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Oxidative stress promotes SIRT1 recruitment to the
GADD34/PP1α complex to activate its deacetylase
function
Irene Chengjie Lee1, Xue Yan Ho1, Simi Elizabeth George1, Catherine Wenhui Goh1, Jeyapriya Rajameenakshi Sundaram1,
Karen Ka Lam Pang1, Weiwei Luo1, Permeen Yusoff1, Newman Siu Kwan Sze2 and Shirish Shenolikar*,1,3

Phosphorylation of the eukaryotic translation initiation factor, eIF2α, by stress-activated protein kinases and dephosphorylation
by the growth arrest and DNA damage-inducible protein (GADD34)-containing phosphatase is a central node in the integrated
stress response. Mass spectrometry demonstrated GADD34 acetylation at multiple lysines. Substituting K315 and K322 with
alanines or glutamines did not impair GADD34’s ability to recruit protein phosphatase 1α (PP1α) or eIF2α, suggesting that GADD34
acetylation did not modulate eIF2α phosphatase activity. Arsenite (Ars)-induced oxidative stress increased cellular GADD34 levels
and enhanced Sirtuin 1 (SIRT1) recruitment to assemble a cytoplasmic complex containing GADD34, PP1α, eIF2α and SIRT1.
Induction of GADD34 in WT MEFs paralleled the dephosphorylation of eIF2α (phosphoserine-51) and SIRT1 (phosphoserine-47).
By comparison, eIF2α and SIRT1 were persistently phosphorylated in Ars-treated GADD34 − / − MEFs. Expressing WT GADD34,
but not a mutant unable to bind PP1α in GADD34 − / − MEFs restored both eIF2α and SIRT1 dephosphorylation. SIRT1
dephosphorylation increased its deacetylase activity, measured in vitro and in cells. Loss of function of GADD34 or SIRT1
enhanced cellular p-eIF2α levels and attenuated cell death following Ars exposure. These results highlighted a novel role for the
GADD34/PP1α complex in coordinating the dephosphorylation and reactivation of eIF2α and SIRT1 to determine cell fate following
oxidative stress.
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Aberrations in protein homeostasis (proteostasis), particularly
the processing and folding of proteins in the endoplasmic
reticulum (ER), creates an ‘ER stress’ that is a contributing
factor in many chronic or aging-related human diseases,
including cancer, diabetes, inflammatory or heart disease and
neurodegeneration.1 The ER, characterized by its unique
oxidizing environment, is well suited for the formation of
disulphide bonds, promoting the folding of proteins into their
three-dimensional state. The accumulation of misfolded
proteins that creates ER stress activates the ERtransmembrane sensors, PERK, ATF6 and IRE1, to control
protein synthesis, folding and degradation and restore
proteostasis. The failure to establish normal protein folding,
an energy demanding process, creates an oxidative stress
with reactive oxygen species (ROS) production, mitochondrial
damage and apoptosis.2,3 Accumulating evidence points to
aberrant proteostasis and associated oxidative stress as key
drivers of programmed cell death.3
The phosphorylation and dephosphorylation of the eukaryotic initiation factor, eIF2α, is a pivotal step in ‘integrated
stress response’ (ISR)4 that is activated in response to many
stresses, including DNA damage, ER stress, nutrient deprivation and oxidative stress. Four kinases, PERK, PKR, HRI and
GCN2, responding to different stresses, catalyze the phosphorylation of serine-51 in eIF2α to repress global mRNA

translation. However, phospho-eIF2α also facilitates the
translation of selected mRNAs, such as ATF4 and CHOP,
which orchestrate the transcription of numerous genes,
including many required for protein synthesis,3 such as
PPP1R15A, whose protein product, GADD34, assembles an
eIF2α phosphatase that restores general protein synthesis
and recovery from stress.5,6
Sirtuin 1 (SIRT1)7,8 catalyzes the deacetylation of both
histones and non-histone substrates,9 including the nuclear
proteins p53,10 nuclear factor-κB11 and Forkhead box protein
O,12 and the non-nuclear proteins AKT113 and LKB1.14 By
modulating their functions, SIRT1 has a key role in energy
homeostasis and the cellular response to stress, particularly
DNA damage, oxidative stress and aging.7 Thus, similar to
ISR, the dysregulation of SIRT1 has been implicated in
cancer, diabetes, heart disease and many aging-related
diseases including Alzheimer’s disease.15–18
Recent studies showed that ER stress induced SIRT1
expression,19 which in turn attenuated ER stress signaling and
enhanced cell survival.20–22 Among the first stress proteins
identified as a SIRT1 substrate was the X-box-binding protein
1 (XBP1s), the product of a mRNA spliced by IRE1 following
ER stress.23 By deacetylating XBP1s, SIRT1 antagonized
XBP1s-mediated transcription and reduced the cell’s tolerance for ER stress. Thus, SIRT1 − / − MEFs displayed greater
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Figure 1 GADD34 is acetylated. (a) Schematic of the GADD34 protein with acetylated lysines (K). The N-terminal ER localization sequence is denoted by yellow box. The central
PEST repeats are represented as green boxes and the C-terminal blue box represents the PP1-binding domain. (b) Mass spectrometry of FLAG-GADD34 (WT) or FLAG-GADD34
(KARA) immunoprecipitates (IP) from cells treated with or without 5 mM nicotinamide for 6 h identified acetylated peptides with sequences as shown. (c) HEK293 cells expressing
FLAG-GADD34 (WT) and mutants, FLAG-K312A/K322A and FLAG-K315Q/K322Q, were subjected to immunoprecipitation using anti-FLAG antibody. Immunoprecipitates (IP) and
whole cell lysates (WCL) were analyzed for endogenous eIF2α, PP1α and FLAG-GADD34 by immunoblotting. Molecular weight markers (kDa) are shown. (d) HEK293 cells expressing
the FLAG epitope and increasing amounts of FLAG-GADD34 WTor FLAG-K315A/K322A and FLAG-K315Q/K322Q mutation were analyzed for eIF2α dephosphorylation. Cells were
immunoblotting for eIF2α, p-eIF2α, FLAG-GADD34 and tubulin. (e) Quantitation of p-eIF2α/eIF2α ratio in cells expressing increasing amounts of the WT FLAG-GADD34, FLAGK315A/K322A and FLAG-K315Q/K322Q (expressed in arbituary units, A.U.) from 4 independent experiments each consisting of 12 data points

