmolar stress (sorbitol)
increases, the stem cell accumulation rate decreases (C.) but the stress enzyme (SAPK)
activity level (B) and differentiation marker (Hand 1) (A) level rise. Standard error of the
mean was between 1%-8% of the mean. Red bars in (A) and (C) show range of

stress-induced differentiation.
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There are two unique properties which belong to stem cells of the embryo and placenta known as
"compensatory differentiation" and "prioritized differentiation" [47]. When stress occurs at low doses,
stem cell accumulation rates are not significantly diminished and apoptosis is not significantly
increased and stem cells will survive by using adaptive mechanisms, but at high doses of stress, stem
cells cannot proliferate sufficiently and stress induces a special kind of differentiation to fulfill an
essential function in development (e.g. differentiation markers such as Hand1 and PL1) [6,44,46], as
shown in Figure 2. Moreover, stress at lesser exposures induces only stem cell survival but greater
exposures that diminish stem cell accumulation rates also induce organismal survival through tightly
linked compensatory and prioritized differentiation of stem cells. Thus there is a threshold where stem
cells transition from cellular survival to organismal survival and prioritized differentiation allows stem
cells to adapt to stress through induction of early essential differentiated lineages and suppression of
later essential differentiated lineages [48].

A specific example of compensatory differentiation occurs when hyperosmolar stress induces
AMP-activated (AMPK) stress enzyme-dependent phosphorylation and inactivation of the anabolic
enzyme acetyl CoA carboxylase (ACC, a product of the ACACA gene) at low hyperosmolar sorbitol
doses (Figure 3). But only at higher stress doses does AMPK mediate loss of Inhibitor of
Differentiation (ID) 2 protein. It is at this higher dose range of stress that TSC population expansion is
significantly diminished. ID2 is necessary during normal development as ID2 blocks Hand1-dependent
PL1 induction. Thus higher levels of stress induce AMPK-dependent loss of ID2 and SAPK-dependent
gain of Hand1 and Hand1-dependent PL1 induction when stem cells populations don’t expand normally.
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Figure 3. S-shaped curve for low dose stem cell survival and high dose organismal
survival through compensatory differentiation. At low concentrations of Sorbitol, stem cell
population size (D) and Inhibitor of differentiation (ID2) level (A) are not significantly
changed but AMPK-dependent phosphorylation of ACC and inactivation of its anabolic
activity do occur at low doses (C). At higher doses the accumulation rate decreases (D) and
AMPK-dependent (B) decrease in Inhibitor of differentiation (ID2) protein level leads to
induction of differentiation. Standard error of the mean was between 1%—-8% of the mean.

Red bars in (A) and (D) show range of stress-induced differentiation.
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3. Effects of Oxidative Stress on Stem Cells

3.1. Reactive Oxygen Species

1203

Our body is constantly stimulated by reactive oxygen species (ROS) which are either produced by

energy—deriving oxidative metabolism endogenously or following exposure to the chemicals,

low-level radiation and other insults [33]. In most cells, under most conditions, the mitochondria, ER,
and peroxisomes are the major source of ROS [49,50]. ROS can be involved in physiological functions

such as regulation of vascular tone, ventilation, cell adhesion, immune responses, programmed cell
death and signal transduction from membrane receptors [51]. On the other hand ROS can damage all
major cellular constituents at high concentrations [51,52]. An antioxidant defense system has evolved

that holds these in balance. However, this balance can be perturbed and result in oxidative stress.
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3.2. Oxidative Stress Outcomes

Minor disturbances lead to homeostatic adaptations whereas major perturbations may lead to
damage and cell death through apoptosis or necrosis. Under conditions of stress, nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) becomes activated, translocates to the nucleus
and induces expression of pro-inflammatory molecules and cytokines [53]. The cells may respond to
stress through a family of mitogen-activated protein kinases (MAPK), p38 MAPK and stress-activated
protein kinase—c-Jun amino terminal kinases (SAPK-JNK) which regulate cell proliferation,
differentiation, apoptosis, migration and cytoskeletal integrity. ROS causes lipid peroxidation in the
plasma membrane (associated with loss of fluidity and function, activation of the apoptotic cascade),
protein oxidation (led to abnormal protein folding, protein aggregation) and cell death. ROS
imbalances may lead to disturbance of intracellular Ca2+ homeostasis, which maintains the function of
protein-folding machinery, and the accumulation of misfolded proteins within the lumen of
endoplasmic reticulum [54,55]. Also DNA can be attacked and mutated or aberrant gene expression
may result. There are some interactions between oxidative and other forms of cell stress, such as
endoplasmic reticulum (ER) stress [56]. So oxidative stress induces various cellular responses
depending upon the severity of the insult and the compartment in which the ROS are generated [19].

3.3. Stressed Stem Cells

Throughout the lifetime of the organism, pluripotent or multipotent stem cells divide and expand
the pool through self-renewal as well as giving rise to differentiated mature cells. They are exposed to
various stressors over a long period of time such as oxidative stress and ROS. As mentioned earlier,
the antioxidant system and adaptations; residing in areas of low oxygen and relying on glycolysis
rather than mitochondrial metabolism [57], result in protection of the stem cells from oxidative
damage [4]. These properties help the stem cells maintain their full pluripotency otherwise they tend to
undergo apoptosis or differentiation (in embryonic and trophoblast stem cells) [48]. In summary, stem
cells often reside in a low O, niche (the lower end of a 1%-9% range, depending on the specific
environment and tissue) which maintains a slow cycling stage and reduction in mitochondrial
respiration and ROS accumulation. This slow-cycling proliferation is mentioned with regard to the
hematopoietic stem cells. It has been proposed that average O2 tension is very low in BM blood and in
such areas the proliferation of stem cells is almost blocked (as mitochondrial respiration seems to be
essential for entering a mitotic cycle) but growth factors sustain long-term maintenance of stem cells
through stimulation of glycolysis and better oxygenated areas would allow proliferation of more
differentiated progenitors. Hypoxia promotes “stemness” through regulation of factors and molecules
involved in differentiation of stem cells [58—61], e.g., expression of Oct-4 is essential for maintenance
of the undifferentiated state and it will be down-regulated when stem cells differentiate. Oct4 is
sensitive to oxidation and under oxidative stress conditions, its DNA-binding ability changes. An
important regulator of the redox state of this transcription factor is Thioredoxin (Txn) which restores
the DNA binding capability of Oct4. It has been shown that an oxidizing agent (e.g., Diamide) can
abolish the DNA-binding ability of Oct4 but by increasing the concentration of pure recombinant Txn,
this effect can be reversed and the Oct4 binding ability will be restored. Thioredoxin is necessary for
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full Oct4 activity and without that, even small amounts of oxygen will disrupt its activity (e.g.,
preventing the early embryonic development and inner cell mass to form proper lineages) [62,63].

Txn knockout mice have been studied and Txn (-/-) embryos showed defects in trophoblast
outgrowths, hatching and proliferation of Inner cell mass (ICM), in vitro. Homozygosity for the Txn
null mutation resulted in lethality at the peri-implantation stage. The failure of Txn activity in
knockout mice probably makes the ICM cells more vulnerable to ROS and this contributes to inability
of ICM cells to proliferate despite of trophoblast-induced decidual reaction [64,65]. Under in vitro
conditions, the concentration of oxygen is higher than that in vivo which results in retarded growth and
developmental blockage of embryos due to damage to embryonic cells by oxygen radicals while it’s
not seen in vivo. It has been observed that Txn promotes the development of mouse embryos in vitro.
By increasing the concentration of Txn in the culture media (50 pg/mL thioredoxin 4.2 pmol/mL), the
number of embryos at the four-cell and blastocyst stage increased significantly, compared with culture
in basic medium, and then decreased gradually at higher concentrations [66]. Thus, Txn plays an
important role in cell viability, embryo growth and development during peri-implantation embryonic
development.

3.3.1. Optimal O, Level in Cultures

The study of Hematopoietic stem cells (HSC) has shown that ROS has no effect on the number of
progenitors but inhibits the repopulating of stem cells [67]. In addition to loss of the self-renewal
ability, HSCs are also prone to genomic alterations and significant chromosomal instability (nearly
50% aneuploid cells after 2 day in vitro culture under normoxic conditions, 20% O;) [68]. So
optimization of culture conditions by controlling the oxygen levels should be considered in ex vivo
expansions of HSCs, as well as ESCs, and bone-marrow derived mesenchymal stem cells
(MSCs) [69,70].

It has been shown that placental trophoblast stem cells (TSC) are cultured optimally at 2% O, [4]
with fibroblast growth factor (FGF) 4 present. FGF4 is synthesized in the inner cell mass of the
blastocyst [71] and is necessary to maintain adjacent polar trophectoderm TSC and TSC in
culture [4,72,73]. At 2% O; cell accumulation is high, pSAPK activity is low, multipotency markers
are high and differentiation markers; e.g., heart and mesoderm inducer transcription factor (Hand1) are
low, as shown in Figure 4.

As in Figure 2 where hyperosmolar stress induces an S-shaped response and a reverse S-shaped
curve for growth, SAPK activity is inversely proportional to growth rate. Highest growth and potency
are associated with lowest stress and the optimal conditions for the stem cell program. As the milieu
deviates from the optimum SAPK activity and SAPK-mediated prioritized differentiation increases.

