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Abstract

Aims: S-glutathionylation of cysteine residues, catalyzed by glutathione S-transferase Pi (GSTP), alters
structure/function characteristics of certain targeted proteins. Our goal is to characterize how S-glutathiony-
lation of proteins within the endoplasmic reticulum (ER) impact cell sensitivity to ER-stress inducing drugs.
Results: We identify GSTP to be an ER-resident protein where it demonstrates both chaperone and catalytic
functions. Redox based proteomic analyses identified a cluster of proteins cooperatively involved in the reg-
ulation of ER stress (immunoglobulin heavy chain-binding protein [BiP], protein disulfide isomerase [PDI],
calnexin, calreticulin, endoplasmin, sarco/endoplasmic reticulum Ca2+-ATPase [SERCA]) that individually co-
immunoprecipitated with GSTP (implying protein complex formation) and were subject to reactive oxygen
species (ROS) induced S-glutathionylation. S-glutathionylation of each of these six proteins was attenuated in
cells (liver, embryo fibroblasts or bone marrow dendritic) from mice lacking GSTP (Gstp1/p2-/-) compared to
wild type (Gstp1/p2+/+). Moreover, Gstp1/p2-/- cells were significantly more sensitive to the cytotoxic effects of
the ER-stress inducing drugs, thapsigargin (7-fold) and tunicamycin (2-fold).
Innovation: Within the family of GST isozymes, GSTP has been ascribed the broadest range of catalytic and
chaperone functions. Now, for the first time, we identify it as an ER resident protein that catalyzes S-glu-
tathionylation of critical ER proteins within this organelle. Of note, this can provide a nexus for linkage of redox
based signaling and pathways that regulate the unfolded protein response (UPR). This has novel importance in
determining how some drugs kill cancer cells.
Conclusions: Contextually, these results provide mechanistic evidence that GSTP can exert redox regulation in the
oxidative ER environment and indicate that, within the ER, GSTP influences the cellular consequences of the UPR
through S-glutathionylation of a series of key interrelated proteins. Antioxid. Redox Signal. 26, 247–261.
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Introduction

Glutathione S-transferase Pi (GSTP), initially iso-
lated from the placenta, is ubiquitous in mammals (18)

and expressed at particularly high levels in many cancers and
drug-resistant tumor cells (46). Primarily, GSTP has been
considered cytosolic, although nuclear (26) and mitochon-

drial (14) compartment localizations have been reported.
Originally described as a phase II detoxification enzyme,
GSTP has noncatalytic chaperone functions that regulate
various kinases (46). It can also act as a glutathionylase in the
post-translational S-glutathionylation of redox-sensitive
cysteines in proteins (44, 52, 56). S-glutathionylation occurs
on cysteine residues in low pKa environments in proteins,
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forming a disulfide bond with glutathione (GSH) (17, 58) in a
dynamic and reversible cycle that can serve as a secondary
level of regulation for a number of cell processes. Proteins
with susceptible cysteines fall into functional clusters, two of
which are protein folding and calcium transport pathways
(47). The modification adds a tripeptide with a net negative
charge, alters tertiary/quaternary structure, and influences
protein–protein interactions (50, 58). When cells are exposed

to reactive oxygen species (ROS), S-glutathionylation can
protect proteins against irreversible oxidative damage and
subsequent deglutathionylation can restore the protein to its
native state (17, 47), providing a redox-mediated regulatory
control cycle. Mice deficient in GSTP1/2 are more sensitive
to certain chemical stresses that impact redox pathways (21)
and also express phenotypes consistent with enhanced im-
munity and myeloproliferation (10, 39, 61).

