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Abstract

Stress Granules (SGs) are dynamic ribonucleoprotein aggregates, which have been
observed in cells subjected to environmental stresses, such as oxidative stress and heat
shock (HS). Although pluripotent stem cells (PSCs) are highly sensitive to oxidative stress,
the role of SGs in regulating PSC self-renewal and differentiation has not been fully eluci-
dated. Here we found that sodium arsenite (SA) and HS, but not hydrogen peroxide (H-05),
induce SG formation in human induced (hi) PSCs. Particularly, we found that these granules
contain the well-known SG proteins (G3BP, TIAR, elF4E, elF4A, elF3B, elF4G, and PABP),
were found in juxtaposition to processing bodies (PBs), and were disassembled after the
removal of the stress. Moreover, we showed that SA and HS, but not H,O,, promote elF2a
phosphorylation in hiPSCs forming SGs. Analysis of pluripotent protein expression showed
that HS significantly reduced all tested markers (OCT4, SOX2, NANOG, KLF4, L1TD1, and
LIN28A), while SA selectively reduced the expression levels of NANOG and L1TD1. Finally,
in addition to LIN28A and L1TD1, we identified DPPA5 (pluripotent protein marker) as a
novel component of SGs. Collectively, these results provide new insights into the molecular
cues of hiPSCs responses to environmental insults.

Introduction

Environmental stress induces swift response within the cell that leads to a timely adaptation of
different regulatory processes such as chromatin remodeling, transcriptional regulation, and
translational control that maximize the ability of cells to survive under these stressful condi-
tions [1]. Cell translational arrest has been observed under different types of environmental
stressors such as hypoxia [2], oxidative stress [3-5], heat shock (HS) [3, 6], and some viral
infections [7-9]. Cessation of cell protein synthesis is caused by translation initiation inhibi-
tion that leads to rapid polysome disassembly and is associated with the activation of regula-
tory stress-response programs. These regulatory programs deal with stress conditions by
reducing the expression of common housekeeping genes and increasing the expression of
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genes that repair stress-induced damage [10]. A consequence of such translation inhibition
regulatory mechanism is the assembly of cytoplasmic nonmembranous structures known as
stress granules (SGs).

SGs are sites of non-translating messenger ribounucleoproteins (mRNPs) aggregation
under stress conditions. Those aggregates selectively store transcripts encoding housekeeping
genes, but not those encoding stress-induced genes, as well as a wide variety of RNA binding
proteins (RBPs) that are involved in many different metabolic and signaling pathways in the
cell [11-13]. Indeed, SGs are involved in various stress-induced signaling cascades such as
inflammatory signaling and stress-induced apoptotic signaling [14, 15]. Once the stress factor
passes, SGs disassemble and the sorted mRNAs are released for active translation. It has been
well established that SGs are present in a direct physical interaction with another type of RNA
granules known as the processing (P) body (PBs) [16, 17], where both granules have been
found to play a role in stress-induced translational arrest. SGs are formed as a consequence of
elF2a phosphorylation by one of the selective stress-activated kinases (HRI, PKR, PERK, or
GCN2) [18-20], which in-turn inhibits translation initiation by reducing the availability of
elF2-GTP-tRNA;®" ternary complex. However, this is not the only mechanism by which SGs
are assembled. Other studies showed phospho-elF2o independent mechanisms that induce
translation inhibition and SG formation. For instance, an anti-inflammatory lipid mediator
(15d-PG]J2) as well as xenobiotic agents pateamine A and hippuristanol have been identified
as potent inhibitors of eukaryotic translation that powerfully induce SG formation via the
interaction with eIF4A [21-23]. Moreover, other studies have reported that selective types
of tiRNA, small fragments of tRNA, inhibit translation and induce SG formation by stress-
induced disassembly of eIF4F [24-26]. The dynamic nature of these granules and their ability
to selectively store and release specific mRNPs indicate their potential role in regulating gene
expression, cell survival, and cell reprogramming.

Pluripotent stem cells (PSCs), Embryonic Stem Cells (ESCs) and induced pluripotent stem
cells (iPSCs), have the unique capacity to self renew and differentiate into various types of cells
[27-30]. The ability of PSCs to direct their fate to either self-renewal or differentiation is bal-
anced by different extra- and intra-cellular factors. One of the factors that have been found to
primarily control this phenomenon is the alteration in micro-environmental conditions [31].
For instance, at early stages of embryonic development, ESCs reside in a hypoxic environment,
where the cells produce very low amounts of ATP, whereas during cell differentiation ATP
production increases through mitochondrial oxidative phosphorylation, which in-turn gener-
ated Reactive Oxygen Species (ROS) such as O, and H,O, [32]. High levels of ROS subject the
cells to oxidative stress, which forces the cell to posseses certain abilities to combat stress con-
ditions. Furthermore, stress-signaling pathways were found to play a role in ESC differentia-
tion process [33]. In addition, the forkhead box protein O1 (FoxO1) transcription factor,
which plays an critical role in regulating stress response [34], was also found to be an impor-
tant regulator of human (h)ESC pluripotency [35]. Indeed, FoxO1 and another member of the
forkhead family, FoxD1, have been identified as mediators in reprogramming somatic cells to
iPSCs [36]. Importantly the RBPs LIN28A [37-39] and LINE-1 type transposase domain con-
taining 1 (L1TD1) [38], pluripotent protein markers for undifferentiated PSCs, were seques-
tered to SGs and PBs in hESCs. Moreover, other components of the ESC regulatory network,
RELB [39] and Makarinl (MKRNT1) [40], are found to be component of SGs. Although, all the
previously mentioned studies highlight the important role of stress in regulating pluripotency,
there are still several questions that need to be addressed to elevate our knowledge of how
PSCs regulate stress response programs to respond to different types of stressors.

In this study, we investigated the effect of two different types of stressors: oxidative stress
(sodium arsenite (SA) and H,0,), and thermal stress (HS) on SG formation in human (h)
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iPSCs. Our results demonstrated that only SA and HS induce SG formation and selectively
down-regulate pluripotent protein marker expression in hiPSCs. Screening for pluripotent
proteins recruited to SGs confirms that LIN28A and L1TD1 are SG markers and identified
DPPAS5 as a new, but weakly recruited SG component. Altogether, our data demonstrate that
not all stressors are capable of inducing SGs in hiPSCs, and the granules formed in stressed
hiPSCs are typical SGs.

Materials and methods
Culturing and treatment of the cells

hiPSCs (IMR90-1) was purchased form WiCell. Cells were cultured on feeder free conditions
using Matrigel (Corning) for cell attachment. Under these conditions hiPSC colonies were
grown in mTeSR media (STEMCELL technologies) and maintained at 37 Cin a CO, incubator.
For cell passage, cell colonies were dissociated to the appropriate size cell aggregate using non-
enzymatic reagent (ReLeSR; STEMCELL technologies). Confluent cell colonies were treated
with the indicated concentrations of SA, H,O,, and emetine (all purchased from Sigma-Aldrich)
at 37 C in a CO, incubator as previously described [5]. For HS treatment, plates were tightly
sealed with Parafilm to ensure the maintenance of optimum CO, levels within the plates and
then incubated in the oven for the desired time and temperatures. Human Umbilical Vein En-
dothelial Cells (HUVEC) were purchased from ATCC and were grown and maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM,; Invitrogen) supplemented with 10% FBS (Sigma-
Aldrich), in a humidified atmosphere with 5% CO, at 37°C.

Antibodies

Mouse monoclonal antibodies to p70 S6 kinase (H-9) (SK1-hedles), PABP (10E10), eIF4A (N-
19), rabbit polyclonal antibodies to eIF4G-(H-300), eIF4E (FL-217), and goat polyclonal anti-
bodies to elF3n and TIAR were all purchased from Santa Cruz; whereas the mouse monoclo-
nal antibodies to G3BP were purchased from BD Biosciences. Mouse monoclonal antibodies
to detect the pluripotent markers, SOX2, NANOG, and LIN28A were from Cell Signaling;
whereas the KLF4 and DPPAS5 were from Abcam and R&D, respectively. Anti-mouse and
anti-rabbit secondary antibodies conjugated with horseradish peroxidase (HRP) were from
Cell Signaling. Alexa Fluor 488, 555, and 647 conjugated secondary antibodies were purchased
from Thermoscientific.