At 20% O,, accumulation rate and multipotency markers are lower but pSAPK activity and
differentiation markers are higher. Accumulation rate and multipotency markers are lowest at 0—0.5%
O,, whereas pSAPK activity and differentiation markers are highest and there is a change in balance
moving from multipotency toward compensatory differentiation [3,4]. The TSC response to incorrect
oxygen stress displays a biphasic or U-shaped curve which is termed hormesis (a low-dose stimulation/
high-dose inhibition manner) [23-25]. As mentioned above, at 2% O, cell accumulation and
multipotency markers are much higher for TSC compared with either 20% O, or 0—0.5% (0.5% O, will
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continue to favor differentiation). Stressors force the system to work harder and maintain the cellular
homeostasis (low-dose stimulation), even may lead to overcorrection, but at higher doses of stress, this
system is unable to respond properly because of an overload on it. This may be due to
high-dose inhibition differentiation through increased potency or mitochondrial insufficiency at
low O, levels.

Figure 4. U shaped curve for prioritized differentiation. At 2% 02, Cell accumulation rate
is highest and SAPK activity is lowest. At 0-0.5% O2, the accumulation rate is lowest and
SAPK activity is highest. As O2 moves from 2%, SAPK leads to increase in earlier
lineages (through Handl) and to decrease in later lineages. Standard error of the mean
was between 1%—-8% of the mean. Red bars in (A), (B), and (C) show range of
stress-induced differentiation.
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3.3.2. ATP Production in Stem Cells

Mitochondrial oxidative phosphorylation (OxPhos), via the electron transport chain (ETC), is the
main ATP and energy source in the cells and ROS are respiration by-products. It is shown that in the
pluripotent stem cells (PSC), generation of ATP mainly relies on glycolysis rather than OxPhos in
differentiated cells [74]. The prevention of glucose oxidation and glycolysis promotion in PSC is
regulated by Uncoupling protein 2 (UCP2) which suppresses the channeling of glycolytic flux into the
Krebs cycle and decouples respiration from ATP synthesis, attenuates ROS accumulation, maintains
genomic integrity and cell viability. UCP2 is significantly higher in PSCs than in differentiated cells
and will be repressed by stimulation of cells to differentiate which is necessary for shifting from
glycolysis to mitochondrial OxPhos in parallel with ROS accumulation [75].

3.3.3. Diverse Adaptive Responses and Pathways in HSC and ESC

It has been claimed that elevation of ROS increases expression of the cell cycle inhibitors p16™*

and p19*™, which induce loss of the HSC compartment, and this is not the case for the differentiated
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cells [67]. This up-regulation is managed by p38 MAPK that limits the lifespan of HSCs [76]. ROS
can also induce SAPK/INK-dependent altered differentiation of hematopoietic stem cells in
drosophila [77], mediated by suppression of polycombs and PRC2 mediated promoter methylation.
Similarly SAPK also mediates a necessary suppression of polycombs in wounding stress-induced
altered methylation in drosophila imaginal disk stem cells [78].

Ataxia Telangiectasia Mutated (ATM) gene, which encodes for a large serine/threonine protein
kinase, is involved in the self-renewal of human stem cells through suppression of ROS generation.
Atm kinase becomes activated by DNA damage and contributes to genomic stability by
phosphorylation of effector molecules [67,79].In Atm-deficient mice, early-onset bone marrow failure
will develop due to functional defect in HSCs but not in differentiated cells. Elevated ROS results in
DNA damage and genomic instability in Atm-deficient HSCs as well as activation of p38 MAPK
which induces the cell cycle inhibitors p16 ™* and p19*™and slows self-renewal [80]. Atm is one of
the genes that are expressed less in Octl deficient cells. Octl is widely expressed in adult and
embryonic tissues and shares a significant homology with Oct4. Atm contains near-perfect octamer
sequence which is an Octl binding site and can be regulated via this protein under stress conditions.
Octl-deficient fibroblasts are hypersensitive to stressors such as y-radiation which can be due to
misexpression of Octl target genes [81,82]. It is likely that Oct4 function in pluripotent stem cells is
similar to Octl function in adult somatic cells.

The forkhead O (FoxO) family of transcription factors upregulates the genes involved in
detoxification of ROS and ROS effects, such as Magnesium superoxide dismutase (MnSOD), Catalase
and Growth arrest and DNA damage induced proteins (Gadd45), This protects the hematopoietic stem
cells from oxidative stress. Following DNA damage, expression of the Gadd45 protein is induced
which modifies DNA accessibility on damaged chromatin and interacts with Proliferating cell nuclear
antigen (PCNA), a protein involved in DNA replication and repair [83]. It has been shown that
Oxidative stress activates the Gadd45 promoter in a FoxO-dependent manner [84]. Loss of FoxO3 in
Foxo3a mice is correlated with decreased levels of SOD, catalase and increased p38MAPK
activation so that stem cell function is impaired in FoxO-deficient animals due to ROS accumulation
and p38 MAPK activation [85,86]. Thus FoxOs may take part in modulating the survival or properties
such as self- renewal and differentiation of stem cells.

Ionizing radiation induces oxidative stress in HSCs and may lead to genomic instability in the
descendants of irradiated HSC as well as neighboring un-irradiated stem cells which receive the ROS
signals. Studies have shown that characteristic of radiation responses are also seen in non irradiated
cells (descendants of irradiated cells due to genomic instability and neighboring unirradiated cells due
to communication between these cells, receiving signals which are called radiation-induced bystander
effects. It was shown that macrophages are the source of the signals, mediating the bystander effect
and TNF-a signaling is implicated in the mechanism) [87]. Increased production of ROS is attributed
to the increased function of mitochondria [88] and also through activation and induction of
Nicotinamide adenine dinucleotide phosphate oxidase (NOX). Thus exposure of stem cells to
oxidative stress coupled with up regulation of NOX results in increased production of ROS and
mediates genomic instability (Figure 5) [89].

There are high levels of p53 expression in undifferentiated ESC which result in apoptosis in
response to oxidative stress, but differentiated cells have lower levels of pS3 and are relatively stress
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resistant [90]. In the absence of p53, the surviving stem cells may carry cellular damages such as DNA
breaks and pass it on to the differentiated cells. So this damage (which normally must trigger the p53
dependent pathway) may initiate delayed p53-independent mechanisms (e.g., other p53 family
members such as p63, p73) to limit long term survival of damaged cells [91]. It has been shown that in
p53-/- embryos, the p53 independent pathways are responsible for preventing persistent genetic lesions

in differentiated cells.

Figure 5. Oxidative stress and adaptive responses. Genomic stability mediated by ATM is
promoted through activation of cell cycle inhibitor checkpoint kinase 2 (Chk2) and DNA
damage response protein and histone variant H2AX. FoxO family regulates ROS
detoxification and DNA repair by Catalase, MnSOD and GADDA45 that lead to cell
survival. Under stress conditions, the NOX enzyme may be induced and result in increased
ROS production and genomic instability. Under higher levels of ROS, cycle inhibitors
p16™* and p19*™" may become upregulated through p38 MAPK which promote apoptosis

of damaged cells.
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In summary, oxidative stress can change the fate of stem cells. At low doses of ROS, stem cells can
adapt and the cellular stress response may even lead to overcompensation so that the cells become
more resistant to the following insults. But at higher doses of stress, the antioxidant system may
become overwhelmed and the cells go under apoptosis. Stem cell niches are microenvironments with
low level of O, and decreased level of ROS exposure. After exposure to different doses of O,, we can
see a dose-response relationship which is displayed in a U-shaped curve known as hormesis. There is a
variety of regulatory proteins which are involved in cellular homeostasis insulted by oxidative stress
such as Oct4, ATM, FoxO, GADDA45, efc. We know that the embryonic stem cells and trophoblast
stem cells react differently and when they are insulted by the stressor, the population expansion
decreases and the multipotency markers decrease. On the other hand there will be a transition from
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cellular survival to organismal survival and the stem cells adapt through compensatory and prioritized
differentiation which induces essential early lineages and suppress later lineages [48].