resistance to ER stress-mediated cell death than their WT
counterparts. Other studies showed that ER stress reduced
SIRT1 mRNA levels in brown adipocytes such that SIRT1
overexpression alleviated ER stress-induced cell death.24 The
latter observation is consistent with studies by Ghosh et al.25,
which noted SIRT1’s association with eIF2α (as well as
PPP1R15A/GADD34 and PPP1R15B/CReP, components of
cellular eIF2α phosphatases) that attenuated eIF2α phosphorylation. A later study in cardiomyocytes emphasized that
SIRT1 principally targeted the ISR pathway and its association
with eIF2α catalyzed its deacetylation at Ac-K141 and AcK143.26 Moreover, eIF2α acetylation paralleled its phosphorylation at Serine-51 and both modifications were enhanced by
ER stress. Although the mechanistic basis for the collaboration between eIF2α acetylation and phosphorylation is still
unclear, in these studies the loss of SIRT1 function aggravated
ER stress-induced cardiac injury, whereas SIRT1 activation
was cardioprotective. Additional study showed that SIRT1
activation by the endogenous active regulator of SIRT1 also
attenuated eIF2α phosphorylation and regulated ribosome
biogenesis.27 These data suggested that coordination of
Cell Death and Differentiation

deacetylation and dephosphorylation of eIF2α may also be
critical for ISR signaling and cytoprotection.
GADD34, which assembles a potent eIF2α phosphatase,6
interacted with SIRT1,25 but the functional consequence
remains unclear. We identified several acetylated lysines in
GADD34, raising the possibility that GADD34 deacetylation by
SIRT1 might also regulate ISR. Conversely, SIRT1 is a
phosphoprotein in cells28 with phosphorylations implicated in
both positive and negative regulation of SIRT1. SIRT1 kinases
include AMPK,29 Cyclin B/Cdk1,28 CK2,30 DYRK;31 JNK,32–34
CaMKKβ,35 HIPK2,36 Cdk5 (Bai et al.37) and mammalian
target of rapamycin.38 However, SIRT1 phosphatases and the
coordination of eIF2α deacetylation and dephosphorylation
have not been investigated.
Our data showed that mutations that eliminated GADD34
acetylation at K315 and K322 did not have an impact on the
assembly of eIF2α/GADD34/PP1α complex and the dephosphorylation of p-eIF2α. However, oxidative stress enhanced
SIRT1 redistribution from the nucleus to the cytoplasm and
promoted its binding to GADD34. The resulting complex,
consisting of SIRT1, eIF2α, GADD34 and PP1α, synchronized
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the dephosphorylation of SIRT1-pSer47 and eIF2α-pSer51.
The GADD34-mediated dephosphorylation enhanced SIRT1
deacetylase activity, measured both in vitro and in cells. Thus,
our data suggested that the eIF2α/GADD34/PP1α/SIRT1
complex coordinates eIF2α deacetylation and dephosphorylation to control cell fate following oxidative stress.
Results
GADD34 is acetylated. Mass spectrometry of WT human
FLAG-GADD34 and a mutant, KARA, which failed to bind
PP1α,6 immunoprecipitated from HEK293 cells, identified
multiple acetylated peptides. Data from independent experiments established GADD34 acetylation at five lysines
(Figures 1a and b). However, the peptide containing AcK315 and/or Ac-K322 was most prominent in WT GADD34
after cells were treated with the SIRT1 inhibitor, nicotinamide.
Interestingly, this peptide was also observed in KARA,
independent of nicotinamide treatment. Substitution of
alanines, K315A/K322A, or glutamines, K315Q/K322Q, did not
alter GADD34’s ability to bind PP1α and eIF2α (Figure 1c),
both being similarly recruited by WT and the mutant GADD34.
Ectopic expression of WT, K315A/K322A or K315Q/K322Q
displayed similar dose-dependent dephosphorylation of
p-eIF2α (Figures 1d and e), suggested that GADD34
acetylation at K315 and K322, while potentially regulated by
SIRT1, had no impact on assembly or function of the
GADD34-containing eIF2α phosphatase.
Arsenite promotes SIRT1 interaction with GADD34.
Ghosh et al.25 showed that SIRT1 bound GADD34 but did
not evaluate the impact of stresses that promote GADD34
expression. Thus, we coexpressed FLAG-GADD34 and
GFP-SIRT1 in HEK293 cells and subjected these to different
stresses (Figure 2a). Immunoprecipitation of FLAG-GADD34
from untreated (UT) cells confirmed the association of eIF2α
and PP1α, known GADD34 interactors, but little or no SIRT1
was detected. Although ER stressors, tunicamycin (TN) and
thapsigargin (TG) and DNA-damaging agent, etoposide
(Etop) did not promote SIRT1 recruitment to FLAG-GADD34,
arsenite (Ars) and to a lesser extent, H2O2, which induce an
oxidative stress, and proteasome inhibition by MG132
resulted in detectable SIRT1 in the FLAG-GADD34 immunocomplexes. SIRT1 co-immunoprecipitation with FLAGGADD34 showed a dose dependency with increasing Ars
concentrations (Figure 2b). By contrast, GADD34 association
with PP1α was unaltered by most stresses (Figure 2a) but
some enhancement of eIF2α binding was seen with increasing Ars concentrations (Figures 2a and b). Finally, Ars
increased endogenous GADD34 levels in WT MEFs while
SIRT1 protein levels were consistently reduced. Regardless,
endogenous SIRT1 was coimmunoprecipitated with endogenous GADD34 only from Ars-treated WT MEFs (Figure 2c).
Ars targets thiol-mediated redox regulation and increased
ROS, monitored using MitoSOX (Figure 2d). The increase in
ROS production was abolished by the anti-oxidant, N-acetylL-cysteine (NAC). In parallel studies, Ars enhanced the
binding of ectopically expressed GFP-SIRT1 to FLAGGADD34, assessed using both anti-FLAG (Figure 2e) and
anti-GFP (Supplementary Figure S1) antibodies. This binding