Immuno-blotting

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed and followed by im-
muno-blotting to detect the levels of pelF2o. (S51), eIF20, NANOG, OCT4, LIN28, KLF4,
SOX2, L1TD1, DPPA5 and B-ACTIN as previously described [41]. Briefly, cell lysate protein
(15-30pg) was separated on an SDS-PAGE gel and trans-blotted onto nitrocellulose mem-
branes, blocked with 5% (w/v) non-fat dry milk or bovine serum albumin in Tris-buffered
saline (TBS) containing 0.1% (v/v) Tween 20 and incubated in the relevant primary antibody
(1:1000 dilution), at 4°C on a rocking platform, overnight. The next day, following incubation
with HRP-linked secondary antibodies (1:2500) for 1h at room temperature on a rocking plat-
form, the proteins were detected using enhanced chemiluminescence reagent (Sigma-Aldrich,
Inc) and imaged on a Geliance P600 gel documentation system (PerkinElmer, Inc.). When
probing for pelF2o. (S51), the total eIF2a form was detected in the same blot after stripping.
B-ACTIN was used as the loading control. The band densities of the western blot images ob-
tained were then quantified using the basic Quantity One software (Biorad, Inc.).
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Immunofluorescence microscopy

In a 24 well plate, cover slips were pretreated with matrigel for 2h and pluripotent stem cells
were cultured as mentioned above until they reach the appropriate size colonies (~60% colony
confluency) after about three days from the passage. After treatment, cells were washed thrice
with PBS, fixed in 4% para-formaldehyde for 15-30 minutes at room temp (RT) and then sub-
sequently washed three times with TBST (TBS with 0.2% Tween). Fixed cells were then per-
meabilized using PBST (PBS with 0.2% Triton) for 10 minutes, washed three times with TBST,
and incubated in blocking buffer (5% normal horse serum (Hyclone) in PBS) with continuous
shaking for at least 1 hour at RT. After blocking, cells were incubated with continuous shaking
overnight at 4 C with the desired primary antibodies, diluted in the blocking buffer; p70 S6
kinase, PABP, eIF4A, eIF4G-(H-300), eIF4E, eIF3n, TTAR, and G3BP were all diluted 1:200;
DPPAS5, LIN28A and L1TD1 were diluted 1:100, while SOX2, KLF4, and NANOG were
diluted 1:1000. Afterwards, cells were washed 3 times with TBST, stained with appropriate sec-
ondary antibodies (1:2000 dilution) for 1h rocking at RT, and then washed three times with
TBST. Finally, 0.5pug/ml Hoechst 33258 dye (Molecular probes) were added to the cells for
nuclear staining. After washing with PBS, cover slips were mounted in polyvinyl mounting
medium and the cells were viewed and photographed with Axio Ziess fluorescence microscope
using 20X and 40X objectives. The images were merged and analyzed using Gimp (v.2.8) and
Scribus (v.1.4).

Stress granules quantification

In ~10 separate fields within each coverslip, cells containing stress granules were counted man-
ually. Any cell more than 3 distinct and clear granules was considered as a stress granule form-
ing cell. Dead cells or morphologically differentiated cells are excluded from the count. The
percentage of cells with SGs was quantified by counting ~700 cells/experiment.

RNA isolation and RT-PCR

IMR90-1 cells (80% confluence) were grown in 35 mm dish and treated with either 125 uM of
SA, 250 uM of H,0,, or HS (42°C). Cells were washed three times with PBS, dissociated using
ReLeSR, and then total cell RNA was extracted from treated or non-treated cells using RNeasy
plus Mini RNA extraction Kit (QIAGEN) according to the manufacturer’s protocol. cDNA
was synthesized using the Superscript III first-strand cDNA synthesis kit (Invitrogen) accord-
ing the manufacturer protocol and then used as a template for PCR reaction to qualitatively
examine the gene expression of pluripotency genes. GAPDH was used as loading control.
Sequences of the forward (F) and the reverse (R) primers to amplify each gene are listed in
Table 1.

Results

Sodium arsenite and heat shock, but not H,O,, induce SG assembly in
human induced pluripotent stem cells

To determine whether different types of stressors induce SG formation in pluripotent stem
cells, hiPSCs (IMR90-1) were treated with different concentrations of SA or H,O,, or subjected
to HS at different temperatures. Each treatment was incubated for 1h, then cells were fixed,
stained with the robust SG marker (G3BP), and quantified for SG formation using fluores-
cence microscopy. Out of the three stressors, only SA and HS only induce the formation of
SGs (Fig 1A; white arrows), as compared to non-treated cells that showed no granules (Fig 1A
and 1B). SA treatment induced SG formation in a concentration dependent manner (Fig 1B).
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Table 1. Primers used in this study.

Gene name
hGAPDH

hSox2

hOCT4

hNANOG

hKLF4

hL1TD1

hLIN28A

https://doi.org/10.1371/journal.pone.0182059.t001

Sequence

F5’ ACGACCACTTTGTCAAGCTCATTTC3’
R5’ GCAGTGAGGGTCTCTCTCTTCCICT3”
F5’ GGGAARATGGGAGGGGTGCAAAAGAGG3’
R5’ TTGCGTGAGTGTGGATGGGATTGGTG3’
F5’ GACAGGGGGAGGGGAGGAGCTAGG3
R5’ CTTCCCTCCAACCAGTTGCCCCAAAC3
F5’ CATGAGTGTGGATCCAGCTTG3’

R5’ CCTGAATAAGCAGATCCATGG3

F5’ CCCAATTACCCATCCTTCCT3’

R5’ ACGATCGTCTTCCCCTCTTT3"

F5’ TGATGTTTGAGGAGATGAGGGA3’

R5’ TGTTGCTGATGARAGGTCGG3'

F5’ GTAAGCTGCACATGGAAGGG3’
R5'CGCCTCTCACTCCCAATACAZ

At 50uM, 25% of cells were positive for SGs and as the concentrations of SA increase, the num-
ber of cells showing SGs also progressively increases to reach 80% (75uM concentration) and
then 100%, a stationary phase, with higher concentrations of 125 and 250uM (Fig 1B). Con-
versely, a different pattern of SG formation was observed in HS treated cells. Although, no
granules were detected in cells incubated at near physiological incubation temperature (37 C)
or subjected to mild HS (40 C) treatment, 100% of the cells formed SGs after exposure to 42 C
(Fig 1A and 1B). Interestingly, elevating the temperature to 45 C had an adverse effect on SG
formation as the number of cells bearing SGs decreases to 80% (Fig 1B). Surprisingly, hiPSCs
treated with H,O, exhibited no SG formation even at concentrations up to 2mM (Fig 1A and
1B). This is in contrast to U20S [5] or HUVEC (S1 Fig) cells that formed SGs after H,O, treat-
ment. These data indicate that not all stressors are capable of inducing SGs in hiPSCs.

A SA concentration of 125uM proved to be the lowest to induce SG formation in all treated
cells after 1h of treatment. Similarly, shocking the cells with a temperature of 42'C for 1h was
the optimum for SG induction. To ensure that these conditions did not affect the stem cell col-
ony morphology, which is the visual characteristic of stem cell pluripotency, we tested the
shape and size of non-treated and treated hiPSCs colonies using phase contrast microscopy.
Typical pluripotent stem cell colony morphology was observed in non-treated as well as
treated cells (S2 Fig). The colonies appear with distinct, circular, and homogenous borders and
are composed of small, compact, uniform, and healthy cells that are densely packed together
(S2 Fig; inset). These results indicate that these conditions did not alter pluripotent cell mor-
phology and therefore were used for all subsequent experiments.

Granules formed in human induced pluripotent stem cells are canonical
stress granules

One of the well-known upstream events that is associated with SG formation induced by SA,
HS [42], and H,O, [5] is the phosphorylation of eIF2a. (pelF2a). In the case of SA and HS
treatments, the assembly of SGs is dependent on elF2a phosphorylation, whereas the induc-
tion of these granules is pelF2a-independent in cells treated with H,O,. Therefore, it was of
interest to test if this phenomenon also occurs in stressed hiPSCs. Using immuno-blot analysis,
we analyzed the phosphorylation of eIF2a in cells treated with SA (125uM), HS (42°C), or
H,0, (250uM). No elF20 phosphorylation was detected in non-treated cells or cells incubated
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Fig 1. SG assembly in human induced pluripotent stem cells is stress specific. (A) Representative fluorescence
microscopy images showing non-treated hiPSCs (No treat and 37 C), cells treated with 125uM sodium arsenite and H>O»
(250pM and 2mM) or subjected to heat shock (42 C) stained with the robust SG marker (G3BP (green)). Nucleus is stained
in blue (Hoechst). Insets show magnified views of SGs. White arrows indicate SGs. Scale bar indicates 50um. (B)
Percentage of hiPSCs with G3BP positive SGs after 1h treatment with the indicated concentrations of sodium arsenite, or
concentration range of H,O, (25, 50, 100, 250, 500puM, 1mM, and 2 mM) or subjected to heat shock at the indicated
temperatures. The average percentage of cells with SGs is shown. Error bars indicate the + standard deviation from 3
independent experiments.

https://doi.org/10.1371/journal.pone.0182059.9001

at 37 °C (Fig 2A and 2B). Notably, in cells treated with H,O,, which did not induce SG forma-
tion (Fig 1A), the levels of pelF20. were comparable to those of non-treated cells (Fig 2B), dem-
onstrating that H,O, is incapable of inducing either phosphorylation of e[F20. or SGs in
hiPSCs. In contrast, and consistent with our SG data (Fig 1), both SA and HS that induce SG
formation in hiPSCs, significantly induce eIF2a phosphorylation (Fig 2A and 2B). These data
indicate that stressors such as SA and HS that induce eIF20. phosphorylation result in the for-
mation of SGs in hiPSCs.