4. Effects of ER Stress on Stem Cells. Prioritized Differentiation is an Adaptive Response
4.1. The Endoplasmic Reticulum and Stress

The endoplasmic reticulum (ER) plays essential roles in multiple cellular processes such as Calcium
homeostasis, lipid biosynthesis, folding and post-translational modification of proteins (facilitated by
molecular chaperones and a variety of enzymes). ER stress occurs due to disturbances by oxidants or
reducing agents, hypoxia, glucose deprivation (interfering with N-linked protein glycosylation),
disturbances of Ca2+ regulation (impairing the functions of Ca2+-dependent ER chaperones), viral
infections and high fat diet [92,93], resulting in an imbalance between the load of proteins facing the
ER and the ability of this organelle to process them (Figure 6). Thus ER handles a certain load of
proteins, set by developmental and physiological demands. Under stress conditions, ER is not able to
do this properly and this causes protein unfolding and misfolding due to lack of disulfide bonding or

glycosylation, ineffective chaperones and other disturbances.
4.2. ER Stress Response Pathways

The ER stress response involves three main components. First, ER stress can promote upregulation
of the genes encoding ER chaperones. This process is called Unfolded Protein Response (UPR). IREI
is the central enzyme in this type of response (UPR) which is composed of a luminal domain which
sense misfolded protein overload in ER and a cytoplasmic portion with kinase and endoribonuclease
activity. Following the stress, RNase activity of the cytoplasmic domain results in X-box-binding
protein-1 (XBP-1) mRNA splicing and produces a competent XBP1 protein that increases transcription
of genes that augment UPR target genes encoding for chaperones [94,95]. Thus this pathway results in
production of components which increase ER protein-folding capacity. On the other hand, it has been
shown that there are ER-targeted mRNAs (encoding plasma membrane and other secreted proteins)
whose repression is dependent on IRE1 but not on XBP-1. These proteins traffic through the ER (not
involved in ER function) and IRE1-dependent repression of these proteins is well-suited to relieve ER
stress by preventing the translation of proteins targeted to the ER [96].

Second, cells may adapt to ER stress through repression of protein biosynthesis. A kinase called
pancreatic ER kinase or PKR-like kinase (PERK), also composed of a luminal region and a
cytoplasmic domain, can sense the presence of unfolded proteins through the luminal part and links the
stress to the eukaryotic initiation factor2a (elF2a) phosphorylation, through kinase activity of
cytoplasmic domain, which in turn will decrease mRNA translation and protein synthesis [97,98]. This
pathway leads to a decrease in production and load of proteins facing ER during the response to
existing unfolded proteins. In addition elF2a phosphorylation leads to transition of mRNA from
ribosomes to stress granules that are marked by HuR. This is an important feature of many stress
responses besides the UPR, and insures that the high synthetic cost is avoided that would come from
destroying and then re-synthesizing mRNA during stress and stress reversal.
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Activating Transcription Factor 6 (ATF6) is the third component. Accumulation of unfolded
proteins in the ER, results in relocation of this membrane-bound factor to the Golgi apparatus and
cleavage by Site-1 protease (SI1P) and Site-2 protease (S2P). The released domain of ATF6 enters the
nucleus and activates chaperone proteins encoding genes such as Glucose-regulated protein 78 and 94
(GRP78, GRP94) and Calnexin. The active form of ATF6a cooperates with XBP-1 to induce UPR
target genes [94,99].

Thus, under exposure to ER stressors, PERK controls translation, whereas IRE1 and ATF6 control
activated gene expression. These processes are completed by ER-associated protein degradation
(ERAD) which mediates the retro-translocation of unfolded proteins from the ER lumen into the
cytosol and promotes degradation by the proteasome. Therefore, ERAD helps other UPR targets such
as chaperones by removing misfolded proteins from the ER [100]. An alternative mechanism for
degrading severely misfolded proteins is Autophagy which is a catabolic process for the degradation
and recycling of cytosolic, long lived or aggregated proteins and excessive or defective organelles. In
this process, organelles can be degraded through packaging of ER membranes into autophagosomes
and degradation by fusion to vacuoles [101].

Figure 6. ER stress responses. Different signaling pathways are involved which promote
production of chaperones to fold back the unfolded proteins ( IRE1, ATF6) or reduction of
protein synthesis (PERK) to decrease the work load on ER. ERAD and autophagy also
cooperate with these mechanisms to maintain the balance.
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All the mechanisms described above aim to reduce the level of ER stress, however, cell death is
induced when the primary stimulus is protracted or excessive and the adaptive responses fail to
compensate, €.g., it has been reported that 5 mM dithiothreitol (DTT), a reducing agent counteracting
disulfide bond formation in protein folding, caused cessation of cellular proliferation (compared with
2.2 mM or 1.5 mM. This indicates a maximal ER stress beyond which cells can no longer compensate
effectively [102]. Treating the human embryonic kidney cell line (HEK 293) with Tunicamycin
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(blocking N-linked glycosylation), has revealed that Xbp-1 mRNA splicing was strongly diminished
with prolonged exposure to the drug [103]. Here we are addressing 2 different kinds of agents. DTT
can be used to monitor the dose-dependent manner of ER stress response and by tunicamycin can be
used to observe the time-dependent manner of ER stress response. It has been shown that after treating
the cell line with Tunicamycin and observing the Xbpl, the level was increased after treatment but
over time it became depleted and turned back to baseline levels). Thus, apoptosis due to ER stress can
also happen in a dose-dependent/ time dependent manner.

4.3. ER Stress Outcomes: Survival or Death

A downstream component of ER-stress pathways is C/EBP homologous protein (CHOP, also
known as GADD153). CHOP is a transcription factor that promotes cell-cycle arrest and programmed
cell death through different intermediate molecules; upregulation of ER oxidase 1la (EROI a) or
inhibition of gene encoding anti-apoptotic BCL-2 [8]. In parallel, Sustained IRE1 activity, due to ER
stressor, leads to activation of c-Jun NH2-terminal kinase (JNK) which activates pro-apoptotic
member of the BCL-2 family Bim and inhibit anti-apoptotic Bcl-2, Bel-XL, and Mcl-1 [96,104,105]. It
has been also reported that there is a crosstalk between ER stress pathway and signaling pathway of
the mammalian target of rapamycin (mTOR) which is a regulator of protein synthesis and cell growth.
This implies an apparent paradox that under particular settings, mTOR, a positive regulator of cell
cycle, can also leads to cellular death [106].

To summarize, different sensors are involved in the ER stress response network such as PERK,
IRE1 and ATF6 which are the most important components. These proteins lead to decrease in protein
biosynthesis and increase in ER folding capacity. These responses can be completed by ER-associated
protein degradation and autophagy in presence of aggregated proteins and ineffective organelles.
Not being successful to overcome the stressor, in a dose-dependent/time-dependent manner, cells
undergo apoptosis and death through activation of pro-apoptotic molecules and inhibition of

anti-apoptotic proteins.
4.4. ER Stress and Stem Cells

ER stress affects somatic cells as described before. Moreover it can affect cells mediating
developmental processes in the embryo and placenta. It is known that cellular protein synthesis has a
central role in development of placenta and about 30% of human placental oxygen consumption is
demanded by protein synthesis [107]. Under stress conditions the protein synthesis will become
compromised to conserve energy. The ER stress in the placenta can be due to maternal malperfusion,
fluctuations in intraplacental oxygen concentrations and oxidative stress. Increased ROS can result in
the release of calcium from ER by inhibiting the ATP-dependent ion pumps and subsequently
Ca2+-dependent chaperone proteins become nonfunctional and protein misfolding and UPR happens.

It has been shown that by exposure to ER stress-inducing agents, trophoblast-like cell lines, JEG-3
choriocarcinoma cells and Human choriocarcinoma JAR cells, had decreased protein synthesis and
suppressed cellular proliferation. Having observed the stress dose-response (ER stress induced by
Tunicamycin), increased concentrations were associated with increased levels of CHOP, GRP78 and
GRP94 proteins, and splicing of Xbp-1 mRNA [108]. So in this study of trophoblast cell lines, the data
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showed the placental growth restriction due to protein synthesis inhibition, reduced mTOR signaling
due to decreased Akt and apoptosis induction at high levels of stress.

In a mouse study, examining the embryos at various developmental stages has been done to detect
the IRE1 function. The results indicated that the ER stress-dependent IREI activation was mainly
induced in the placenta but slightly in the embryo. In IRE1a Knockout mice, the cell proliferation of
trophoblasts was reduced, resulted in small placentas. ER stress development in IRE1a -/- trophoblasts
was poor and PERK, elF2a, and ATF6 were more activated [109]. This study revealed that IRE1a was
activated in the placenta during mouse embryogenesis and the loss of IREla, aggravated ER stress in
the placenta. Labyrinth layer (a highly vascularized tissue responsible for materno-fetal oxygen and
nutrient exchange) was disrupted with a reduction in the internal space of fetal and maternal blood
vessels, the level of VEGF-A (vasculogenesis factor of labyrinth which increases by ER stress) in
mutant placentas was half of the level in the wild-type placentas. This IRE1a inactivation could lead to
embryonic death after 12.5 days of gestation.

As mentioned earlier, GRP78 is a stress-induced Chaperone protein which is activated through
ATF6 and binds to the unfolded peptides to promote proper folding. High levels of GRP78 protein are
present in the blastocyst, consistent with its physiological role in developing mouse embryos. In a
study, Heterozygous Grp78+/- mice had no apparent abnormality in embryos, GRP78 protein level
was decreased about 50%, GRP94 was upregulated and the calnexin level and XBP-1 level was similar
to the wild-type siblings. In Grp78 -/- embryos, peri-implantation lethality was observed which was
due to proliferation defects and a massive increase in apoptosis of ICM (the precursor of embryonic
stem cells). Thus it can be concluded that GRP78 involves in different cellular processes including
folding of newly synthesized proteins and serves as a sensor of ER stress. Apparently GRP78 is
essential for embryonic cell growth and pluripotent cell survival. Both alleles contribute to expression
and the lethality of Grp78 -/- embryos indicates that GRP78 function is not compensated by GRP94 or
other cellular chaperons [110].