was also reduced in Ars-treated cells by NAC. These data
strongly supported the notion that Ars-induced oxidative
stress not only enhanced GADD34 expression but also
recruited SIRT1 to the GADD34 complex containing PP1α
and eIF2α.
Cytosolic SIRT1 binds GADD34. GADD34 is primarily an
ER-associated protein although a fraction of GADD34 also
exists in cytoplasm.39 By contrast, SIRT1 is predominantly
nuclear. This was confirmed by the subcellular distribution of
GFP-SIRT1 expressed in UT HeLa cells (Figure 3a). However, oxidative stress was reported to enhance nucleocytoplasmic shuttling of SIRT1.40,41 Indeed, Ars exposure
enhanced the redistribution of GFP-SIRT1 to the cytoplasm
in HeLa cells. Co-treatment with Leptomycin B (LMB), a
nuclear export inhibitor, prevented the redistribution of GFPSIRT1 to cytoplasm. When HEK293 cells expressing both
GFP-SIRT1 (WT) and FLAG-GADD34 were exposed to Ars,
GFP-SIRT1 binding to GADD34 was also attenuated by LMB
(Figure 3b). However, LMB had no impact on PP1α or eIF2α
binding to FLAG-GADD34. Following the mutation of the
nuclear localization sequence (NLS) in SIRT1,40 GFP-SIRT1
mutant lacking the NLS (mt NLS) was largely cytoplasmic
(Figure 3c). Remarkably, the association of GFP-SIRT1 mt
NLS with FLAG-GADD34 occurred even in the absence of
stress and Ars treatment has no impact on GFP-SIRT1 mt
NLS binding to FLAG-GADD34 (Figure 3d). Immunoprecipitation using anti-GADD34 antibody also showed that Ars
induced the association of endogenous SIRT1 with endogenous stress-induced GADD34 and this binding was also
abolished by LMB (Figure 3e). Together, these results
established that the cytoplasmic localization of SIRT1 elicited
by Ars enabled GADD34 binding.
GADD34 contributes to cytoplasmic localization of
SIRT1. Immunohistochemistry using anti-SIRT1 antibody
established that endogenous SIRT1 was predominantly
nuclear in WT MEFs but was partially redistributed to the
cytoplasm following Ars treatment (Figure 4a). The ratio of
cytoplasmic to nuclear SIRT1 was increased approximately
2.5-fold by Ars in WT MEFs (Figure 4b). Surprisingly, SIRT1
remained predominantly nuclear in the GADD34 − / − MEFs
in the absence or presence of Ars (Figures 4a and b). Finally,
in WT MEFs, the Ars-mediated redistribution of SIRT1 to
cytoplasm was prevented by NAC (Figures 4c and d). These
data demonstrated that oxidative stress promoted the SIRT1
redistribution to cytoplasm and identified GADD34 as a key
determinant of the cytoplasmic SIRT1 localization in MEFs.
SIRT1 binds C-terminal PP1α-binding domain of
GADD34. To define the interaction between SIRT1 and
GADD34, fragments of FLAG-SIRT1 were coexpressed with
HA-GADD34 in HEK293 cells. Following Ars exposure,
immunoprecipitation with anti-FLAG antibody showed that
HA-GADD34 bound full-length SIRT1 (1–737) and the
catalytic domain, comprising of amino acids 236–490
(Figure 5a). No HA-GADD34 association was observed with
the N- (1–236) and C-terminal (490–737) SIRT1 domains.
Interestingly, the known GADD34 interactors,6 PP1α and
eIF2α, were consistently observed in immunocomplexes
Cell Death and Differentiation
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Figure 2 Ars enhances SIRT1 association with GADD34. (a) HEK293 cells expressing FLAG-GADD34 were subjected to the following stresses for 1 h (hr): TG, TN, Etop,
H2O2, Ars and MG132 before immunoprecipitations (IP) using anti-FLAG antibody. IP and WCL were immunoblotted for GFP-SIRT1, FLAG-GADD34, eIF2α and PP1α.
Molecular weight markers (kDa) are shown. (b) HEK293 cells expressing the FLAG peptide or FLAG-GADD34 were subjected to increasing Ars concentrations for 1 h before IP
using anti-FLAG. IP and WCL were immunoblotted for SIRT1, eIF2α, PP1α and FLAG-GADD34. (c) Anti-GADD34 immunoprecipitates from WT MEFs treated with Ars (50 μM,
5 h) or UT were immunoblotted for SIRT1 and GADD34. Control IgG antibody was included for control IP. Tubulin was used as loading control. (d) HEK293 cells, exposed to
antioxidant, NAC (20 mM, 2 h), or Ars (0.5 mM, 1 h) or NAC (20 mM, 1 h) before Ars (0.5 mM, 1 h), were stained using mitochondrial ROS-detecting dye, MitoSOX. MitoSOXstained cells were quantified by FACS and represented as fold change compared with UT HEK293 (mean ± S.E.M., n = 3). Sidak’s multiple comparisons test was used after twoway ANOVA to generate P-values (**Po0.01). (e) Anti-FLAG immunoprecipitations from HEK293 cells co-expressing FLAG-GADD34 and GFP-SIRT1 WT either UT (− ) or
following treatment with NAC, Ars or NAC and Ars as described in d were analyzed. IP and WCL were immunoblotted for GFP-SIRT1 and FLAG-GADD34. Tubulin was used as a
loading control. Molecular weight markers (kDa) are shown

containing GADD34 and SIRT1 (Figure 5a). In parallel
experiments, co-immunoprecipitation of endogenous SIRT1
from Ars-treated HEK293 cells expressing FLAG-GADD34
fragments (Figure 5b) showed that SIRT1, bound the full-length
and the C-terminal domain of GADD34 (513–674 amino acids)
that also binds PP1α .6 Choy et al.42 showed that eIF2α bound
full-length GADD34 and the N-terminal fragment (1–513),
containing PEST repeats, whereas others showed that the
C-terminal PP1-binding domain of GADD34 also represented
an eIF2α-binding site.43 These data highlighted GADD34’s
ability to scaffold PP1α, eIF2α and SIRT1 (Figure 5c).
GADD34 facilitates dephosphorylation of SIRT1. To
explore whether, similar to eIF2α, SIRT1 was a substrate
of the GADD34/PP1α complex, we analyzed the phosphorylation of GFP-SIRT1, specifically Serine-47 phosphorylated by
multiple kinases, in WT and GADD34 − / − MEFs (Figure 6a).
Following Ars exposure, p-Serine-47 levels decreased in a
Cell Death and Differentiation