It has been previously reported that SG formation differs depending on the cell and nature
of stress [43]. To determine whether SGs formed in hiPSCs have the same molecular signature
as canonical SGs, the components of SGs were analyzed using a subset of known SG markers,
TIAR, eIF4E, eIF4A (Fig 2C); eIF3B, elF4G, and PABP (Fig 2D). As expected in non-treated
cells or cells incubated at 37 C, all SG protein markers were normally distributed within the
cytoplasm or the nucleus (Fig 2C and 2D). In contrast, in hiPSCs treated with SA or subjected
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to HS, these markers were recruited to SGs (Fig 2C and 2D; white arrows). All these proteins
showed similar levels of recruitment with both stressors as indicated by fluorescence signal
intensity (Fig 2, SA and 427G enlarged boxes). These results indicate that the formation of SGs
in hiPSCs subjected to SA and HS exhibit similar characteristics to those of canonical SGs.
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Fig 2. Sodium arsenite and heat shock treatments induce elF2a phosphorylation and localize stress granule proteins in human
induced pluripotent stem cells. (A and B) SA and HS treatments induce elF2a phosphorylation and SG formation in hiPSCs. (A)
Representative Immuno-blots that show the levels of pelF2a (Ser51) and elF2a in non-treated cells (No treat and 37 C) or cells treated
with 125uM sodium arsenite and 250uM H,O,, or subjected to heat shock (42 C). (B) Bar graph representing the ratio of (normalized
against B-actin loading controls) pelF2a (Ser51)/elF2a for each treatment. Values are expressed as mean + SEM from 4-5 experiments.
Asterisks indicate a statistically significant change, *p<0.05, **p<0.001, and ***p<0.0001. (C-E) Representative fluorescence
microscopy images showing hiPSCs treated with sodium arsenite (125uM), subjected to heat shock (42 C), or left untreated (No treat;

37 C), and stained with SG markers (C) TIAR (red)/elF4E (green)/ elF4A (white), (D) elF3b (red)/elF4G (green)/PABP (white), and (E)
elF3b (red)/YB1 (white) or PB marker (SK1, green). Insets are reproduced at the right as replicate views of SGs showing each marker
separately and the merged view (yellow). Scale bar indicates 5um.

https://doi.org/10.1371/journal.pone.0182059.g002
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It has been established that the existence of SGs is associated with a direct physical interac-
tion with another type of RNA granule known as P-bodies (PBs) [44]. In another approach to
confirm SG formation in hiPSCs, the physical interaction between PBs and SGs were tested
using the PB marker (SK1-hedles). As shown in Fig 2E, in hiPSCs subjected to SA or HS, PBs
(yellow arrowhead) were observed in close association with SGs (Fig 2E; white arrows). Inter-
estingly, the presence of PBs in juxtaposition to SGs in HS hiPSCs has not been documented
in immortalized human cell lines (U20S and Hela cells) [44] indicating that this is may be a
unique property of hiPSCs.

To further confirm that the observed granules are bona fide SGs, we exposed stressed or
non-stressed cells to the metabolic inhibitor emetine (Em) that is known to inhibit SG forma-
tion by interfering with polysome disassembly [45]. SGs (Fig 3A and 3B; white arrows) were
detected in stressed cells, whereas after treating these cells with Em for 90 min (Fig 3A; SA
+Em and Fig 3B; 42 C+Em), the granules were completely abolished and cells were compara-
ble to non-treated ones (Fig 3A; No treat and Fig 3B; 37 C) or those treated with Em alone (Fig
3A; Em). To ensure that the SG formation in cells subjected to HS is solely due to a tempera-
ture effect, we returned the thermally shocked cells to normal environmental conditions at
37°C for 60 min. As shown in Fig 3B (42" C+Rec), reverting hiPSCs back to 37 C disassembled
SGs. Altogether, these data demonstrate that the granules formed in stressed hiPSCs are typical
SGs in terms of size, number, and types of protein recruited, despite differences in the charac-
teristics of the granules induced by HS treatment.

Pluripotent proteins are selectively down-regulated after stress
conditions

The exposure of mouse ESCs to low concentration of SA (6pM) for 16h down regulates the
expression of pluripotent proteins, SOX2, OCT4, and NANOG [46]. To determine whether
different stresses regulate pluripotent proteins expression in hiPSCs, total RNA was extracted
from non-treated cells or cells subjected to SA, H,O, or HS, and a qualitative RNA analysis

of six endogenous pluripotent protein markers, OCT4, SOX2, NANOG, KLF4, LITDI, and
LIN28A, was performed using RT-PCR. As shown in Fig 4A, cells subjected to any of the three
stressors expressed pluripotent genes in levels comparable to non-treated cells. To confirm
these results the pluripotent proteins extracted from treated or non-treated cell lysates were
assessed by immuno-blot analyses. The expression levels of each protein were quantified using
a densitometer and normalized to the levels of non-treated cells. Interestingly, in contrast to
pluripotent protein gene expression levels, SA and HS selectively down-regulate the expression
of pluripotent protein markers (Fig 4B and 4C). In SA treated cells, NANOG and L1TDI are
the only pluripotent protein markers that were significantly decreased compared to non-
treated cells, whereas in cells subjected to 42 C, the expression of all other pluripotent protein
markers was significantly decreased (Fig 4B and 4C). Conversely, H,O,, which did not induce
SGs and has no effect on pluripotent gene expression, also failed to alter the expression levels
of the pluripotent protein markers tested except for SOX2, which was found to be down-regu-
lated (Fig 4B and 4C). These data classify SA and HS as SG inducers that selectively down-reg-
ulate pluripotent protein expression under stress conditions.

Pluripotent protein markers are selectively recruited to SGs under stress
conditions
Since only SA and HS, were able to induce SGs and selectively affect the protein expression of

some pluripotent protein markers under stress conditions (Fig 4), it was of interest to perform
a pilot screen to test the ability of pluripotent protein markers to aggregate into SGs. It is
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Fig 3. Emetine inhibits stress granule formation in stressed human induced pluripotent stem cells.
(A) Cells treated with sodium arsenite or (B) heat shock (42 C) followed by emetine treatment (SA+Em; 42 °C
+Em) or recovered from HS (42 °C+Rec) and stained with SG marker elF3b (red). Nucleus is stained in blue
(Hoechst). Insets show magnified views of SGs. White arrows indicate SGs and yellow arrowhead indicate
PBs. Scale bar indicates 20um.

https://doi.org/10.1371/journal.pone.0182059.g003
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Fig 4. Down-regulation of some pluripotent protein expression is stress specific. (A) RT-PCR on mRNA
extracted from non-treated hiPSCs (No treat and 37 C) or cells subjected to sodium arsenite, H,O,, and heat shock,
to detect pluripotent genes, OCT4, SOX2, NANOG, KLF4, L1TD1, and LIN28A. GAPDH is used as a loading
control. (B) Representative Immuno-blots illustrating the protein levels of OCT4, SOX2, NANOG, KLF4, L1TD1, and
LIN28A. (C) Bar graphs represent the levels (normalized with -actin loading controls) of the tested proteins.
Asterisks indicate statistical significance p values; *p<0.05, **p<0.001 and ***p<0.0001. The values are
expressed in mean + SEM from 3 experiments.