Phosphorylaton of elF2a phosphorylation leads to translation stop and this also leads to movement
of mRNA from ribosomes to stress granules. Stress granules are marked by HuR. The HuR knockout
is also a placental lethal and like the IRE1 knockout dies due to failure of the surface of the villous
placenta [111]. A cluster of 6 acknowledged stress genes that have villous placental lethal defects were
recently reviewed by us [112]. We concluded that there are two types of development. One in which
parenchymal function develops from stem cells before the need arises and there is no stress. In a
second type need arises before function and stress develops and guides proportional magnitude and
timing of onset of parenchymal function. In the case of the villous placenta, IRE1 HuR, HSP90p,
p38MAPK, HIF1p, and JunB are required for villous surface development, suggesting that hypoxic
stress develops normally and the functions of these genes are needed to respond in mediating stem cell
survival and to regulate the differentiation of the stem cells.

So endoplasmic reticulum is an essential organelle involved in different cellular functions as well as
cellular stress response network. ER plays a very critical role in somatic cells, embryonic stem cells
and placenta by reduction of protein synthesis and upregulation of chaperones, under stress conditions.
In the stem cells, in a time-dependent/dose dependent manner, ER stress can either lead to
differentiation to different cell lineages or result in apoptosis of the cells and lethality of embryos.
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5. Effects of Genotoxic Stress on Stem Cells

We will use one genotoxic stressor, Benzo[a]-pyrene (BaP), to illustrate a large number of stresses
that act through genotoxic mechanisms. The particle phase of cigarette smoke contains several
polycyclic aromatic hydrocarbons, and in particular BaP [113]. Burnt foods, coal tar, urban diesel
fumes and air pollution can also be rich in BaP. BaP can undergo a series of metabolic reactions by
cytochrome P4501A (CYP1AT) and produce diol esters (BPDE) that bind to DNA and form mutagenic
BPDE-DNA adducts [114] which are known as genotoxic compounds.

It has been shown that cigarette smoke components are pathogenic for fertility and pregnancy
resulting in decreased success rate of in vitro fertilization, intrauterine growth restriction, spontaneous
abortion and low birth weight [115-117]. Accumulation of BPDE-DNA adducts affect placental
lineage proliferation and differentiation and crossing the placenta barrier, can be toxic to the
developing conceptus [114,118]. In culture, the two-cell stage embryo cannot metabolize BaP, but the
blastocyst can [119]. Thus both ESC and TSC in the blastocyst are likely to accumulate genetic errors
at a time when very few cells are in each lineage and high fractions of clones can retain errors and
other non-genetic stress-induced sequelae.

BaP significantly induces inhibition of proliferation of human placental cell lines and G2/M cell
cycle phase arrest as well as activation of p53, transforming growth factor (TGF) and suppression of
epidermal growth factor receptor (EGFR) [120].

It has been demonstrated that, BaP promoted stress enzyme SAPK and AMPK phosphorylation in a
dose and time-dependent manner. Loss of inhibitor of differentiation (ID)2 that maintains TSC potency
was also observed. AMPK was necessary for the loss of ID2 induced by BaP [3,121]. Thus embryos
treated with BaP in vitro activate stress enzyme SAPK and implantation rate reduces significantly. BaP
activates MAPKS8/9 (SAPK/INK), p38 mitogen activated protein kinase, Protein kinase
AMPK-activated a subunit 1/2 (from the gene PRKAA1/2 also known as AMPKal1/2) in adult somatic
cells and MAPKS8/9 in embryos [121-123] which are involved in homeostatic and stress responses in
embryos and TSC. It has been shown that at 0.25 M concentration of BaP, no significant effect on cell
accumulation of TSC was achieved but at 2.5 M cell accumulation was significantly decreased [45].
The lowest BaP dose that reduced cell proliferation and increased cleaved caspase 3 was 0.5 M. The
AMPKal1/2 metabolic substrate acetyl CoA carboxylase was also phosphorylated and activated at a
threshold dose of 0.5 M BaP. Having studied the time-dependence of AMPKal/2induction by BaP,
each individual dose from 0.25 M to 2.5 M caused significant induction of AMPKal/2phosphorylation
(at Thr172) at 1 hr. The AMPKa1/2 response peaked at 10-30 min and returned to baseline by 4 hr of
stimulation. BaP induced a dose-dependent ID2 loss that was maximized at 60% at 2.5 uM, 1 uM and
2.5 uM BaP caused significant loss of ID2 at 24 hr. Like hyperosmolar stress BaP can also induce
SAPK-dependent Hand1 upregulation in mouse TSC [124]. Thus BaP-induced AMPKal1/2 Thr172
activation, ID2 protein loss, SAPK activation and Handl increase favor TSC differentiation.

6. Effect of Hyperosmolar Stress on Stem Cells

Changes in morphology and physiology of the preimplantation embryonic cells developed in vitro,
displayed the importance of the culture medium quality. In previous studies, it has been illustrated that



Cells 2012, 1 1214

stress enzymes p38MAPK and SAPK/INK show different levels of phosphorylation in preimplantation
embryos cultured in different media [125].

Hyperosmolar stress has been studied by addition of sorbitol to the medium which allows
observation of dose and time-dependent effects on the cells. As mentioned earlier, doses above
200 mM cease TSC accumulation over 24 h of culture. SAPK is functioning in a sigmoidal
dose-response manner for sorbitol [5] and along with SAPK activation, increased apoptosis was also
observed at higher doses.

Sorbitol treatment promotes significant HANDI induction in TSCs which is dose-,time- MAPK&/9
(SAPK/JNK)-dependent [43] so SAPK-dependent differentiation increases. Hand1 mediates induction
of PL1 protein markers of first lineage [46]. This is the unique property of stem cells to undergo
compensatory differentiation at higher high stress levels that diminish stem cell accumulation [47]. For
instance; at low levels of sorbitol, AMPK-dependent phosphorylation and inactivation of ACC occurs
which leads to decreased anabolism but at high levels, AMPK-dependent loss of ID2 protein happens
and together with SAPK-dependent gain of Hand1, differentiation is induced and cell proliferation and
accumulation is suppressed (Figures 2-4).

In a mouse study, hyperosmolar stress induced ID2 protein loss through AMPKal/2in TSCs and
embryos. By using 200 mM sorbitol, peak level of phosphorylated AMPKal/2 occurred at 10 min
along with rapid loss of ID2. ID2 protein increased 70% after the removal of sorbitol which led to a
reversible state of differentiation at lower doses but not at higher doses [42]. Thus at low stress levels
cellular adaptation leads to survival, but at high doses, in addition to reduced cell accumulation an
organismal survival is induced by differentiation of stem cells to essential lineages.

7. Common and Unique Mechanisms and Qutcomes of Various Types of Stress

As mentioned earlier, Organisms are constantly exposed to a variety of stressors such as heat shock
or cold treatment, lack of nutrients, low oxygen condition or oxidative stress, ER stress, high osmotic
condition, exposure to UV radiation, efc [2—14]. The cellular stress response involves a decrease in
normal proteins, RNA, fatty acids and DNA synthesis and increase in a group of stress proteins, highly
evolutionarily conserved. Under Oxidative stress, damages in cellular compartments (lipid
peroxidation in plasma membrane, protein oxidation and abnormal protein folding, DNA mutation)
happen at high concentrations. In this process NF-kB, p38 MAPK and SAPK-JNK pathways become
activated and multipotency markers in TSC decrease [50-52]. p38MAPK increases expression of the
cell cycle inhibitors pl6Ink4a and p19Arf and limits the lifespan of stem cells. SAPK mediates a
necessary suppression of polycomb and alters differentiation of imaginal disc and hematopoietic stem
cells in drosophila [70,72]. Oxidative stress activates the Gadd45 promoter in a FoxO-dependent
manner which helps with DNA replication and repair [77,78]. lonizing radiation induces oxidative
stress which can be coupled with up regulation of NOX, resulting in genomic instability [81].

Protein unfolding and misfolding due to lack of disulfide bonding or glycosylation and ineffective
chaperones cause ER stress and PERK (decrease in protein load), IRE1 (encoding the chaperones) and
ATF6 (induction of UPR target genes) are the most important components involved in the cellular
stress response [88-92]. A downstream component of ER-stress pathways is CHOP that causes
cell-cycle arrest. Sustained IRE1 activity activates JNK and BCL-2 family Bim and inhibits anti-
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apoptotic Bcl-2, Bel-XL, and Mcl-1, resulting in apoptosis [97,98]. A crosstalk between ER stress
pathways and mTOR complex 1 (mTORCI) leads to suppression of Akt signaling, induction of the
IRE1-JNK pathway and enhancement of apoptosis [99].

There are some interactions between different forms of stressors and their signaling pathways. For
example with regard to oxidative stress and ER stress, oxidative stress induced-ROS can result in
disturbance of intracellular Ca2+ homeostasis through the inhibition of ATP-dependent ion pumps and
depletion of calcium within the ER lumen causes loss of function of Ca2+-dependent chaperone
proteins, accumulation of misfolded proteins within the lumen of endoplasmic reticulum and
UPR [51-53]. p38MAPK and SAPK are the common enzymes which are shared between many stress
response pathways.