time-dependent manner in WT MEFs (Figure 6b) in parallel
with GADD34 induction, which was also accompanied with
p-eIF2α dephosphorylation (Figure 6c).5,6 By comparison,
phospho-serine 47 levels remained persistently high while
p-eIF2α levels steadily increased in GADD34 − / − MEFs in
response to Ars (Figures 6a–c).
Although our experiments showed the binding of endogenous SIRT1, PP1α and eIF2α to FLAG-GADD34 in Ars-treated
cells (Figure 2), to our surprise, KARA, a mutant GADD34
deficient in PP1α binding,6 showed low or no binding to SIRT1
in the presence or absence of Ars (Figure 6d). This provided a
useful tool to assess the role of GADD34-bound PP1α in
SIRT1 dephosphorylation. Thus, we expressed WT GADD34
and KARA along with GFP-SIRT1 in GADD34 − / − MEFs and
exposed them to Ars (Figure 6e). WT GADD34 but not KARA
significantly reduced phospho-serine 47 levels in GFP-SIRT1
(Figures 6e and f). As anticipated, p-eIF2α levels were also
reduced by WT GADD34 but not KARA in these cells
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Figure 3 Cytosolic SIRT1 Binds GADD34. (a) Subcelullar distribution of GFP-SIRT1 wild-type (WT) in HeLa cells is shown under UT conditions and after Ars (0.5 mM, 1 h)
treatment. LMB (10 nM, 3 h), or LMB (10 nM, 2 h) pretreatment before Ars (0.5 mM, 1 h) exposure are also shown. GFP-SIRT1 is shown in green with nuclear staining by
Hoescht 33342 in blue. Scale bar, 30 μm. (b) Anti-FLAG immunoprecipitations from HEK293 cells co-expressing FLAG-GADD34 and GFP-SIRT1, either UT ( − ) or following
treatment with LMB, Ars or both LMB and Ars, as described in a, were analyzed for GFP-SIRT1, FLAG-GADD34, eIF2α and PP1α by immunoblotting IPs and WCL with
appropriate antibodies. (c) Subcellular distribution of GFP-SIRT1 wild-type (WT) and mutant GFP-SIRT1 lacking the NLS (mt NLS) are shown in HeLa cells either UTor after Ars
(0.5 mM, 1 h) treatment. GFP-SIRT1 is shown in green and nuclear staining by Hoescht 33342 in blue. Scale bar, 30 μm. (d) HEK293 cells coexpressing FLAG-GADD34 and
either GFP-SIRT1 WT or GFP-SIRT1 mt NLS UT or following Ars treatment (0.5 mM, 1 h) were subjected immunoprecipitations using anti-FLAG. The GFP-SIRT1 proteins and
FLAG-GADD34 in IP and WCL were analyzed by immunoblotting as described in methods. (e) Anti-GADD34 immunoprecipitates from WT MEFs either UT ( − ) or following
treatment with Ars (50 μM, 5 h) or LMB (10 nM, 1 h) pretreatment before exposure to Ars (50 μM, 5 h) were immunoblotted with anti-SIRT1 and anti-GADD34 antibodies. Control
IgG was included as control. Tubulin was used a loading control

(Figure 6e). One unexpected observation was that both WT
GADD34 and KARA proteins were dramatically increased by
Ars. While the molecular basis for upregulation of these
ectopically expressed proteins is not known, our data suggest
that post-transcriptional mechanisms activated by Ars
accounted for this increase in GADD34 proteins. Regardless,
our data established the requirement for GADD34 association
with PP1α (and SIRT1) for dephosphorylation of phosphoserine 47.
GADD34/PP1α increases SIRT1 deacetylase activity.
Serine-47-phosphorylation inhibits SIRT1’s deacetylase function, potentially promoting the proteasomal degradation of
SIRT1.34,38 To investigate the changes in SIRT1 function
elicited by GADD34/PP1α, we analyzed a known SIRT1
substrate, p53.10,44 In control FLAG-expressing HEK293
cells, p53 was acetylated in a dose-dependent manner

following Ars treatment (Figure 7a). Ectopic expression of WT
FLAG-GADD34 significantly lowered the levels of acetylatedp53, particularly at higher Ars concentrations (Figures 7a and
b). However, significant cell death was observed at 1.25 mM
Ars. The complete abolition of p-eIF2α in cells expressing WT
FLAG-GADD34 confirmed the function of GADD34/PP1α as
an eIF2α phosphatase. Expression of increasing amounts of
FLAG-GADD34 in the Ars-treated HEK293 cells also reduced
acetylated p53 in a dose-dependent manner (Figures 7c and
d). In other studies, we utilized siRNA targeting GADD34 to
‘knock down’ GADD34 levels in Ars-treated HEK293 cells
(Supplementary Figure S2). This resulted in increases in
p-eIF2α and acetylated p53, which were reversed by the coexpression of siRNA-resistant GADD34 plasmid. More direct
evidence for changes in SIRT1 activity was obtained by
assaying deacetylase activity in extracts from GADD34 − / −
MEFs expressing either WT FLAG-GADD34 or FLAG-KARA
Cell Death and Differentiation
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Figure 4 GADD34 contributes to SIRT1 localization in cytoplasm. (a) Immunohistochemistry assessed the subcellular distribution of SIRT1 (green) in WTand GADD34 − / −
MEFs either UT or following treatment with 50 μM Ars for 4 h. The nuclei were stained with Hoescht 33342 (blue) and cytoplasm outlined using Rhodamine-Phalloidin to stain
filamentous actin (red). Scale bar, 30 μm. (b) The intensity of SIRT1 staining in nucleus and cytoplasm of WT and GADD34 − / − MEFs before and after Ars treatment was
quantified. (Mean ± S.E.M., n ≥15 cells). Tukey multiple comparison test was used after two-way ANOVA to generate P-values (****Po0.0001). (c) Immunohistochemistry
assessed the subcellular distribution of SIRT1 (green) in WT MEFs either UT or NAC (20 mM, 5 h) or Ars (50 μM, 4 h), or pretreatment of NAC (20 mM, 1 h) before exposure to
50 μM Ars for 4 h. The nuclei were stained with Hoescht 33342 (blue) and cytoplasm outlined using Rhodamine-Phalloidin (red). Scale bar, 30 μm. (d) The intensity of SIRT1
staining in the nucleus and cytoplasm of WT MEFs subjected to various treatments as shown in c was quantified (mean ± S.E.M., n ≥ 70 cells). Tukey multiple comparison test
was used after two-way ANOVA to generate P-values (****Po0.0001)

(Supplementary Figure S3). Immunoblotting for p-eIF2α
confirmed that WT GADD34 but not KARA assembled an
active eIF2α phosphatase (Supplementary Figure S3A).
Similarly, SIRT1 deacetylase activity was increased in
extracts from GADD34 − / − MEFs expressing WT GADD34
but not KARA (Supplementary Figure S3B). Together, these
data showed that dephosphorylation of phospho-serine 47 by
GADD34/PP1α activated SIRT1.
Loss of GADD34 or SIRT1 function elevates eIF2α
phosphorylation and attenuates Ars-induced apoptosis.
Prolonged Ars exposure resulted in apoptosis with the timedependent activation of caspase-3 (Figure 8a, top panel) and
Cell Death and Differentiation