https://doi.org/10.1371/journal.pone.0182059.9004
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known that RBPs are the main proteins that are recruited to SGs [47], therefore the first step
was to analyze pluripotent protein markers for the presence of RNA binding domains (RBD).
Based on published data, we selected 36 proteins that are known to be the most common and
well known human pluripotent markers [48] and screened them to identify possible RBD
(Table 2) using the RNA-Binding Protein DataBase (RBPD) http://rbpdb.ccbr.utoronto.ca/
[49]. Of these, we identified only three proteins, LIN28A, L1TD1, and DPPAS5, which harbor
RBD. LIN28A and L1TD1, which have previously been shown to co-localize in SGs [38], con-
tain the CCCH zinc finger (ZF) RBD and RNA Recognition motif (RRM) domain, respec-
tively, whereas the K homology (KH) domain is recognized as the RBD of DPPA5 (Table 2).
We next investigated whether the identified proteins in our screen are components of the
SA and/or HS hiPSC SGs. Cells were left untreated or treated with either SA or HS (42 C) and
then stained with antibodies directed against LIN28A, L1TD1, and DPPAS5 as well as the SG
marker, G3BP. Since we did not identify SOX2, NANOG, or KLF4 as RBPs, we stained them
as negative RBP controls. As expected pluripotent protein markers that have no RBD were not
recruited to SGs (S3 Fig). However, the three pluripotent RBPs (LIN28A, L1TD1, and DPPAS5)
co-localized with the SG marker, G3BP, in hiPSCs treated with SA or subjected to HS (Fig 5A-
5C). Interestingly, in non-treated cells, LITD1 appears as aggregates, which differ in shape and

size to “standard” SGs (Fig 5A; No treat and 37 C; yellow arrows). Some of these aggregates,
co-localize with G3BP SGs (white arrows), whereas others do not (Fig 5A; SA and 42°C). In
contrast, LIN28A is highly recruited to SGs (Fig 5B, white arrows), as shown by its strong co-
localization with G3BP (Fig 5B, yellow color). Staining stressed hiPSCs for DPPA5 demon-
strates that the protein is weakly co-localized with G3BP in SGs (Fig 5C). These data confirm
that pluripotent protein markers LIN28A and L1TD1 are part of hiPSC SGs formed as a result
of SA or HS treatment and introduce DPPA5 as a novel component of SGs.

Discussion

In the present study, we found that hiPSCs are able to induce SG formation depending on the
insult used. Our major findings are (i) SA and HS treatments, but not H,O,, were able to
aggregate core SG components and promote elF2a phosphorylation in stressed hiPSCs, (ii)
the assembled granules exhibit typical SGs features, including shape, size, number, composi-
tion, and disassembly process, (iii) RNA binding pluripotent markers LIN28A, L1TDI, and

Table 2. Analysis of pluripotent stem cell proteins for the presence of RNA binding domains.

Human Stem Cell marker RNA binding Human Stem Cell marker RNA binding Human Stem Cell marker RNA binding
domain domain domain

RRM |KH |ZF RRM |KH |ZF RRM |KH |ZF

CD324 FoxD3 Sall4

CD90 GCNF SCF

CD117 HMGA2 Sox2

CD324 KLF4 SSEA-1

CD90 KLF4 SSEA-3

CD117 LEF1 SSEA-4

Cripto L1TD1 e Stat3

Dppa2 LIN28 | REN

Dppa3 NAC1 TRA-1-60

Dppa4 Nanog TRA-1-81

Dppas N Oct-3/4 UTF1

ECAT9 Rex1 ZFX

https://doi.org/10.1371/journal.pone.0182059.t002
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Fig 5. Pluripotent RNA binding proteins, L1TD1, LIN28A, and DPPAS5 are components of SGs. Representative fluorescence microscopy
images showing non-treated hiPSCs (No treat and 37 C) and cells treated with sodium arsenite (125uM) or subjected to heat shock (42 C) stained
with the SG marker (G3BP (red)) and different pluripotent markers (A) L1TD1, (B) LIN28A, or (C) DPPAS (green). At the right of each panel,
insets show magnified views of SGs in individual and merged channels (yellow). White arrows indicate SGs and yellow arrows indicate L1TD1
aggregates. Scale bar indicates 20um.

https://doi.org/10.1371/journal.pone.0182059.g005

DPPAD5, but not non-RNA binding pluripotent proteins (SOX2, KLF4, and NANOG), are
selectively recruited to SGs in stressed hiPSCs, and (iv) DPPA5 is a novel component of SGs.
To our knowledge this is the first attempt to compare the effect of different stresses on hiPSCs
and investigate the characteristics of SGs on those cells.

SG formation is a very well recognized stress response phenomenon that is observed in cells
subjected to different forms of environmental insult [12, 43, 47]. This phenomenon has been
observed in a wide range of mammalian cells [12, 43], as well as yeast [50-52] and Drosphila
cells [53-55] indicating that the assembly of these granules is evolutionary conserved amongst
different species and hence plays a significant role in cell stress response. Despite being a com-
mon cell response, the formation and the composition of these granules differs among species,
between cell types, and according to the stress types and impact. In Drosophila, granules
formed in response to both HS and SA treatments resemble those formed in mammalian cells
[53]. However, the composition of Saccharomyces cerevisiae granules formed after glucose dep-
rivation lacks two major SGs components, eIF3 and 40S ribosomal subunits, but contain
eukaryotic translation initiation factors eIF4E, eIF4G and Pablp and thus called EGP bodies
[56]. Interestingly, this was not the case when the same cells were treated with 1,6-hexanediol,
[52] or subjected to HS [57], which remarkably induce canonical SGs.

It has been postulated that ESCs have higher tolerance to stress than differentiated cells,
indicating that ESCs are equipped with various mechanisms to protect them from adverse
environmental conditions [58]. The formation of SGs in stressed PSCs may be one of these
protective mechanisms during development. This assumption is supported by the fact that SGs
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are able to selectively sequester and protect mRNA from degradation, which will eventually be
required for ESC development [59]. The availability of maternally contributed mRNAs is a
crucial step during embryonic development, because it initiates embryogenesis [60]. More-
over, the SG forming protein, TIAR, has been found to be essential in protecting C. elegans
germ cells and embryos from HS insult [61]. Our data supported the proposition that SGs are
a protection center for PSCs, where the pluripotent protein markers, LIN28A, L1TD1, and
DPPAS are sequestered to those granules during stress conditions, however, after recovery,
SGs were completely disassembled. This data is consistent with others that show the recruit-
ment of LIN28A and L1TD1 to SGs in stressed ESCs [38] and iPSCs [39]. The absence of other
PPMs from SGs does not exclude the possibility that the RNA encoding those proteins may be
the ones recruited to SGs. Our data illustrates that pluripotent gene expression is not altered
after stress treatment, whereas the expression of some PPMs, such as NANOG, is significantly
down-regulated, indicating that the mRNA encoding these proteins is either degraded or
sequestered to SGs. In support of this hypothesis, Tan et al. [62] reported that NANOG mRNA
harbors a full consensus AU-rich (ARE) element (AUUUAAUUUA) in its 3 UTR and binds
to Poly-(rC) Binding Protein 1, which was documented to be recruited to SGs and PBs [63].
Interestingly, ARE elements containing mRNAs were found to be highly recruited to SGs [47].
Importantly, TIAR, one of the main limiting factors of SG formation, specifically binds to this
canonical AUUUA motif located at 3’UTR ARE elements of mRNAs [64]. Therefore, it is logi-
cal to assume that TTAR binds to NANOG mRNA and/or other ARE PPMs and sequesters it
to SGs. Further experiments are needed to confirm this hypothesis.

To our surprise, hiPSCs did not assemble SGs in response to H,O, treatment. This could be
due to the high expression of glutathione peroxidases (Gpxs), antioxidant enzymes that detox-
ify H,0, and protect PSCs from oxidative damage [65]. Indeed, undifferentiated iPSCs showed
elevated levels of glutathione and significant up-regulation of several H,0O, scavengers includ-
ing Gpx2 and GSTA2 as compared to differentiated cells [66]. In support to this notion, during
the differentiation of mouse and hESCs, Gpx2 expression was down-regulated, indicating the
important role of Gpx2 in maintaining the pluripotent status of stem cells [58]. Moreover, sev-
eral studies demonstrated that undifferentiated hESCs show higher resistance to H,O, as com-
pared to differentiated cells [67-69]. Consistently, our results showed that H,0, induces SGs
in HUVEC (S1 Fig) and U20S cells [5] but not hiPSCs. Therefore, it is conceivable that PSCs
possess sufficient resistance against H,O, insult to maintain the cells in its pluripotent status
for a certain period of time without the need to induce SG formation.