Oct4 (active in embryonic stem cells) is decreased under both oxidative stress and ER stress conditions
which results in differentiation of stem cells [59,60,100]. Stem cells of the embryo and placenta have a
unique property, known as "compensatory differentiation" or "prioritized differentiation" [45]. At high
doses of stress, they cannot proliferate sufficiently and special kind of differentiation will be
induced [46] and stem cells transition from cellular survival to organismal survival. This occurs
through induction of early essential differentiated lineages and suppression of later essential
differentiated lineages [47].

Another example is benzopyrene stress and hyperosmolar cellular stress response that both induce
ID2 protein loss in a proteasome- and AMPKal/2- dependent manner [42].

8. Conclusions

Stress can be induced by many stimuli but shared common outcomes are activation of stress
enzymes and, at high enough exposures, diminished expansion of stem cell populations. Three outputs
of stress are diminished macromolecular synthesis common to all cell types, tissue and stress-specific
adaptive responses (hormesis), and compensatory and prioritized differentiation of stem cells to
accomplish the next essential event in development.

Oxidative, ER, and genotoxic stresses are three major areas of stress response mechanisms and all
diminish growth and affect and imbalance stem cell differentiation during development.

There are important dose-dependent effects of stress. At low doses stress induces cell autonomous
stem cell survival responses such as anti-apoptosis and conversion of anabolic to catabolic pathways
that include diminished macromolecular synthesis. At lower stress exposures stem cell accumulation is
not diminished and there are no effects upon potency loss and gain of differentiation. At higher doses
where stem cell accumulation is diminished, stem cells undergo stress-induced differentiation. Fewer
cells produce more differentiated product/cell, compensatory differentiation. Thus low stress exposures
induce stem cell survival and higher exposures induce organismal survival through stem
cell differentiation.

Tightly linked to compensatory differentiation is prioritized differentiation. When a stem cell is
potent to produce several different lineages in sequence during development, stress induces the early
lineage and suppresses later lineages; prioritized differentiation. Thus prioritized differentiation is a
property of stem cells during stress induced gain of differentiation and loss of potency
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There are likely to be many mechanisms that regulate compensatory and prioritized differentiation,
but we have studied the central role of two kinases that uniquely mediate stress-induced loss of
potency and gain of differentiation. In 2-cell stage embryos, blastocysts, and TSC derived from
blastocysts, AMPK is necessary and sufficient to mediate stress-induced loss of potency factors such
as ID2. Another induced kinase, SAPK, has no role in the stress-induced loss of ID2. However
stress-induced upregulation of Handl nuclear transcription factor protein and mRNA and
Hand1-dependent PL1 require SAPK. Thus one stress-induced kinase mediates potency loss and
another mediates gain of differentiation.

SAPK can respond differently to the same stress dose response if the responder is a somatic cell or
a stem cell (S- or U-shaped response to an O, dose response, respectively). However, SAPK function
in stem cells is to increase the first lineage (e.g. Hand1) in response to stimuli that produce S-shaped
(hyperosmolar) or U-shaped (incorrect O, levels) responses. In the case of the U-shaped response to
incorrect SAPK increases Handl in proportion to the departure from the optimal O, for stemness of
TSC. We anticipate that SAPK or other similar stress enzymes will mediate suppression of later
lineages in response to multiple stressors. It is possible that prioritized differentiation, and its stress
enzyme-mediated regulation, is intrinsic to later phases of embryonic development, cancer stem cell
function, and adult stem cell function.

Acknowledgments

This research was supported by grants to DAR from National Institute of Child Health and Human
Development, NIH (1R03HD061431 02) and from the Office of the Vice President for Research at
Wayne State University.

Conflict of Interest
The authors declare no conflict of interest.
References

1.  Woodgett, J.R.; Kyriakis, J.M.; Avruch, J.; Zon, L.I.; Zanke, B.; Templeton, D.J. Reconstitution
of novel signalling cascades responding to cellular stresses. Philos Trans. R Soc. Lond B Biol.
Sci. 1996, 351, 135—-141; discussion 142.

2. Corton, J.M.; Gillespie, J.G.; Hardie, D.G. Role of the AMP-activated protein kinase in the
cellular stress response. Curr. Biol. 1994, 4, 315-324.

3.  Rappolee, D.A.; Awonuga, A.O.; Puscheck, E.E.; Zhou, S.; Xie, Y. Benzopyrene and
experimental stressors cause compensatory differentiation in placental trophoblast stem cells.
Syst. Biol. Reprod. Med. 2010, 56, 168—183.

4.  Zhou, S.; Xie, Y.; Puscheck, E.E.; Rappolee, D.A. Oxygen levels that optimize TSC culture are
identified by maximizing growth rates and minimizing stress. Placenta 2011, 32, 475-481.

5. Zhong, W.; Xie, Y.; Wang, Y.; Lewis, J.; Trostinskaia, A.; Wang, F.; Puscheck, E.E.;
Rappolee, D.A. Use of hyperosmolar stress to measure stress-activated protein kinase activation and
function in human HTR cells and mouse trophoblast stem cells. Reprod. Sci. 2007, 14, 534-547.



Cells 2012, 1 1217

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Liu, J.; Xu, W.; Sun, T.; Wang, F.; Puscheck, E.; Brigstock, D.; Wang, Q.T.; Davis, R.;
Rappolee, D.A. Hyperosmolar Stress Induces Global mRNA Responses in Placental Trophoblast
Stem Cells that Emulate Early Post-implantation Differentiation. Placenta 2009, 30, 66-73.
Malhas, A.N.; Vaux, D.J. The nuclear envelope and its involvement in cellular stress responses.
Biochem. Soc. Trans. 2011, 39, 1795-1798.

Cullen, K.E.; Sarge, K.D. Characterization of hypothermia-induced cellular stress response in
mouse tissues. J. Biol. Chem. 1997, 272, 1742-1746.

Kasprzak, K.S. Oxidative DNA and protein damage in metal-induced toxicity and
carcinogenesis. Free Radic. Biol. Med. 2002, 32, 958-967.

Farrer, B.T.; Pecoraro, V.L. Heavy-metal complexation by de novo peptide design. Curr. Opin.
Drug Discov. Devel. 2002, 5, 937-943.

Jolly, C.; Morimoto, R.I. Role of the heat shock response and molecular chaperones in
oncogenesis and cell death. J. Natl. Cancer Inst. 2000, 92, 1564—1572.

Cohen, P. The search for physiological substrates of MAP and SAP kinases in mammalian cells.
Trends Cell Biol. 1997, 7, 353-361.

Lammerding, J.; Schulze, P.C.; Takahashi, T.; Kozlov, S.; Sullivan, T.; Kamm, R.D.;
Stewart, C.L.; Lee, R.T. Lamin A/C deficiency causes defective nuclear mechanics and
mechanotransduction. J. Clin. Invest. 2004, 113, 370-378.

Makino, Y.; Okamoto, K.; Yoshikawa, N.; Aoshima, M.; Hirota, K.; Yodoi, J.; Umesono, K.;
Makino, I.; Tanaka, H. Thioredoxin: A redox-regulating cellular cofactor for glucocorticoid
hormone action. Cross talk between endocrine control of stress response and cellular antioxidant
defense system. J. Clin. Invest. 1996, 98, 2469-2477.

Hochachka, P.W.; Somero, G.N. Biochemical Adaptation: Mechanism and Process in
Physiological Evolution; Oxford University Press: Oxford, UK, 2002; p. 466.

van de Water, B.; de Graauw, M.; Le Devedec, S.; Alderliesten, M. Cellular stress responses and
molecular mechanisms of nephrotoxicity. Toxicol. Lett. 2006, 162, 83-93.

Dai, Q.; Zhang, C.; Wu, Y.; McDonough, H.; Whaley, R.A.; Godfrey, V.; Li, H.H.;
Madamanchi, N.; Xu, W.; Neckers, L.; Cyr, D.; Patterson, C. CHIP activates HSF1 and confers
protection against apoptosis and cellular stress. EMBO J. 2003, 22, 5446-5458.

Nakamura, H. Thioredoxin and its related molecules: update 2005. Antioxid Redox Signal. 2005,
7, 823-828.

Kultz, D. Molecular and evolutionary basis of the cellular stress response. Annu Rev. Physiol
2005, 67, 225-257.

Wilmink, G.J.; Roth, C.L.; Ibey, B.L.; Ketchum, N.; Bernhard, J.; Cerna, C.Z.; Roach, W.P.
Identification of microRNAs associated with hyperthermia-induced cellular stress response. Cell
Stress Chaperones 2010, 15, 1027-1038.

Cimmino, A.; Calin, G.A.; Fabbri, M.; lorio, M.V.; Ferracin, M.; Shimizu, M.; Wojcik, S.E.;
Ageilan, R.I.; Zupo, S.; Dono, M.; Rassenti, L.; Alder, H.; Volinia, S.; Liu, C.G.; Kipps, T.J.;
Negrini, M.; Croce, C.M. miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc. Natl.
Acad. Sci. USA 2005, 102, 13944—-13949.