reduced cell viability in WT MEFs (Figure 8a, bottom
panel). Both outcomes were attenuated in the GADD34
− / − MEFs (Figure 8a). The caspase-3 cleavage and
reduced cell viability were similarly attenuated in SIRT1 − / −
MEFs (Figure 8b). SIRT1 protein levels were, however,
identical in WT and GADD34 − / − MEFs (Figure 8c). The
loss of SIRT1 function also had no impact on GADD34
induction by Ars (Figure 8d). These data emphasized that
loss of GADD34 did not alter SIRT1 expression and
SIRT1 loss-of-function did not hinder the stress-mediated
GADD34 induction. However, as previously reported in
GADD34 − / − 45 and SIRT1 − / − MEFs25 subjected to ER
stress, persistent and elevated eIF2α phosphorylation
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Figure 5 Domains of GADD34 and SIRT1 that mediate their association. (a) Schematic of SIRT1 and its deletion mutants used to map the GADD34-binding site. HAGADD34 was coexpressed with either empty FLAG vector, full-length FLAG-SIRT1 (1-737) and selected SIRT1 fragments in HEK293 cells, which were treated with Ars (0.5 mM,
1 h). Following immunoprecipitations using anti-FLAG, IP and WCL were immunoblotted for HA-GADD34, FLAG-SIRT1, eIF2α and PP1α. Molecular weight markers (kDa) are
shown. (b) Schematic of GADD34 and its deletion mutants used to map the SIRT1-binding site. FLAG-GADD34 polypeptides were immunoprecipitated from HEK293 cells treated
with 0.5 mM Ars for 1 h using anti-FLAG. IP and WCL were immunoblotted for SIRT1, eIF2α, PP1α and FLAG-GADD34. (c) Schematic summarizing the binding sites on
GADD34 for SIRT1, eIF2α and PP1α is shown. The N-terminal ER localization sequence in GADD34 is shown as yellow box, the central PEST repeats as green boxes and the
C-terminal PP1-binding domain as a blue box

together with protracted expression of downstream ISR
genes, namely ATF4 and CHOP, were seen in both
GADD34 − / − and SIRT1 − / − MEFs following Ars exposure (Figures 8c and d).
To exclude adaptive changes resulting from loss of
GADD34 or SIRT1 expression, we inhibited SIRT1 function
using nicotinamide in WT MEFs (Figure 8e). As seen in
SIRT1 − / − MEFs, nicotinamide did not impair GADD34
induction by Ars. However, p-eIF2α levels were significantly
elevated by nicotinamide (Figure 8f) and in turn resulted
in the prolonged expression of downstream genes ATF4 and
CHOP (Figure 6e). As also seen SIRT1 − / − MEFs, nicotinamide significantly inhibited caspase-3 cleavage in the Arstreated WT MEFs. These data showed that loss of function of
SIRT1 gene or pharmacological inhibition of SIRT1 similarly
elevated eIF2α phosphorylation and downstream ISR signaling with concomitant reduction in apoptosis following Ars
exposure.

Discussion
Growing evidence supports a role for SIRT1 in the cellular
response to stress. For example, oxidative stress reduced
SIRT1 expression and suppressed SIRT1 activity12,46–48 and
reduction in SIRT1 function has been implicated in aging and
aging-related diseases.49 Recent studies suggest that SIRT1
regulates ISR but the spectrum of stress response proteins
regulated by SIRT1 are largely unknown. Current studies
established that GADD34, a component of the stressactivated eIF2α phosphatase, shown to bind SIRT1,25 was
acetylated on multiple lysines. Substituting two lysines, K315
and K322, whose acetylation was most consistently enhanced
by SIRT1 inhibition, with residues that precluded acetylation,
had no impact on assembly or function of the GADD34containing eIF2α phosphatase. However, GADD34 protein is
a short-lived protein and its stability controlled by various
mechanisms, including shuttling on and off the ER
Cell Death and Differentiation
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Figure 6 GADD34 promotes dephosphorylation of phosphoserine-47 on SIRT1. (a) WTor GADD34 − / − MEFs expressing GFP-SIRT1 were treated with 50 μM Ars for 0, 2
and 4 h before immunoblotting for phosphoserine-47 SIRT1 (pSer47-SIRT1), GFP-SIRT1, phosphoserine-51 eIF2α (p-eIF2α), eIF2α, GADD34 and tubulin. (b) Ratio of pSer47SIRT1/GFP-SIRT1 level in WT or GADD34 − / − MEFs treated with Ars for indicated times is shown as a bar graph (mean ± S.E.M., n = 3 independent experiments). Tuke’s
multiple comparison test was used after two-way ANOVA to generate P-values (*Po0.05, NS denotes not significant). (c) Fold change of p-eIF2α/eIF2α in WTor GADD34 − / −
MEFs treated with Ars for indicated times is shown as a bar graph (mean ± S.E.M., n = 3 independent experiments). Dunnett’s multiple comparisons test was used after two-way
ANOVA to generate P-values (*Po0.05, NS denotes not significant). (d) HEK293 cells expressing FLAG empty vector, FLAG-GADD34 or FLAG KARA were either UT ( − ) or
Ars-treated (+)before immunoprecipitations using anti-FLAG conjugated beads. IP and WCLs were immunoblotted for SIRT1, eIF2α, PP1α and the FLAG-GADD34. (e) GFPSIRT1 was coexpressed with either empty FLAG vector, FLAG-GADD34 or FLAG-KARA in GADD34 − / − MEFs. As control, GFP-SIRT1 was co-expressed with empty FLAG
vector in WT MEFs. Transfected MEFs were UT ( − ) or treated with 50 μM Ars for 4 h and immunoblotted as described in a. (f) Ratio of pSer47-SIRT1/GFP-SIRT1 in WT or
GADD34 − / − MEFs expressing various FLAG plasmids with or without Ars treatment (mean ± S.E.M., n = 3). Sidak multiple comparison test was used after two-way ANOVA to
generate P-values (*Po0.05)

membrane,39
phosphorylation50
and
proteasomal
51
degradation. Acetylation has been documented to regulate
stability of many proteins52 and whether acetylation also
controls to GADD34 protein stability will require further study.
SIRT1 is regulated by multiple mechanisms, including
nucleocytoplasmic shuttling, phosphorylation at serines and
threonines and protein turnover,41,53,54 all of which appear to
be modulated by oxidative stress.46 Unlike an earlier report,25
our studies showed that oxidative stress, elicited by Ars (or
H2O2) and countered by NAC, was an essential stimulus for
SIRT1 binding to GADD34. Moreover, GADD34, an ERlocalized and cytoplasmic protein,39 contributed to SIRT1’s
cytoplasmic localization following Ars treatment as SIRT1
remained nuclear in Ars-treated GADD34 − / − MEFs.40
Although inhibiting nuclear export with LMB attenuated SIRT1
binding, mutating the NLS sequence40 enhanced SIRT1
binding to GADD34 and precluded the requirement of Ars for
interaction. These data strongly argued for the assembly of
GADD34/SIRT1/PP1α/eIF2α complex in the cytoplasm.
Cell Death and Differentiation