In summary, our data suggest that hiPSCs are capable of inducing SG formation when sub-
jected to adverse environmental conditions. These granules are stress-specific and stimulate
the recruitment of selective PPMs. More studies are warranted in order to address why SGs are
assembled in stressed PSCs. It is possible that SGs selectively sequester different classes of
mRNAs and proteins that regulate pluripotency, which in turn lead to the regulation of signal-
ing molecules that control stem cell fate. Thus SGs may be a switch between self-renewal and
differentiation.

Supporting information

S1 Fig. H,O, induce SG assembly in HUVEC. Fluorescence microscopy images showing (A)
NT HUVEC (No treat) or (B) HUVEC treated with 1ImM H,O, and stained with the robust
SG markers (G3BP (red)). Nucleus is stained in blue (Hoechst). White arrows indicate SGs.
(TIFF)

$2 Fig. Analysis of hiPSC morphology after SA, HS, and H,O, treatments. Phase contrast
microscopy showing the morphology of (A and C) non-treated hiPSC colonies (No treat and
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37 C) or colonies treated with (B) 125uM SA (D) HS (42°C) (E) 250uM H,0,, and (F) 2mM
H,O0,. Large insets show magnified views of cells.
(TIFF)

$3 Fig. Non RNA binding pluripotent protein markers are not recruited to SGs under
stress conditions. Representative fluorescence microscopy images showing hiPSCs treated
with 125uM SA, subjected to HS (42°C), or left untreated (No treat; 37 C), and stained with SG
markers TIAR (red) and different pluripotent markers (A) SOX2, (B) KLF4, or (C) NANOG
(green). At the right of each panel, insets show magnified views of SGs in individual and
merged channels (yellow).

(TIFF)

Acknowledgments

We thank Dr. Essam M. Abdelalim for providing the primers, and Dr. Tariq Ahmed and Dr.
Kostas Vekrellis for critical revision of the manuscript. This work was supported by QBRI-
HBKU and NPRP grant (04-910-3-244) awarded to Chris Triggle.

Author Contributions

Conceptualization: Mohamed M. Emara.

Data curation: Freshteh Palangi, Samson M. Samuel, Mohamed M. Emara.
Formal analysis: Freshteh Palangi, Samson M. Samuel, Chris R. Triggle, Mohamed M. Emara.
Funding acquisition: Chris R. Triggle, Mohamed M. Emara.
Investigation: Freshteh Palangi, Mohamed M. Emara.

Methodology: Freshteh Palangi, Samson M. Samuel, Mohamed M. Emara.
Project administration: Mohamed M. Emara.

Supervision: Mohamed M. Emara.

Validation: Mohamed M. Emara.

Visualization: I. Richard Thompson, Mohamed M. Emara.

Writing - original draft: Freshteh Palangi, Mohamed M. Emara.

Writing - review & editing: Freshteh Palangi, Samson M. Samuel, I. Richard Thompson,
Chris R. Triggle, Mohamed M. Emara.

References

1. Spriggs KA, Bushell M, Willis AE. Translational regulation of gene expression during conditions of cell
stress. Mol Cell. 2010; 40(2):228-37. https://doi.org/10.1016/j.molcel.2010.09.028 PMID: 209654 18.

2. Fahling M. Surviving hypoxia by modulation of mRNA translation rate. J Cell Mol Med. 2009; 13
(9A):2770-9. https://doi.org/10.1111/j.1582-4934.2009.00875.x PMID: 19674191; PubMed Central
PMCID: PMCPMC4498934.

3. Kedersha NL, Gupta M, Li W, Miller I, Anderson P. RNA-binding proteins TIA-1 and TIAR link the phos-
phorylation of elF-2 alpha to the assembly of mammalian stress granules. J Cell Biol. 1999; 147
(7):1431-42. PMID: 10613902; PubMed Central PMCID: PMCPMC2174242.

4. Shenton D, Smirnova JB, Selley JN, Carroll K, Hubbard SJ, Pavitt GD, et al. Global translational

responses to oxidative stress impact upon multiple levels of protein synthesis. J Biol Chem. 2006; 281
(39):29011-21. https://doi.org/10.1074/jbc.M601545200 PMID: 16849329.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182059  July 26, 2017 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182059.s003
https://doi.org/10.1016/j.molcel.2010.09.028
http://www.ncbi.nlm.nih.gov/pubmed/20965418
https://doi.org/10.1111/j.1582-4934.2009.00875.x
http://www.ncbi.nlm.nih.gov/pubmed/19674191
http://www.ncbi.nlm.nih.gov/pubmed/10613902
https://doi.org/10.1074/jbc.M601545200
http://www.ncbi.nlm.nih.gov/pubmed/16849329
https://doi.org/10.1371/journal.pone.0182059

@° PLOS | ONE

Stress granule formation in hiPSCs

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Emara MM, Fujimura K, Sciaranghella D, lvanova V, lvanov P, Anderson P. Hydrogen peroxide induces
stress granule formation independent of elF2alpha phosphorylation. Biochem Biophys Res Commun.
2012; 423(4):763-9. https://doi.org/10.1016/j.bbrc.2012.06.033 PMID: 22705549; PubMed Central
PMCID: PMCPMC3399031.

Gallouzi IE, Brennan CM, Stenberg MG, Swanson MS, Eversole A, Maizels N, et al. HUR binding to
cytoplasmic mRNA is perturbed by heat shock. Proc Natl Acad Sci U S A. 2000; 97(7):3073-8. PMID:
10737787; PubMed Central PMCID: PMCPMC16194.

Mclnerney GM, Kedersha NL, Kaufman RJ, Anderson P, Liljestrom P. Importance of elF2alpha phos-
phorylation and stress granule assembly in alphavirus translation regulation. Mol Biol Cell. 2005; 16
(8):3753-63. https://doi.org/10.1091/mbc.E05-02-0124 PMID: 15930128; PubMed Central PMCID:
PMCPMC1182313.

Raaben M, Groot Koerkamp MJ, Rottier PJ, de Haan CA. Mouse hepatitis coronavirus replication
induces host translational shutoff and mRNA decay, with concomitant formation of stress granules and
processing bodies. Cell Microbiol. 2007; 9(9):2218-29. https://doi.org/10.1111/j.1462-5822.2007.
00951.x PMID: 17490409.

Khaperskyy DA, Emara MM, Johnston BP, Anderson P, Hatchette TF, McCormick C. Influenza a virus
host shutoff disables antiviral stress-induced translation arrest. PLoS Pathog. 2014; 10(7):e1004217.
https://doi.org/10.1371/journal.ppat.1004217 PMID: 25010204; PubMed Central PMCID:
PMCPMC4092144.

Yamasaki S, Anderson P. Reprogramming mRNA translation during stress. Curr Opin Cell Biol. 2008;
20(2):222-6. https://doi.org/10.1016/j.ceb.2008.01.013 PMID: 18356035; PubMed Central PMCID:
PMCPMC2841789.

Anderson P, Kedersha N. RNA granules: post-transcriptional and epigenetic modulators of gene
expression. Nat Rev Mol Cell Biol. 2009; 10(6):430-6. https://doi.org/10.1038/nrm2694 PMID:
19461665.

Anderson P, Kedersha N, Ivanov P. Stress granules, P-bodies and cancer. Biochim Biophys Acta.
2015; 1849(7):861-70. https://doi.org/10.1016/j.bbagrm.2014.11.009 PMID: 25482014; PubMed Cen-
tral PMCID: PMCPMC4457708.

Protter DS, Parker R. Principles and Properties of Stress Granules. Trends Cell Biol. 2016; 26(9):668—
79. hitps://doi.org/10.1016/}.tcb.2016.05.004 PMID: 27289443; PubMed Central PMCID:
PMCPMC4993645.

Arimoto K, Fukuda H, Imajoh-Ohmi S, Saito H, Takekawa M. Formation of stress granules inhibits apo-
ptosis by suppressing stress-responsive MAPK pathways. Nat Cell Biol. 2008; 10(11):1324-32. https:/
doi.org/10.1038/ncb1791 PMID: 18836437.

Kim WJ, Back SH, Kim V, Ryu |, Jang SK. Sequestration of TRAF2 into stress granules interrupts tumor
necrosis factor signaling under stress conditions. Mol Cell Biol. 2005; 25(6):2450-62. https://doi.org/10.
1128/MCB.25.6.2450-2462.2005 PMID: 15743837; PubMed Central PMCID: PMCPMC1061607.