Cells 2012, 1 1218

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kulshreshtha, R.; Ferracin, M.; Wojcik, S.E.; Garzon, R.; Alder, H.; Agosto-Perez, F.J;
Davuluri, R.; Liu, C.G.; Croce, C.M.; Negrini, M.; Calin, G.A.; Ivan, M. A microRNA signature
of hypoxia. Mol. Cell Biol. 2007, 27, 1859—-1867.

Calabrese, V.; Mancuso, C.; Sapienza, M.; Puleo, E.; Calafato, S.; Cornelius, C.; Finocchiaro,
M.; Mangiameli, A.; Di Mauro, M.; Stella, A.M.; Castellino, P. Oxidative stress and cellular
stress response in diabetic nephropathy. Cell Stress Chaperones 2007, 12, 299-306.

Morano, K.A.; Thiele, D.J. Heat shock factor function and regulation in response to cellular
stress, growth, and differentiation signals. Gene Expr. 1999, 7, 271-282.

Kultz, D. Evolution of the cellular stress proteome: From monophyletic origin to ubiquitous
function. J. Exp. Biol. 2003, 206, 3119-3124.

Seetharam, S.; Seidman, M.M. Modulation of ultraviolet light mutational hotspots by cellular
stress. J. Mol. Biol. 1992, 228, 1031-1036.

Ringrose, L.; Paro, R. Polycomb/Trithorax response elements and epigenetic memory of cell
identity. Development 2007, 134, 223-232.

Ringrose, L.; Paro, R. Epigenetic regulation of cellular memory by the Polycomb and Trithorax
group proteins. Annu. Rev. Genet. 2004, 38, 413-443.

Verbeke, P.; Fonager, J.; Clark, B.F.; Rattan, S.I. Heat shock response and ageing: mechanisms
and applications. Cell Biol. Int. 2001, 25, 845-857.

Gao, H.; Wang, Y.; Liu, X.; Yan, T.; Wu, L.; Alm, E.; Arkin, A.; Thompson, D.K.; Zhou, J.
Global transcriptome analysis of the heat shock response of Shewanella oneidensis. J. Bacteriol
2004, 186, 7796-7803.

Macario, A.J.; Conway de Macario, E. Sick chaperones, cellular stress, and disease. N Engl. J.
Med. 2005, 353, 1489-1501.

Fulda, S.; Gorman, A.M.; Hori, O.; Samali, A. Cellular stress responses: cell survival and cell
death. Int J. Cell Biol. 2010, 2010, 214074.

Trosko, J.E. Hierarchical and cybernetic nature of biologic systems and their relevance to
homeostatic adaptation to low-level exposures to oxidative stress-inducing agents. Environ.
Health Perspect 1998, 106 (Suppl. 1), 331-339.

Tanno, T.; Matsui, W. Development and maintenance of cancer stem cells under chronic
inflammation. J. Nihon Med. Sch. 2011, 78, 138—145.

Saretzki, G.; Armstrong, L.; Leake, A.; Lako, M.; von Zglinicki, T. Stress defense in murine
embryonic stem cells is superior to that of various differentiated murine cells. Stem Cells 2004,
22,962-971.

Wang, X.; Zhao, Y.; Xiao, Z.; Chen, B.; Wei, Z.; Wang, B.; Zhang, J.; Han, J.; Gao, Y.; Li, L.;
Zhao, H.; Zhao, W.; Lin, H.; Dai, J. Alternative translation of OCT4 by an internal ribosome
entry site and its novel function in stress response. Stem Cells 2009, 27, 1265-1275.

Gao, Y.; Wei, J.; Han, J.; Wang, X.; Su, G.; Zhao, Y.; Chen, B.; Xiao, Z.; Cao, J.; Dai, J. The
novel function of OCT4B isoform-265 in genotoxic stress. Stem Cells 2012, 30, 665—672.

Kang, J.; Gemberling, M.; Nakamura, M.; Whitby, F.G.; Handa, H.; Fairbrother, W.G.; Tantin,
D. A general mechanism for transcription regulation by Octl and Oct4 in response to genotoxic
and oxidative stress. Genes Dev. 2009, 23, 208-222.



Cells 2012, 1 1219

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Saretzki, G.; Walter, T.; Atkinson, S.; Passos, J.F.; Bareth, B.; Keith, W.N.; Stewart, R.; Hoare,
S.; Stojkovic, M.; Armstrong, L.; von Zglinicki, T.; Lako, M. Downregulation of multiple stress
defense mechanisms during differentiation of human embryonic stem cells. Stem Cells 2008, 26,
455-464.

Heyer, B.S.; MacAuley, A.; Behrendtsen, O.; Werb, Z. Hypersensitivity to DNA damage leads to
increased apoptosis during early mouse development. Genes Dev. 2000, 14, 2072-2084.

Tichy, E.D.; Stambrook, P.J. DNA repair in murine embryonic stem cells and differentiated cells.
Exp. Cell Res. 2008, 314, 1929-1936.

Zhong, W.; Xie, Y.; Abdallah, M.; Awonuga, A.O.; Slater, J.A.; Sipahi, L.; Puscheck, E.E.;
Rappolee, D.A. Cellular stress causes reversible, PRKAA1/2-, and proteasome-dependent 1D2
protein loss in trophoblast stem cells. Reproduction 2010, 140, 921-930.

Xie, Y.; Zhong, W.; Wang, Y.; Trostinskaia, A.; Wang, F.; Puscheck, E.E.; Rappolee, D.A.
Using hyperosmolar stress to measure biologic and stress-activated protein kinase responses in
preimplantation embryos. Mol. Hum. Reprod. 2007, 13, 473—481.

Xie, Y.; Awonuga, A.O.; Zhou, S.; Puscheck, E.E.; Rappolee, D.A. Interpreting the stress
response of early mammalian embryos and their stem cells. Int Rev. Cell Mol. Biol. 2011, 287,
43-95.

Xie, Y.; Abdallah, M.E.; Awonuga, A.O.; Slater, J.A.; Puscheck, E.E.; Rappolee, D.A.
Benzo(a)pyrene causes PRKAA1/2-dependent ID2 loss in trophoblast stem cells. Mol. Reprod.
Dev. 2010, 77, 533-539.

Awonuga, A.O.; Zhong, W.; Abdallah, M.E.; Slater, J.A.; Zhou, S.C.; Xie, Y.F.; Puscheck, E.E.;
Rappolee, D.A. Eomesodermin, HAND1, and CSHI proteins are induced by cellular stress in a
stress-activated protein kinase-dependent manner. Mol. Reprod Dev. 2011, 78, 519-528.
Rappolee, D.A. Impact of transient stress and stress enzymes on development. Dev. Biol 2007,
304, 1-8.

Rappolee, D.A.; Xie, Y.; Slater, J.A.; Zhou, S.; Puscheck, E.E. Toxic stress prioritizes and
imbalances stem cell differentiation: implications for new biomarkers and in vitro toxicology
tests. Syst. Biol. Reprod. Med. 2012, 58, 33—40.

Brown, G.C.; Borutaite, V. There is no evidence that mitochondria are the main source of
reactive oxygen species in mammalian cells. Mitochondrion 2012, 12, 1-4.

Lambert, A.J.; Brand, M.D. Reactive oxygen species production by mitochondria. Meth. Mol.
Biol. 2009, 554, 165-181.

Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, §2,
47-95.

Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pract Res. Clin. Obstet. Gynaecol. 2011, 25,
287-299.

Cindrova-Davies, T.; Spasic-Boskovic, O.; Jauniaux, E.; Charnock-Jones, D.S.; Burton, G.J.
Nuclear factor-kappa B, p38, and stress-activated protein kinase mitogen-activated protein kinase
signaling pathways regulate proinflammatory cytokines and apoptosis in human placental
explants in response to oxidative stress: effects of antioxidant vitamins. Am. J. Pathol. 2007, 170,
1511-1520.



Cells 2012, 1 1220

54.

55.

56.

57.

38.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hool, L.C.; Corry, B. Redox control of calcium channels: From mechanisms to therapeutic
opportunities. Antioxid Redox Signal. 2007, 9, 409-435.

Jiang, F.; Zhang, Y.; Dusting, G.J. NADPH oxidase-mediated redox signaling: roles in cellular
stress response, stress tolerance, and tissue repair. Pharmacol Rev. 2011, 63, 218-242.

Tu, B.P.; Weissman, J.S. Oxidative protein folding in eukaryotes: Mechanisms and
consequences. J. Cell Biol. 2004, 164, 341-346.

Ezashi, T.; Das, P.; Roberts, R.M. Low O2 tensions and the prevention of differentiation of hES
cells. Proc. Natl Acad Sci. USA 2005, 102, 4783—-4788.

Okazaki, K.; Maltepe, E. Oxygen, epigenetics and stem cell fate. Regen Med. 2006, 1, 71-83.
Simon, M.C.; Keith, B. The role of oxygen availability in embryonic development and stem cell
function. Nat. Rev. Mol. Cell Biol. 2008, 9, 285-296.