Ars promoted GADD34 association with the SIRT1 catalytic
domain. Conversely, SIRT1 bound to the C-terminal PP1binding domain in GADD34 that also scaffolded PP1α,
suggesting potential substrate-enzyme relationships. Our
data hinted at possible cooperativity between GADD34 and
PP1α in recruiting SIRT1 as the mutant GADD34 (KARA)
showed severely reduced SIRT1 association, although direct
association between SIRT1 and PP1α could not be demonstrated. By contrast, Ars not only enhanced GADD34 binding
to SIRT1 but also its association with eIF2α, which independently bound SIRT1 (Ghosh et al.25) and GADD34.6,42
The function of the SIRT1/GADD34/PP1α/eIF2α complex
was most likely to coordinate the dephosphorylation of SIRT1
(phosphoserine-47) and eIF2α (phosphoserine-51) as Arsinduced GADD34 expression resulted in the parallel dephosphorylation of p-eIF2α (phosphoserine-51) and SIRT1
(phosphoserine-47). Although both events were absent in
GADD34 − / − MEFs, they could be restored by reexpression
of WT GADD34 but not the phosphatase-deficient mutant,

Dephosphorylation of SIRT1
IC Lee et al

263

Figure 7 GADD34 enhances SIRT1’s deacetylase activity. (a) HEK293 cells expressing FLAG-GADD34 were exposed to increasing concentrations of Ars (1 h) and
immunoblotted for acetylated p53 (ac-p53), p53, SIRT1, eIF2α, p-eIF2α, FLAG-GADD34 and Tubulin. (b) Quantification of the fold-change in ac-p53/p53 in HEK293 cells
expressing FLAG or FLAG-GADD34 in the presence of increasing Ars concentrations (mean ± S.E.M., n = 3). Sidak’s multiple comparison test was used after two-way ANOVA to
generate P-values (*Po0.05). (c) HEK293 cells expressing either FLAG or increasing amounts of the FLAG-GADD34 plasmid DNA were treated either without or with Ars
(0.5 mM, 1 h) before immunoblotting for ac-p53, p53, SIRT1, eIF2α, p-eIF2α and FLAG-GADD34. (d) Ratio of ac-p53/p53 level in HEK293 cells expressing FLAG or increasing
amounts of FLAG-GADD34 either UT (Ars − ) or Ars-treated (+). (Mean ± S.E.M., n = 3). Tukey’s multiple comparison test was used after two-way ANOVA to generate P-values
(*Po0.05 and ***Po0.001)

KARA, supporting a role for GADD34/PP1α as both an eIF2α
and SIRT1 phosphatase. Finally, GADD34/PP1α-mediated
dephosphorylation of SIRT1 enhanced its deacetylase activity, measured in vitro and in cells. Ars is among the most potent
inducers of endogenous GADD34.51 The dramatic elevation of
ectopically expressed GADD34 proteins by Ars (Figure 6e)
may also point to oxidative stress-mediated proteasome
inhibition55,56 as a key factor in driving up high levels of
GADD34 in cells experiencing oxidative stress,51 with the
potential to prematurely terminate ISR signaling. Thus, we
propose a model for the role of GADD34, which scaffolds of
PP1α and SIRT1 in proximity to eIF2α, in controlling the
duration of eIF2α phosphorylation/dephosphorylation and ISR
signaling. While prior studies established that eIF2α acetylation parallels its phosphorylation at serine-51,26 the current
work demonstrates the dephosphorylation and activation of
SIRT1 by GADD34/PP1α complex, highlighting a necessary
and potentially rate-limiting step that coordinates eIF2α
deacetylation with its dephosphorylation, delaying the termination of ISR and ensuring effective downstream signaling
(Figure 9). Consistent with this model, the loss of function of
either SIRT1 or GADD34 elevated eIF2α phosphorylation and
prolonged downstream signaling. Critical support for this
model comes from the analysis of SIRT1 − / − MEFs, where

despite effective GADD34 induction by Ars, elevated and
persistent eIF2α phosphorylation was seen. As GADD34
remained competent to assemble the GADD34/PP1α⧸eIF2α
complex in SIRT1 − / − MEFs, these experiments argued for
an essential role for SIRT1-mediated eIF2α deacetylation in
facilitating the subsequent dephosphorylation of phosphoSerine 51 by the GADD34-associated eIF2α phosphatase.
Although SIRT1 was shown to catalyze eIF2α deacetylation
on K141 and K143,26 we were unable to monitor changes in
eIF2α (or GADD34) acetylation, using commercially available
anti-acetylated-lysine antibodies. Thus, other approaches
were utilized in current studies to establish the cooperation
of SIRT1 and PP1α in regulating eIF2α dephosphorylation. It
should also be noted that the contributions of acetylations of
GADD34 and/or other components of the eIF2α phosphatase
complex in modulating eIF2α dephosphorylation cannot be
excluded. It is noteworthy that PP1α is acetylated on multiple
lysines (www.phosphosite.org). We previously reported that
PP1α binds selected histone deacetylases (HDACs), an
association that was disrupted by HDAC inhibitors,57 whereas
we have been unable to conclusively show a direct association
between PP1α and SIRT1. This likely points to HDACs rather
than SIRT1 as potential PP1α deacetylase(s).
Cell Death and Differentiation
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Figure 8 Loss of function of GADD34 or SIRT1 attenuates apoptosis induced by Ars. (a) Top: WT and GADD34 − / − MEFs were treated with 50 μM Ars for the indicated
duration (hours) and immunoblotted for caspase 3, cleaved-caspase 3 and tubulin. Bottom: viability of WT and GADD34 − / − MEFs was monitored over the time-course of the
treatment with 50 μM Ars. (Mean ± S.E.M., n = 3). Sidak’s multiple comparison test was used after two-way ANOVA to generate P-values (*Po0.05, **Po0.01). Top: WT and
SIRT1 − / − MEFs were treated with 50 μM Ars for the indicated duration (hours) and cell lysates were immunoblotted for SIRT1, caspase 3, cleaved-caspase 3 and tubulin. (b)
Bottom: viability of WT and SIRT1 − / − MEFs was monitored over the time-course of the treatment with 50 μM Ars. (Mean ± S.E.M., n = 4 independent experiments). Sidak’s
multiple comparison test was used after two-way ANOVA to generate P-values (*Po0.05). (c) WT and GADD34 − / − MEFs were treated with 50 μM Ars for the indicated
duration (hours) and immunoblotted for SIRT1, GADD34, p-eIF2α, eIF2α, ATF4, CHOP and tubulin. (d) WTand SIRT1 − / − MEFs were treated with 50 μM Ars for the indicated
duration (hours) and immunoblotted for SIRT1, GADD34, p-eIF2α, eIF2α, ATF4, CHOP and tubulin. (e) WT MEFs were treated with either 50 μM Ars for the indicated duration
(hours) or pretreatment of Nicotinamide (Nico, 5 mM, overnight) following Ars exposure for the indicated duration (hours). Treated MEFs were immunoblotted with SIRT1,
GADD34, p-eIF2α, eIF2α, ATF4, CHOP, caspase 3, cleaved-caspase 3 and tubulin. (f) Fold change of p-eIF2α/eIF2α in treated MEFs as described in e is shown as a bar graph
(mean ± S.E.M., n = 3 independent experiments). Sidak’s multiple comparisons test was used after two-way ANOVA to generate P-values (*Po0.05). (g) Fold change of
cleaved-caspase 3/caspase 3 in treated MEFs as described in e is shown as a bar graph (mean ± S.E.M., n = 3 independent experiments). Sidak’s multiple comparisons test was
used after two-way ANOVA to generate P-values (**Po0.01)