Kedersha N, Anderson P. Mammalian stress granules and processing bodies. Methods Enzymol. 2007;
431:61-81. hitps://doi.org/10.1016/S0076-6879(07)31005-7 PMID: 17923231.

Kedersha N, Anderson P. Regulation of translation by stress granules and processing bodies. Prog Mol
Biol Transl Sci. 2009; 90:155-85. https://doi.org/10.1016/S1877-1173(09)90004-7 PMID: 20374741

Han AP, Yu C, Lu L, Fujiwara Y, Browne C, Chin G, et al. Heme-regulated elF2alpha kinase (HRI) is
required for translational regulation and survival of erythroid precursors in iron deficiency. EMBO J.
2001; 20(23):6909—18. https://doi.org/10.1093/emboj/20.23.6909 PMID: 11726526; PubMed Central
PMCID: PMCPMC125753.

Harding HP, Novoa |, Zhang Y, Zeng H, Wek R, Schapira M, et al. Regulated translation initiation con-
trols stress-induced gene expression in mammalian cells. Mol Cell. 2000; 6(5):1099—108. PMID:
11106749.

Koumenis C, Naczki C, Koritzinsky M, Rastani S, Diehl A, Sonenberg N, et al. Regulation of protein syn-
thesis by hypoxia via activation of the endoplasmic reticulum kinase PERK and phosphorylation of the
translation initiation factor elF2alpha. Mol Cell Biol. 2002; 22(21):7405-16. PubMed Central PMCID:
PMCPMC135664. https://doi.org/10.1128/MCB.22.21.7405-7416.2002 PMID: 12370288

Dang Y, Kedersha N, Low WK, Romo D, Gorospe M, Kaufman R, et al. Eukaryotic initiation factor
2alpha-independent pathway of stress granule induction by the natural product pateamine A. J Biol
Chem. 2006; 281(43):32870-8. https://doi.org/10.1074/jbc.M606149200 PMID: 16951406.

Kim WJ, Kim JH, Jang SK. Anti-inflammatory lipid mediator 15d-PGJ2 inhibits translation through inacti-
vation of elF4A. EMBO J. 2007; 26(24):5020-32. https://doi.org/10.1038/sj.emboj.7601920 PMID:
18034160; PubMed Central PMCID: PMCPMC2140107.

Mazroui R, Sukarieh R, Bordeleau ME, Kaufman RJ, Northcote P, Tanaka J, et al. Inhibition of ribosome
recruitment induces stress granule formation independently of eukaryotic initiation factor 2alpha

PLOS ONE | https://doi.org/10.1371/journal.pone.0182059  July 26, 2017 15/18


https://doi.org/10.1016/j.bbrc.2012.06.033
http://www.ncbi.nlm.nih.gov/pubmed/22705549
http://www.ncbi.nlm.nih.gov/pubmed/10737787
https://doi.org/10.1091/mbc.E05-02-0124
http://www.ncbi.nlm.nih.gov/pubmed/15930128
https://doi.org/10.1111/j.1462-5822.2007.00951.x
https://doi.org/10.1111/j.1462-5822.2007.00951.x
http://www.ncbi.nlm.nih.gov/pubmed/17490409
https://doi.org/10.1371/journal.ppat.1004217
http://www.ncbi.nlm.nih.gov/pubmed/25010204
https://doi.org/10.1016/j.ceb.2008.01.013
http://www.ncbi.nlm.nih.gov/pubmed/18356035
https://doi.org/10.1038/nrm2694
http://www.ncbi.nlm.nih.gov/pubmed/19461665
https://doi.org/10.1016/j.bbagrm.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25482014
https://doi.org/10.1016/j.tcb.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27289443
https://doi.org/10.1038/ncb1791
https://doi.org/10.1038/ncb1791
http://www.ncbi.nlm.nih.gov/pubmed/18836437
https://doi.org/10.1128/MCB.25.6.2450-2462.2005
https://doi.org/10.1128/MCB.25.6.2450-2462.2005
http://www.ncbi.nlm.nih.gov/pubmed/15743837
https://doi.org/10.1016/S0076-6879(07)31005-7
http://www.ncbi.nlm.nih.gov/pubmed/17923231
https://doi.org/10.1016/S1877-1173(09)90004-7
http://www.ncbi.nlm.nih.gov/pubmed/20374741
https://doi.org/10.1093/emboj/20.23.6909
http://www.ncbi.nlm.nih.gov/pubmed/11726526
http://www.ncbi.nlm.nih.gov/pubmed/11106749
https://doi.org/10.1128/MCB.22.21.7405-7416.2002
http://www.ncbi.nlm.nih.gov/pubmed/12370288
https://doi.org/10.1074/jbc.M606149200
http://www.ncbi.nlm.nih.gov/pubmed/16951406
https://doi.org/10.1038/sj.emboj.7601920
http://www.ncbi.nlm.nih.gov/pubmed/18034160
https://doi.org/10.1371/journal.pone.0182059

@° PLOS | ONE

Stress granule formation in hiPSCs

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

phosphorylation. Mol Biol Cell. 2006; 17(10):4212-9. https://doi.org/10.1091/mbc.E06-04-0318 PMID:
16870703; PubMed Central PMCID: PMCPMC1635342.

Emara MM, Ivanov P, Hickman T, Dawra N, Tisdale S, Kedersha N, et al. Angiogenin-induced tRNA-
derived stress-induced RNAs promote stress-induced stress granule assembly. J Biol Chem. 2010; 285
(14):10959-68. https://doi.org/10.1074/jbc.M109.077560 PMID: 20129916; PubMed Central PMCID:
PMCPMC2856301.

Ivanov P, Emara MM, Villen J, Gygi SP, Anderson P. Angiogenin-induced tRNA fragments inhibit trans-
lation initiation. Mol Cell. 2011; 43(4):613-23. https://doi.org/10.1016/j.molcel.2011.06.022 PMID:
21855800; PubMed Central PMCID: PMCPMC3160621.

Yamasaki S, lvanov P, Hu GF, Anderson P. Angiogenin cleaves tRNA and promotes stress-induced
translational repression. J Cell Biol. 2009; 185(1):35—42. https://doi.org/10.1083/jcb.200811106 PMID:
19332886; PubMed Central PMCID: PMCPMC2700517.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell. 2007; 131(5):861—72. https://doi.org/10.
1016/j.cell.2007.11.019 PMID: 18035408.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibro-
blast cultures by defined factors. Cell. 2006; 126(4):663—76. https://doi.org/10.1016/j.cell.2006.07.024
PMID: 16904174.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et al. Embryonic
stem cell lines derived from human blastocysts. Science. 1998; 282(5391):1145-7. PMID: 9804556.

Weinberger L, Ayyash M, Novershtern N, Hanna JH. Dynamic stem cell states: naive to primed pluripo-
tency in rodents and humans. Nat Rev Mol Cell Biol. 2016; 17(3):155-69. https://doi.org/10.1038/nrm.
2015.28 PMID: 26860365.

Tower J. Stress and stem cells. Wiley Interdiscip Rev Dev Biol. 2012; 1(6):789-802. https://doi.org/10.
1002/wdev.56 PMID: 23799624; PubMed Central PMCID: PMCPMC3812933.

Cho YM, Kwon S, Pak YK, Seol HW, Choi YM, Park DJ, et al. Dynamic changes in mitochondrial bio-
genesis and antioxidant enzymes during the spontaneous differentiation of human embryonic stem
cells. Biochem Biophys Res Commun. 2006; 348(4):1472-8. https://doi.org/10.1016/j.bbrc.2006.08.
020 PMID: 16920071.

Binetruy B, Heasley L, Bost F, Caron L, Aouadi M. Concise review: regulation of embryonic stem cell
lineage commitment by mitogen-activated protein kinases. Stem Cells. 2007; 25(5):1090-5. https://doi.
org/10.1634/stemcells.2006-0612 PMID: 17218395.

Zhang X, Rielland M, Yalcin S, Ghaffari S. Regulation and function of FoxO transcription factors in nor-
mal and cancer stem cells: what have we learned? Curr Drug Targets. 2011; 12(9):1267-83. PMID:
21443468.

Zhang X, Yalcin S, Lee DF, Yeh TY, Lee SM, Su J, et al. FOXO1 is an essential regulator of pluripotency
in human embryonic stem cells. Nat Cell Biol. 2011; 13(9):1092-9. https://doi.org/10.1038/ncb2293
PMID: 21804543; PubMed Central PMCID: PMCPMC4053529.

Koga M, Matsuda M, Kawamura T, Sogo T, Shigeno A, Nishida E, et al. Foxd1 is a mediator and indica-
tor of the cell reprogramming process. Nat Commun. 2014; 5:3197. https://doi.org/10.1038/
ncomms4197 PMID: 24496101.