Eliasson, P.; Jonsson, J.I. The hematopoietic stem cell niche: Low in oxygen but a nice place to
be. J. Cell Physiol. 2010, 222, 17-22.

Mohyeldin, A.; Garzon-Muvdi, T.; Quinones-Hinojosa, A. Oxygen in stem cell biology: a critical
component of the stem cell niche. Cell Stem Cell 2010, 7, 150-161.

Guo, Y.; Einhorn, L.; Kelley, M.; Hirota, K.; Yodoi, J.; Reinbold, R.; Scholer, H.; Ramsey, H.;
Hromas, R. Redox regulation of the embryonic stem cell transcription factor oct-4 by
thioredoxin. Stem Cells 2004, 22, 259-264.

Westfall, S.D.; Sachdev, S.; Das, P.; Hearne, L.B.; Hannink, M.; Roberts, R.M.; Ezashi, T.
Identification of oxygen-sensitive transcriptional programs in human embryonic stem cells. Stem
Cells Dev. 2008, 17, 869—881.

Matsui, M.; Oshima, M.; Oshima, H.; Takaku, K.; Maruyama, T.; Yodoi, J.; Taketo, M.M. Early
embryonic lethality caused by targeted disruption of the mouse thioredoxin gene. Dev. Biol.
1996, 178, 179-185.

Nonn, L.; Williams, R.R.; Erickson, R.P.; Powis, G. The absence of mitochondrial thioredoxin 2
causes massive apoptosis, exencephaly, and early embryonic lethality in homozygous mice. Mol.
Cell Biol. 2003, 23, 916-922.

Natsuyama, S.; Noda, Y.; Narimoto, K.; Umaoka, Y.; Mori, T. Release of two-cell block by
reduction of protein disulfide with thioredoxin from Escherichia coli in mice. J. Reprod. Fertil.
1992, 95, 649—-656.

Ito, K.; Hirao, A.; Arai, F.; Matsuoka, S.; Takubo, K.; Hamaguchi, I.; Nomiyama, K.; Hosokawa,
K.; Sakurada, K.; Nakagata, N.; Ikeda, Y.; Mak, T.W.; Suda, T. Regulation of oxidative stress by
ATM is required for self-renewal of haematopoietic stem cells. Nature 2004, 431, 997-1002.
Liu, AM.; Qu, W.W.; Liu, X.; Qu, C.K. Chromosomal instability in in vitro cultured mouse
hematopoietic cells associated with oxidative stress. Am. J. Blood Res. 2012, 2, 71-76.

Maitra, A.; Arking, D.E.; Shivapurkar, N.; Ikeda, M.; Stastny, V.; Kassauei, K.; Sui, G.; Cutler,
D.J.; Liu, Y.; Brimble, S.N.; Noaksson, K.; Hyllner, J.; Schulz, T.C.; Zeng, X.; Freed, W.J.;
Crook, J.; Abraham, S.; Colman, A.; Sartipy, P.; Matsui, S.; Carpenter, M.; Gazdar, A.F.; Rao,
M.; Chakravarti, A. Genomic alterations in cultured human embryonic stem cells. Nat. Genet.
2005, 37, 1099-1103.



Cells 2012, 1 1221

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

1.

82.

83.

84.

85.

Foudah, D.; Redaelli, S.; Donzelli, E.; Bentivegna, A.; Miloso, M.; Dalpra, L.; Tredici, G.
Monitoring the genomic stability of in vifro cultured rat bone-marrow-derived mesenchymal
stem cells. Chromosome Res. 2009, 17, 1025-1039.

Rappolee, D.A.; Basilico, C.; Patel, Y.; Werb, Z. Expression and function of FGF-4 in peri-
implantation development in mouse embryos. Development 1994, 120, 2259-2269.

Chai, N.; Patel, Y.; Jacobson, K.; McMahon, J.; McMahon, A.; Rappolee, D.A. FGF is an
essential regulator of the fifth cell division in preimplantation mouse embryos. Dev. Biol 1998,
198, 105-115.

Tanaka, S.; Kunath, T.; Hadjantonakis, A.K.; Nagy, A.; Rossant, J. Promotion of trophoblast
stem cell proliferation by FGF4. Science 1998, 282, 2072-2075.

Chung, S.; Arrell, D.K.; Faustino, R.S.; Terzic, A.; Dzeja, P.P. Glycolytic network restructuring
integral to the energetics of embryonic stem cell cardiac differentiation. J. Mol. Cell Cardiol.
2010, 48, 725-734.

Zhang, J.; Khvorostov, I.; Hong, J.S.; Oktay, Y.; Vergnes, L.; Nuebel, E.; Wahjudi, P.N;
Setoguchi, K.; Wang, G.; Do, A.; Jung, H.J.; McCaffery, J.M.; Kurland, 1.J.; Reue, K.; Lee,
W.N.; Koehler, C.M.; Teitell, M.A. UCP2 regulates energy metabolism and differentiation
potential of human pluripotent stem cells. EMBO J. 2011, 30, 4860—4873.

Ito, K.; Hirao, A.; Arai, F.; Takubo, K.; Matsuoka, S.; Miyamoto, K.; Ohmura, M.; Naka, K.;
Hosokawa, K.; Ikeda, Y.; Suda, T. Reactive oxygen species act through p38 MAPK to limit the
lifespan of hematopoietic stem cells. Nat. Med. 2006, 12, 446-451.

Owusu-Ansah, E.; Banerjee, U. Reactive oxygen species prime Drosophila haematopoietic
progenitors for differentiation. Nature 2009, 461, 537-541.

Lee, N.; Maurange, C.; Ringrose, L.; Paro, R. Suppression of Polycomb group proteins by JNK
signalling induces transdetermination in Drosophila imaginal discs. Nature 2005, 438, 234-237.
de Matos, D.G.; Furnus, C.C. The importance of having high glutathione (GSH) level after
bovine in vitro maturation on embryo development effect of beta-mercaptoethanol, cysteine and
cystine. Theriogenology 2000, 53, 761-771.

Naka, K.; Ohmura, M.; Hirao, A. Regulation of the self-renewal ability of tissue stem cells by
tumor-related genes. Cancer Biomark 2007, 3, 193-201.

Kang, J.; Shakya, A.; Tantin, D. Stem cells, stress, metabolism and cancer: a drama in two Octs.
Trends Biochem Sci. 2009, 34, 491-499.

Tantin, D.; Schild-Poulter, C.; Wang, V.; Hache, R.J.; Sharp, P.A. The octamer binding
transcription factor Oct-1 is a stress sensor. Cancer Res. 2005, 65, 10750-10758.

Liebermann, D.A.; Tront, J.S.; Sha, X.; Mukherjee, K.; Mohamed-Hadley, A.; Hoffman, B.
Gadd45 stress sensors in malignancy and leukemia. Crit. Rev. Oncog. 2011, 16, 129-140.
Furukawa-Hibi, Y.; Yoshida-Araki, K.; Ohta, T.; Ikeda, K.; Motoyama, N. FOXO forkhead
transcription factors induce G(2)-M checkpoint in response to oxidative stress. J. Biol. Chem.
2002, 277, 26729-26732.

Miyamoto, K.; Araki, K.Y.; Naka, K.; Arai, F.; Takubo, K.; Yamazaki, S.; Matsuoka, S.;
Miyamoto, T.; Ito, K.; Ohmura, M.; Chen, C.; Hosokawa, K.; Nakauchi, H.; Nakayama, K.;
Nakayama, K.I.; Harada, M.; Motoyama, N.; Suda, T.; Hirao, A. Foxo3a is essential for
maintenance of the hematopoietic stem cell pool. Cell Stem Cell 2007, 1, 101-112.



Cells 2012, 1 1222

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Tothova, Z.; Gilliland, D.G. FoxO transcription factors and stem cell homeostasis: insights from
the hematopoietic system. Cell Stem Cell 2007, 1, 140—152.

Lorimore, S.A.; Chrystal, J.A.; Robinson, J.I.; Coates, P.J.; Wright, E.G. Chromosomal
instability in unirradiated hemaopoietic cells induced by macrophages exposed in vivo to ionizing
radiation. Cancer Res. 2008, 68, 8122-8126.

Kim, G.J.; Chandrasekaran, K.; Morgan, W.F. Mitochondrial dysfunction, persistently elevated
levels of reactive oxygen species and radiation-induced genomic instability: A review.
Mutagenesis 2006, 21, 361-367.

Pazhanisamy, S.K.; Li, H.; Wang, Y.; Batinic-Haberle, 1.; Zhou, D. NADPH oxidase inhibition
attenuates total body irradiation-induced haematopoietic genomic instability. Mutagenesis 2011,
26, 431-435.

Sabapathy, K.; Klemm, M.; Jaenisch, R.; Wagner, E.F. Regulation of ES cell differentiation by
functional and conformational modulation of p53. EMBO J. 1997, 16, 6217-6229.

Coe, J.P.; Rahman, I.; Sphyris, N.; Clarke, A.R.; Harrison, D.J. Glutathione and p53
independently mediate responses against oxidative stress in ES cells. Free Radic. Biol. Med.
2002, 32, 187-196.