Finally, the loss of function of either SIRT1 or GADD34
attenuated apoptosis triggered by Ars. Future studies identifying the spectrum of changes in transcriptome and translatome
in GADD34 − / − and SIRT1 − / − cells following oxidative
stress or appropriate disease models should highlight the
common pathways for cell fate determination and help to
strengthen the physiological relevance of crosstalk between
GADD34 and SIRT1 in the cellular stress response and
disease.

Materials and Methods
cDNAs. Plasmid pXJ40 containing the human GADD34 cDNA with N-terminal
FLAG epitope was used for the expression of GADD34. The cDNAs for GADD34
and its deletion mutants (1–513 and 514–674) were obtained from pSG5-FLAGGADD34.6 pSG5-FLAG-GADD34 and pSG5-FLAG-KARA were previously
described.6 Point mutations in FLAG-GADD34 (1-674) (K315A/K322A; K315Q/
K322Q) were also introduced using site-directed mutagenesis method following
Agilent protocol. pEGFP-N3-SIRT1 and the mt NLS were kind provided by Yoshiyuki
Cell Death and Differentiation

Horio (Sapporo Medical University, Sapporo, Japan).40 Deletion mutant of SIRT1
(1–236, 236–490 and 490–737) were subcloned from pEGFP-N3-SIRT1.
Antibodies. The following antibodies were used in this study. FLAG (Sigma
Aldrich, St. Louis, MO, USA: F7425; 1:1000), GFP (Santa Cruz, Dallas, TX, USA:
sc-8334; 1:1000), eIF2α (Santa Cruz: sc-11386; 1:1000), phospho-eIF2α (Ser51)
(Invitrogen, Waltham, MA, USA, 44-728G; 1:1000), PP1α (Santa Cruz: sc-6104;
1:1000), mouse GADD34 (Santa Cruz, sc-825; 1:1000), mouse and human
GADD34 (Proteintech, Rosemont, IL, USA, 10449-1-AP; 1:1000) human SIRT1
(Santa Cruz, sc-15404; 1:1000), mouse SIRT1 (Millipore, Temecula, CA, USA, 07131; 1:2000), phosphoserine-47 SIRT1 (Cell Signaling, Beverly, MA, USA, 2314;
1:1000), acetylated-p53 (K379) (Cell Signaling, 2570; 1:1000), p53 (Santa Cruz,
DO-1, sc106; 1:1000), caspase 3 and cleaved caspase 3 (Cell Signaling, 9662;
1:1000), ATF4 (Cell Signaling, 11815; 1:1000), CHOP (Cell Signaling, 5554; 1:1000)
and tubulin (T5168; Sigma, St. Louis, MO, USA; 1:10 000).
Cell culture, transfection and drug treatment. HEK293 cells were
grown in RPMI supplemented with 4500 mg/l glucose, 10% fetal bovine serum
(Hyclone, Gibco, Thermo Scientific, Waltham, MA, USA) and 2 mM L-Glutamine
(Gibco, Life Technologies, Waltham, MA, USA). HeLa cells were grown in minimum
essential media (MEM) (Gibco, Life Technologies) supplemented with 4500 mg/l
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MEFs (1.5 × 106 cells in 100 μl) were subjected to electroporation with 5 μg
plasmid DNA using Neon Transfection System (Invitrogen). Transiently transfected
HEK293 cells were treated with 200 nM Okadaic Acid (Enzo Lifesciences, Tokyo,
Japan, ALX-350-003-C100) for 1 h before cell lysis and immunoblotting for p-eIF2α.
Transiently transfected HEK293 cells were treated for 1 h with either 5 μM TG
(Sigma/DMSO), 10 μg/ml TN (Calbiochem, Temecula, CA, USA/DMSO), 20 μM Etop
(Sigma/water), 0.5 mM Ars (Sodium Ars/water) or 5 μM MG132 (Sigma/DMSO),
unless otherwise stated before cell lysis followed by immunoblotting or
immunoprecipitations. Transiently transfected HEK293 cells were treated with
10 nM LMB (Sigma) for 3 h or pre-treated LMB for 2 h before exposure with Ars for
1 h before cell lysis and immunoprecipitation.
Transiently transfected HEK293 cells were treated with 0.5 mM Ars for 1 h, 20 mM
NAC (Sigma) for 2 h or pretreated with NAC for 1 h before exposure with Ars for 1 h
before cell lysis and immunoprecipitation.
Electroporated MEFs were treated with 50 μM Ars and collected at the stated time
points, while Ars stress profile in the various genotype MEFs was monitored in cells
treated with 50 μM Ars and harvested at the indicated time points. Ars stress profile of
WT MEFs with inhibited SIRT1 activity was analyzed by treating MEFs with 5 mM
Nicotinamide (Sigma), overnight, before co-treatment with Ars at the different
time point.
Immunoblotting. Cells were washed with phosphate-buffered saline (PBS)
and collected in lysis buffer (25 mM HEPES pH7.5, 150 mM NaCl, 1.5 mM MgCl2,
0.2 mM EDTA, 5% (v/v) Glycerol, 1 mM Na3VO4, 0.5% (w/v) TritonX100, PhoSTOP
(Roche Applied Science, Indianapolis, IN, USA) and Protease inhibitors (Roche
Applied Science). Crude lysates were precleared by centrifugation (10 000 × g for
15 min at 4 °C) and protein content determined using Bradford assay (Biorad,
Hercules, CA, USA). Lysates were boiled in sample buffer containing 37.5 mM
Tris-HCl pH 6.8, 1.5% (v/v) β-mercaptoethanol, 0.075% (v/v) bromophenol blue and
37.5% (v/v) glycerol for 5 min. Equal amounts of protein were subjected to
SDS-PAGE followed by immunoblotting.