Balzer E, Moss EG. Localization of the developmental timing regulator Lin28 to mRNP complexes, P-
bodies and stress granules. RNA Biol. 2007; 4(1):16-25. PMID: 17617744.

Narva E, Rahkonen N, Emani MR, Lund R, Pursiheimo JP, Nasti J, et al. RNA-binding protein L1TD1
interacts with LIN28 via RNA and is required for human embryonic stem cell self-renewal and cancer
cell proliferation. Stem Cells. 2012; 30(3):452—60. https://doi.org/10.1002/stem.1013 PMID: 22162396;
PubMed Central PMCID: PMCPMC3507993.

Thakar NY, Ovchinnikov DA, Hastie ML, Gorman J, Wolvetang EJ. RELB Alters Proliferation of Human

Pluripotent Stem Cells via IMP3- and LIN28-Mediated Modulation of the Expression of IGF2 and Other

Cell-Cycle Regulators. Stem Cells Dev. 2015; 24(16):1888-900. https://doi.org/10.1089/scd.2014.0587
PMID: 25794352.

Cassar PA, Carpenedo RL, Samavarchi-Tehrani P, Olsen JB, Park CJ, Chang WY, et al. Integrative
genomics positions MKRN1 as a novel ribonucleoprotein within the embryonic stem cell gene regulatory
network. EMBO Rep. 2015; 16(10):1334-57. https://doi.org/10.15252/embr.201540974 PMID:
26265008; PubMed Central PMCID: PMCPMC4670460.

Samuel SM, Ghosh S, Majeed Y, Arunachalam G, Emara MM, Ding H, et al. Metformin represses glu-
cose starvation induced autophagic response in microvascular endothelial cells and promotes cell
death. Biochem Pharmacol. 2017. https://doi.org/10.1016/j.bcp.2017.03.001 PMID: 28274614.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182059  July 26, 2017 16/18


https://doi.org/10.1091/mbc.E06-04-0318
http://www.ncbi.nlm.nih.gov/pubmed/16870703
https://doi.org/10.1074/jbc.M109.077560
http://www.ncbi.nlm.nih.gov/pubmed/20129916
https://doi.org/10.1016/j.molcel.2011.06.022
http://www.ncbi.nlm.nih.gov/pubmed/21855800
https://doi.org/10.1083/jcb.200811106
http://www.ncbi.nlm.nih.gov/pubmed/19332886
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
https://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://www.ncbi.nlm.nih.gov/pubmed/9804556
https://doi.org/10.1038/nrm.2015.28
https://doi.org/10.1038/nrm.2015.28
http://www.ncbi.nlm.nih.gov/pubmed/26860365
https://doi.org/10.1002/wdev.56
https://doi.org/10.1002/wdev.56
http://www.ncbi.nlm.nih.gov/pubmed/23799624
https://doi.org/10.1016/j.bbrc.2006.08.020
https://doi.org/10.1016/j.bbrc.2006.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16920071
https://doi.org/10.1634/stemcells.2006-0612
https://doi.org/10.1634/stemcells.2006-0612
http://www.ncbi.nlm.nih.gov/pubmed/17218395
http://www.ncbi.nlm.nih.gov/pubmed/21443463
https://doi.org/10.1038/ncb2293
http://www.ncbi.nlm.nih.gov/pubmed/21804543
https://doi.org/10.1038/ncomms4197
https://doi.org/10.1038/ncomms4197
http://www.ncbi.nlm.nih.gov/pubmed/24496101
http://www.ncbi.nlm.nih.gov/pubmed/17617744
https://doi.org/10.1002/stem.1013
http://www.ncbi.nlm.nih.gov/pubmed/22162396
https://doi.org/10.1089/scd.2014.0587
http://www.ncbi.nlm.nih.gov/pubmed/25794352
https://doi.org/10.15252/embr.201540974
http://www.ncbi.nlm.nih.gov/pubmed/26265008
https://doi.org/10.1016/j.bcp.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28274614
https://doi.org/10.1371/journal.pone.0182059

@° PLOS | ONE

Stress granule formation in hiPSCs

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kedersha N, Chen S, Gilks N, Li W, Miller IJ, Stahl J, et al. Evidence that ternary complex (elF2-GTP-
tRNA(i)(Met))-deficient preinitiation complexes are core constituents of mammalian stress granules.
Mol Biol Cell. 2002; 13(1):195-210. https://doi.org/10.1091/mbc.01-05-0221 PMID: 11809833; PubMed
Central PMCID: PMCPMC65082.

Anderson P, Kedersha N. Stress granules. Curr Biol. 2009; 19(10):R397-8. https://doi.org/10.1016/j.
cub.2009.03.013 PMID: 19467203.

Kedersha N, Stoecklin G, Ayodele M, Yacono P, Lykke-Andersen J, Fritzler MJ, et al. Stress granules
and processing bodies are dynamically linked sites of mMRNP remodeling. J Cell Biol. 2005; 169(6):871—
84. https://doi.org/10.1083/jcb.200502088 PMID: 15967811; PubMed Central PMCID:
PMCPMC2171635.

Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N, et al. Dynamic shuttling of TIA-1 accompa-
nies the recruitment of MRNA to mammalian stress granules. J Cell Biol. 2000; 151(6):1257-68. Epub
2000/12/21. PMID: 11121440; PubMed Central PMCID: PMC2190599.

Ivanov VN, Wen G, Hei TK. Sodium arsenite exposure inhibits AKT and Stat3 activation, suppresses
self-renewal and induces apoptotic death of embryonic stem cells. Apoptosis. 2013; 18(2):188-200.
https://doi.org/10.1007/s10495-012-0779-1 PMID: 23143138; PubMed Central PMCID:
PMCPMC3552097.

Anderson P, Kedersha N. Stress granules: the Tao of RNA triage. Trends Biochem Sci. 2008; 33
(3):141-50. https://doi.org/10.1016/}.tibs.2007.12.003 PMID: 18291657.

Zhao W, Ji X, Zhang F, Li L, Ma L. Embryonic stem cell markers. Molecules. 2012; 17(6):6196-236.
https://doi.org/10.3390/molecules17066196 PMID: 22634835.

Cook KB, Kazan H, Zuberi K, Morris Q, Hughes TR. RBPDB: a database of RNA-binding specificities.
Nucleic Acids Res. 2011; 39(Database issue):D301-8. https://doi.org/10.1093/nar/gkq 1069 PMID:
21036867; PubMed Central PMCID: PMCPMC3013675.

Buchan JR, Muhlrad D, Parker R. P bodies promote stress granule assembly in Saccharomyces cerevi-
siae. J Cell Biol. 2008; 183(3):441-55. https://doi.org/10.1083/jcb.200807043 PMID: 18981231;
PubMed Central PMCID: PMCPMC2575786.

Buchan JR, Parker R. Eukaryotic stress granules: the ins and outs of translation. Mol Cell. 2009; 36
(6):932—41. https://doi.org/10.1016/j.molcel.2009.11.020 PMID: 20064460; PubMed Central PMCID:
PMCPMC2813218.

Wheeler JR, Matheny T, Jain S, Abrisch R, Parker R. Distinct stages in stress granule assembly and
disassembly. Elife. 2016; 5. https://doi.org/10.7554/eLife. 18413 PMID: 27602576; PubMed Central
PMCID: PMCPMC5014549.

Farny NG, Kedersha NL, Silver PA. Metazoan stress granule assembly is mediated by P-elF2alpha-
dependent and -independent mechanisms. RNA. 2009; 15(10):1814-21. https://doi.org/10.1261/rna.
1684009 PMID: 19661161; PubMed Central PMCID: PMCPMC2743051.

Jevtov |, Zacharogianni M, van Oorschot MM, van Zadelhoff G, Aguilera-Gomez A, Vuillez |, et al.
TORC2 mediates the heat stress response in Drosophila by promoting the formation of stress granules.
J Cell Sci. 2015; 128(14):2497-508. https://doi.org/10.1242/jcs. 168724 PMID: 26054799; PubMed
Central PMCID: PMCPMC4510851.

Khong A, Jan E. Modulation of stress granules and P bodies during dicistrovirus infection. J Virol. 2011;
85(4):1439-51. https://doi.org/10.1128/JV1.02220-10 PMID: 21106737; PubMed Central PMCID:
PMCPMC3028890.