Kim, I.; Xu, W.; Reed, J.C. Cell death and endoplasmic reticulum stress: Disease relevance and
therapeutic opportunities. Nat. Rev. Drug Discov. 2008, 7, 1013—1030.

Kim, I.; Shu, C.W.; Xu, W.; Shiau, C.W.; Grant, D.; Vasile, S.; Cosford, N.D.; Reed, J.C.
Chemical biology investigation of cell death pathways activated by endoplasmic reticulum stress
reveals cytoprotective modulators of ASK1. J. Biol. Chem. 2009, 284, 1593—1603.

Yamamoto, K.; Sato, T.; Matsui, T.; Sato, M.; Okada, T.; Yoshida, H.; Harada, A.; Mori, K.
Transcriptional induction of mammalian ER quality control proteins is mediated by single or
combined action of ATF6alpha and XBP1. Dev. Cell 2007, 13, 365-376.

Volkmann, K.; Lucas, J.L.; Vuga, D.; Wang, X.; Brumm, D.; Stiles, C.; Kriebel, D.; Der-
Sarkissian, A.; Krishnan, K.; Schweitzer, C.; Liu, Z.; Malyankar, U.M.; Chiovitti, D.; Canny, M.;
Durocher, D.; Sicheri, F.; Patterson, J.B. Potent and selective inhibitors of the inositol-requiring
enzyme 1 endoribonuclease. J. Biol. Chem. 2011, 286, 12743—12755.

Hollien, J.; Weissman, J.S. Decay of endoplasmic reticulum-localized mRNAs during the
unfolded protein response. Science 2006, 313, 104-107.

Winnay, J.N.; Kahn, C.R. PI 3-kinase regulatory subunits as regulators of the unfolded protein
response. Meth. Enzymol. 2011, 490, 147-158.

Ron, D. Translational control in the endoplasmic reticulum stress response. J. Clin. Invest. 2002,
110, 1383—1388.

Ye, J.; Rawson, R.B.; Komuro, R.; Chen, X.; Dave, U.P.; Prywes, R.; Brown, M.S.; Goldstein,
J.L. ER stress induces cleavage of membrane-bound ATF6 by the same proteases that process
SREBPs. Mol. Cell 2000, 6, 1355-1364.

Travers, K.J.; Patil, C.K.; Wodicka, L.; Lockhart, D.J.; Weissman, J.S.; Walter, P. Functional
and genomic analyses reveal an essential coordination between the unfolded protein response and
ER-associated degradation. Cell 2000, /01, 249-258.

Yorimitsu, T.; Nair, U.; Yang, Z.; Klionsky, D.J. Endoplasmic reticulum stress triggers
autophagy. J. Biol. Chem. 2006, 281, 30299-30304.



Cells 2012, 1 1223

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

Pincus, D.; Chevalier, M.W.; Aragon, T.; van Anken, E.; Vidal, S.E.; El-Samad, H.; Walter, P.
BiP binding to the ER-stress sensor Irel tunes the homeostatic behavior of the unfolded protein
response. PLoS Biol. 2010, 8, e1000415.

Lin, J.H.; Li, H.; Yasumura, D.; Cohen, H.R.; Zhang, C.; Panning, B.; Shokat, K.M.; Lavalil,
M.M.; Walter, P. IRE1 signaling affects cell fate during the unfolded protein response. Science
2007, 318, 944-949.

Shore, G.C.; Papa, F.R.; Oakes, S.A. Signaling cell death from the endoplasmic reticulum stress
response. Curr. Opin. Cell Biol. 2011, 23, 143-149.

Merksamer, P.I.; Papa, F.R. The UPR and cell fate at a glance. J. Cell Sci. 2010, 123,
1003-1006.

Appenzeller-Herzog, C.; Hall, M.N. Bidirectional crosstalk between endoplasmic reticulum
stress and mTOR signaling. Trends Cell Biol. 2012, 22, 274-282.

Carter, A.M. Placental oxygen consumption. Part I: in vivo studies—A review. Placenta 2000,
21 (Suppl. A), S31-S37.

Yung, H.W.; Calabrese, S.; Hynx, D.; Hemmings, B.A.; Cetin, I.; Charnock-Jones, D.S.; Burton,
G.J. Evidence of placental translation inhibition and endoplasmic reticulum stress in the etiology
of human intrauterine growth restriction. Am. J. Pathol. 2008, 173, 451-462.

Iwawaki, T.; Akai, R.; Yamanaka, S.; Kohno, K. Function of IREI alpha in the placenta is
essential for placental development and embryonic viability. Proc. Natl. Acad. Sci. USA 2009,
106, 16657-16662.

Luo, S.; Mao, C.; Lee, B.; Lee, A.S. GRP78/BiP is required for cell proliferation and protecting
the inner cell mass from apoptosis during early mouse embryonic development. Mol. Cell Biol.
2006, 26, 5688—-5697.

Katsanou, V.; Milatos, S.; Yiakouvaki, A.; Sgantzis, N.; Kotsoni, A.; Alexiou, M.; Harokopos,
V.; Aidinis, V.; Hemberger, M.; Kontoyiannis, D.L. The RNA-binding protein Elavll/HuR is
essential for placental branching morphogenesis and embryonic development. Mol. Cell Biol.
2009, 29, 2762-2776.

Rappolee, D.; Xie, Y.; Slater, J.; Zhou, S.; Puscheck, E. Stress responses at the endometrial-
placental interface suppress villous placental differentiation from trophoblast stem cells.
Reproduction 2012, in Press.

Witschi, H. Tobacco toxicology revisited. Adv. Exp. Med. Biol. 2001, 500, 471-478.

Arnould, J.P.; Verhoest, P.; Bach, V.; Libert, J.P.; Belegaud, J. Detection of benzo[a]pyrene-
DNA adducts in human placenta and umbilical cord blood. Hum. Exp. Toxicol. 1997, 16,
716-721.

Zdravkovic, T.; Genbacev, O.; McMaster, M.T.; Fisher, S.J. The adverse effects of maternal
smoking on the human placenta: A review. Placenta 2005, 26 (Suppl. A), S81-S86.

Andres, R.L.; Day, M.C. Perinatal complications associated with maternal tobacco use. Semin.
Neonatol. 2000, 5, 231-241.

Wang, X.; Zuckerman, B.; Pearson, C.; Kaufman, G.; Chen, C.; Wang, G.; Niu, T.; Wise, P.H.;
Bauchner, H.; Xu, X. Maternal cigarette smoking, metabolic gene polymorphism, and infant
birth weight. JAMA 2002, 287, 195-202.



Cells 2012, 1 1224

118.

119.

120.

121.

122.

123.

124.

125.

Sanyal, M.K.; Mercan, D.; Belanger, K.; Santella, R.M. DNA adducts in human placenta
exposed to ambient environment and passive cigarette smoke during pregnancy. Birth. Defects
Res. A Clin. Mol. Teratol. 2007, 79, 289-294.

Filler, R.; Lew, K.J. Developmental onset of mixed-function oxidase activity in preimplantation
mouse embryos. Proc. Natl. Acad. Sci. USA 1981, 78, 6991-6995.

Drukteinis, J.S.; Medrano, T.; Ablordeppey, E.A.; Kitzman, J.M.; Shiverick, K.T.
Benzo[a]pyrene, but not 2,3,7,8-TCDD, induces G2/M cell cycle arrest, p21CIP1 and p53
phosphorylation in human choriocarcinoma JEG-3 cells: A distinct signaling pathway. Placenta
2005, 26 (Suppl. A), S87-S95.

Xie, Y.; Liu, J.; Proteasa, S.; Proteasa, G.; Zhong, W.; Wang, Y.; Wang, F.; Puscheck, E.E.;
Rappolee, D.A. Transient stress and stress enzyme responses have practical impacts on
parameters of embryo development, from IVF to directed differentiation of stem cells. Mol.
Reprod. Dev. 2008, 75, 689—697.

Du, H.J.; Tang, N.; Liu, B.C.; You, B.R; Shen, F.H.; Ye, M.; Gao, A.; Huang, C.
Benzo[a]pyrene-induced cell cycle progression is through ERKs/cyclin D1 pathway and requires
the activation of JNKs and p38 mapk in human diploid lung fibroblasts. Mol. Cell Biochem.
20006, 287, 79—89.

Li, J.; Tang, M.S.; Liu, B.; Shi, X.; Huang, C. A critical role of PI-3K/Akt/JNKs pathway in
benzo[a]pyrene diol-epoxide (B[a]PDE)-induced AP-1 transactivation in mouse epidermal Cl41
cells. Oncogene 2004, 23, 3932-3944.

Abdallah, M.; Xie, Y.; Puscheck, E.E.; Rappolee, D.A.; Awonuga, A.O. Benzopyrene activates
SAPK and induces HANDI that favors differentiation of trophoblast stem cells. Fertil. Steril.
2009, 92, S136-S137.

Wang, Y.; Puscheck, E.E.; Lewis, J.J.; Trostinskaia, A.B.; Wang, F.; Rappolee, D.A. Increases in
phosphorylation of SAPK/JNK and p38MAPK correlate negatively with mouse embryo
development after culture in different media. Fertil. Steril. 2005, 83 (Suppl. 1), 1144—-1154.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