Figure 9 Oxidative stress regulates eIF2α phosphorylation and dephosphorylation (The 5-STEP Model). Oxidative stress promotes eIF2α phosphorylation at
serine-51, which is enhanced by the acetylation of lysines-141/143.26 In addition to
increasing p-eIF2α, oxidative stress engages other as yet unknown mechanisms
to elevate cellular GADD34 to much higher levels than seen with other stresses
(STEP 1). Assembly of the GADD34/p-eIF2α/PP1α complex (STEP 2) enables
eIF2α dephosphorylation and terminates ISR signaling. To ensure adequate
downstream ISR signaling, we propose that acetylation of eIF2α at lysines 141/143
impedes the dephosphorylation by GADD34-bound PP1α. However, oxidative stress
also recruits p-SIRT1, whose phosphorylation at serine-47 is enhanced by stress
(STEP 3). Assembly of the new SIRT1/GADD34/eIF2α/PP1α complex enables
SIRT1 dephosphorylation by the GADD34-bound PP1α and the resulting SIRT1
activation (STEP 4) catalyzes eIF2α deacetylation. This removes the brake on
GADD34-bound PP1α and accelerates eIF2α dephosphorylation (STEP 5) to
terminate ISR signaling. Thus, the coordination of eIF2α deacetylation with its
dephosphorylation generates a delay that ensures the activation of the complex
transcriptional and translational program known as ISR that is critical for cell survival

glucose, 10% fetal bovine serum (Hyclone/GE Healthcare, Pittsburg, PA, USA),
2 mM L-glutamine (Gibco/Life Technologies), 1 mM sodium pyruvate (Gibco/Life
Technologies), 1 × MEM Non-Essential Amino Acids (Gibco/life Technologies).
GADD34+/+ and GADD34 − / − cells were obtained through serial passage of
SV40 T-antigen transfected MEFs derived from WT and GADD34 − / − mice.45
MEFs derived from SIRT1+/+ and − / − mice were kindly provided by Zhao
Yingming (University of Chicago).58 MEFs were maintained in Dulbecco’s modified
Eagle medium (Gibco, Life Technologies) supplemented with 4500 mg/l glucose,
10% fetal bovine serum (Hyclone/GE Healthcare), 100 U/ml penicillin/streptomycin
(Gibco/life Technologies), 1 × MEM non-essential amino acids (Gibco/life
Technologies) and 55 μM 2-Mercaptoethanol (Sigma). All cells were grown at
37 °C in an incubator containing 5% (v/v) CO2 atmosphere.
Transfections of HEK293 cells and HeLa cells with plasmid DNAs were performed
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Immunoprecipitation. All immunoprecipitations were performed as previously
described.59 In brief, cells were lysed in cell lysis buffer (25 mM HEPES pH7.5,
150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 5% (v/v) Glycerol, 1 mM Na3VO4,
0.5% (w/v) Triton X-100, PhoSTOP (Roche Applied Science) and Protease inhibitors
(Roche Applied Science), and precleared by centrifugation (10 000 × g for 20 min at
4 °C) before incubation with either mouse M2 anti-FLAG beads (Sigma-Aldrich),
GFP-affinity beads (Chromotek, Germany) or anti-GADD34 (sc-825) antibody in the
presence of hydrated protein G-conjugated agarose beads overnight at 4 °C. After
extensive washing with lysis buffer devoid of protease inhibitors, immunoprecipitates
were boiled in sample buffer and subjected to SDS-PAGE and immunoblotting.
Immunohistochemistry. GFP-SIRT1-expressing HeLa cells were treated
with 50 μM Ars for 4 h before fixation in 4% (v/v) paraformaldehyde for 20 min at
room temperature. Fixed cells were stained with Hoechst 33342 to highlight the
nucleus and Rhodamine-conjugated Phalloidin (ThermoFisher Scientific, Waltham,
MA, USA) to show filamentous actin (F-actin). Drug-treated MEFs were incubated
with anti-SIRT1 antibody (Millipore, 07-131; 1:200) overnight at 4 °C followed by
anti-rabbit secondary antibodies conjugated with either Alexafluor-488 or -546
(Invitrogen) for 2 h at room temperature. Rhodamine-conjugated Phalloidin was
used to visualize F-actin. Images were acquired using a CoolSNAP HQ2 camera
(CCD) adapted to Olympus IX71 Inverted Epi-Fluorescent Microscope. Fluorescence intensities for cytosolic and nuclear SIRT1 were quantified in Image J
software.
Measurement of ROS level by flow cytometry. Mitochondrial ROS
level in HEK293 cells subjected to different drug treatment was assessed by
MitoSOX (Thermo Fisher Scientific). Approximately 1 × 106 cells were incubated
with 5 μM MitoSOX for 30 min at 37 °C and washed away with PBS+2% FBS. Cells
were then stained with viable dye, 7-Amino-Actinomycin D (7-AAD) (Beckman
Coulter, Brea, CA, USA) for 20 min at 4 °C and cells were washed twice with PBS
+2% FBS, resuspended in 300 μl PBS+2% FBS and analyzed by flow cytometry
(BD LSRFortessa, BD Biosciences, Franklin Lakes, NJ, USA). Excitation for
MitoSOX was set at 510 nm and fluorescence detection at 580 nm, whereas
excitation for 7-AAD was set at 480 nm and fluorescence detection at 655 nm.
Percentage of viable (7-AAD positive) and MitoSOX-stained cells was determined in
each treatment group.
Cell Death and Differentiation
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Mass spectrometry. Mass spectrometry of immunoprecipitated WT FLAGGADD34 and KARA, a mutant GADD34 unable to bind PP1, expressed in HEK293
cells was undertaken as previously described.50 Cells expression either WT FLAGGADD34 or FLAG-KARA treated with or without with 5 mM nicotinamide, a SIRT1
inhibitor for 6 h and analyzed for peptides containing acetylated lysines.
CellTiter-Glo viability assay. Cells plated in 96-well plates were treated
with 50 μM Ars for the stated times and lysed with CellTiter-Glo luminescent cell
viability assay reagent (Promega) according to manufacturer’s instructions.
Luminescence was read using a Tecan Infinite M200 microplate reader. The
percent viability of cells following Ars treatment was calculated relative to UT cells.
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