Hoyle NP, Castelli LM, Campbell SG, Holmes LE, Ashe MP. Stress-dependent relocalization of transla-
tionally primed mRNPs to cytoplasmic granules that are kinetically and spatially distinct from P-bodies.
J Cell Biol. 2007; 179(1):65—74. https://doi.org/10.1083/jcb.200707010 PMID: 17908917; PubMed Cen-
tral PMCID: PMCPMC2064737.

Grousl T, Ivanov P, Frydlova |, Vasicova P, Janda F, Vojtova J, et al. Robust heat shock induces elF2al-
pha-phosphorylation-independent assembly of stress granules containing elF3 and 40S ribosomal sub-
units in budding yeast, Saccharomyces cerevisiae. J Cell Sci. 2009; 122(Pt 12):2078-88. https://doi.
org/10.1242/jcs.045104 PMID: 19470581.

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(6):962-71. https://
doi.org/10.1634/stemcells.22-6-962 PMID: 15536187.

Schisa JA. Effects of stress and aging on ribonucleoprotein assembly and function in the germ line.
Wiley Interdiscip Rev RNA. 2014; 5(2):231-46. https://doi.org/10.1002/wrna.1204 PMID: 24523207;
PubMed Central PMCID: PMCPMC5018208.

Farley BM, Ryder SP. Regulation of maternal mRNAs in early development. Crit Rev Biochem Mol Biol.
2008; 43(2):135-62. https://doi.org/10.1080/10409230801921338 PMID: 18365862.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182059  July 26, 2017 17/18


https://doi.org/10.1091/mbc.01-05-0221
http://www.ncbi.nlm.nih.gov/pubmed/11809833
https://doi.org/10.1016/j.cub.2009.03.013
https://doi.org/10.1016/j.cub.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19467203
https://doi.org/10.1083/jcb.200502088
http://www.ncbi.nlm.nih.gov/pubmed/15967811
http://www.ncbi.nlm.nih.gov/pubmed/11121440
https://doi.org/10.1007/s10495-012-0779-1
http://www.ncbi.nlm.nih.gov/pubmed/23143138
https://doi.org/10.1016/j.tibs.2007.12.003
http://www.ncbi.nlm.nih.gov/pubmed/18291657
https://doi.org/10.3390/molecules17066196
http://www.ncbi.nlm.nih.gov/pubmed/22634835
https://doi.org/10.1093/nar/gkq1069
http://www.ncbi.nlm.nih.gov/pubmed/21036867
https://doi.org/10.1083/jcb.200807043
http://www.ncbi.nlm.nih.gov/pubmed/18981231
https://doi.org/10.1016/j.molcel.2009.11.020
http://www.ncbi.nlm.nih.gov/pubmed/20064460
https://doi.org/10.7554/eLife.18413
http://www.ncbi.nlm.nih.gov/pubmed/27602576
https://doi.org/10.1261/rna.1684009
https://doi.org/10.1261/rna.1684009
http://www.ncbi.nlm.nih.gov/pubmed/19661161
https://doi.org/10.1242/jcs.168724
http://www.ncbi.nlm.nih.gov/pubmed/26054799
https://doi.org/10.1128/JVI.02220-10
http://www.ncbi.nlm.nih.gov/pubmed/21106737
https://doi.org/10.1083/jcb.200707010
http://www.ncbi.nlm.nih.gov/pubmed/17908917
https://doi.org/10.1242/jcs.045104
https://doi.org/10.1242/jcs.045104
http://www.ncbi.nlm.nih.gov/pubmed/19470581
https://doi.org/10.1634/stemcells.22-6-962
https://doi.org/10.1634/stemcells.22-6-962
http://www.ncbi.nlm.nih.gov/pubmed/15536187
https://doi.org/10.1002/wrna.1204
http://www.ncbi.nlm.nih.gov/pubmed/24523207
https://doi.org/10.1080/10409230801921338
http://www.ncbi.nlm.nih.gov/pubmed/18365862
https://doi.org/10.1371/journal.pone.0182059

@° PLOS | ONE

Stress granule formation in hiPSCs

61.

62.

63.

64.

65.

66.

67.

68.

69.

Huelgas-Morales G, Silva-Garcia CG, Salinas LS, Greenstein D, Navarro RE. The Stress Granule
RNA-Binding Protein TIAR-1 Protects Female Germ Cells from Heat Shock in Caenorhabditis elegans.
G3 (Bethesda). 2016; 6(4):1031—47. https://doi.org/10.1534/93.115.026815 PMID: 26865701; PubMed
Central PMCID: PMCPMC4825639.

Tan FE, Elowitz MB. Brf1 posttranscriptionally regulates pluripotency and differentiation responses
downstream of Erk MAP kinase. Proc Natl Acad Sci U S A. 2014; 111(17):E1740-8. https://doi.org/10.
1073/pnas.1320873111 PMID: 24733888; PubMed Central PMCID: PMCPMC4035916.

Fujimura K, Katahira J, Kano F, Yoneda Y, Murata M. Selective localization of PCBP2 to cytoplasmic
processing bodies. Biochim Biophys Acta. 2009; 1793(5):878-87. https://doi.org/10.1016/j.bbamcr.
2009.02.002 PMID: 19230839.

Gueydan C, Droogmans L, Chalon P, Huez G, Caput D, Kruys V. Identification of TIAR as a protein
binding to the translational regulatory AU-rich element of tumor necrosis factor alpha mRNA. J Biol
Chem. 1999; 274(4):2322—6. PMID: 9890998.

Rhee SG, Yang KS, Kang SW, Woo HA, Chang TS. Controlled elimination of intracellular H(2)O(2): reg-
ulation of peroxiredoxin, catalase, and glutathione peroxidase via post-translational modification. Anti-
oxid Redox Signal. 2005; 7(5-6):619-26. https://doi.org/10.1089/ars.2005.7.619 PMID: 15890005.

Dannenmann B, Lehle S, Hildebrand DG, Kubler A, Grondona P, Schmid V, et al. High glutathione and
glutathione peroxidase-2 levels mediate cell-type-specific DNA damage protection in human induced
pluripotent stem cells. Stem Cell Reports. 2015; 4(5):886—-98. https://doi.org/10.1016/j.stemcr.2015.04.
004 PMID: 25937369; PubMed Central PMCID: PMCPMC4437487.

George S, Heng BC, Vinoth KJ, Kishen A, Cao T. Comparison of the response of human embryonic
stem cells and their differentiated progenies to oxidative stress. Photomed Laser Surg. 2009; 27
(4):669—74. https://doi.org/10.1089/ph0.2008.2354 PMID: 19530910.

Vinoth KJ, Manikandan J, Sethu S, Balakrishnan L, Heng A, Lu K, et al. Differential resistance of human
embryonic stem cells and somatic cell types to hydrogen peroxide-induced genotoxicity may be depen-
dent on innate basal intracellular ROS levels. Folia Histochem Cytobiol. 2015; 53(2):169-74. https://doi.
org/10.5603/FHC.a2015.0016 PMID: 26156296.

Vinoth KJ, Heng BC, Poonepalli A, Banerjee B, Balakrishnan L, Lu K, et al. Human embryonic stem
cells may display higher resistance to genotoxic stress as compared to primary explanted somatic cells.
Stem Cells Dev. 2008; 17(3):599-607. https://doi.org/10.1089/scd.2007.0088 PMID: 18498216.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182059  July 26, 2017 18/18


https://doi.org/10.1534/g3.115.026815
http://www.ncbi.nlm.nih.gov/pubmed/26865701
https://doi.org/10.1073/pnas.1320873111
https://doi.org/10.1073/pnas.1320873111
http://www.ncbi.nlm.nih.gov/pubmed/24733888
https://doi.org/10.1016/j.bbamcr.2009.02.002
https://doi.org/10.1016/j.bbamcr.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19230839
http://www.ncbi.nlm.nih.gov/pubmed/9890998
https://doi.org/10.1089/ars.2005.7.619
http://www.ncbi.nlm.nih.gov/pubmed/15890005
https://doi.org/10.1016/j.stemcr.2015.04.004
https://doi.org/10.1016/j.stemcr.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25937369
https://doi.org/10.1089/pho.2008.2354
http://www.ncbi.nlm.nih.gov/pubmed/19530910
https://doi.org/10.5603/FHC.a2015.0016
https://doi.org/10.5603/FHC.a2015.0016
http://www.ncbi.nlm.nih.gov/pubmed/26156296
https://doi.org/10.1089/scd.2007.0088
http://www.ncbi.nlm.nih.gov/pubmed/18498216
https://doi.org/10.1371/journal.pone.0182059