As the organelle responsible for protein folding newly
synthesized, secreted, and membrane-bound proteins, the
endoplasmic reticulum (ER) maintains a redox homeostasis
that is shifted toward a more oxidized state when compared to
the remainder of the cell (22). The ER also facilitates protein
folding by sustaining higher calcium concentrations and
distinct protein glycosylation enzymes (43, 55). Precisely
how alterations in redox are transmitted to organelle com-
ponents that govern disulfide bond formation, where GSH as
the primary redox buffer, is not clear. Induction of the un-
folded protein response (UPR) involves a shift toward a more
reductive environment in the ER (35). Figure 1 illustrates
how GSTP and GSH might adapt in expression and locali-
zation to regulate ER redox homeostasis with subsequent
changes transmitted to the three main sensors of ER stress,
namely, inositol-requiring protein-1 (IRE1), protein kinase-
like ER kinase (PERK), and activating transcription factor 6
(ATF6). Activation of these proteins occurs via interaction(s)
with immunoglobulin heavy chain-binding protein (BiP),
which in the absence of ER stress complexes with and in-
hibits these sensors. Increased levels of unfolded proteins in
the ER can trap free BiP, decrease the free steady-state levels
of this chaperone, and release it from the sensors, activating
them and initiating further signaling cascades, including ac-
tivation of activating transcription factor 4 (ATF4), C/EBP
homologous protein (CHOP), and phosphorylation of a
subunit eukaryotic translation initiation factor 2 (eIF2a) (4,
45). A constant luminal calcium concentration is also nec-
essary for correct protein folding, and alterations in ER cal-
cium homeostasis can cause ER stress and activate the UPR.
While calcium homeostasis is regulated through a complex
series of reactions, the sarco/endoplasmic reticulum Ca2+-
ATPase (SERCA) is the primary calcium pump that mediates
Ca2+ uptake from the cytosol into the ER. Previous studies
have shown that SERCA can be activated by S-glutathiony-
lation (2) and it is logical that this protein will work in concert
with other calcium binding proteins, such as calnexin, cal-
reticulin, and endoplasmin, in regulating the UPR either to
reestablish normal ER function or eliminate the cells through
programmed cell death pathways.

A broad range of human pathologies have been associated
with imbalanced protein folding and aberrant proteostasis.
Rapid and sequential division of cancer cells requires high
protein turnover and places the ER under high intrinsic stress.
Partly as a consequence, it has proved to be a viable target for
drugs that target the UPR (42), particularly in multiple my-
eloma. Although not front line clinical agents, thapsigargin
(ThG) and tunicamycin (TuM) can induce ER stress and
cause protein misfolding. ThG is a specific inhibitor of
SERCA, altering ER Ca2+ homeostasis and interfering with
the functional activities of calcium-dependent chaperones
(36). TuM inhibits N-linked glycosylation leading to the
accumulation of misfolded, nonglycosylated proteins in the
ER. In either case, saturation of the ER folding capacity can,

FIG. 1. Schematic of how GSTP-mediated S-glutath-
ionylation of ER-resident proteins may influence the
management of ER stress and UPR. ROS-induced ox-
idative stress causes protein oxidation. GSTP mediates
S-glutathionylation of redox-sensitive cysteine containing
proteins. This post-translational modification is known to
change the structure and function of a variety of protein
clusters [reviewed in (51)]. Currently, we found GSTP me-
diates S-glutathionylation of some ER-resident proteins
(calnexin, calreticulin, endoplasmin, SERCA, protein dis-
ulfide isomerase (PDI), and BiP), which are involved in
protein folding and ER calcium homeostasis. In turn, such
changes need to be transmitted to the three main sensors of ER
stress, IRE1, PERK, and ATF6. ATF, activating transcription
factor; BiP, immunoglobulin heavy chain-binding protein;
CHOP, C/EBP homologous protein; eIF2a, eukaryotic
translation initiation factor 2a; ER, endoplasmic reticulum;
GSTP, glutathione S-transferase Pi; IRE1, inositol-requiring
protein-1; PERK, protein kinase-like ER kinase; PDI, protein
disulfide isomerase; ROS, reactive oxygen species; SERCA,
sarco/endoplasmic reticulum Ca2+-ATPase; UPR, unfolded
protein response; XBP, x-box binding protein. To see this
illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/ars

Innovation

Accurate folding of proteins in the endoplasmic re-
ticulum (ER) is exquisitely dependent upon precise dis-
ulfide bond formation. As a consequence regulated redox
conditions within the organelle are critical to controlling
both the unfolded protein response and cell viability. Un-
expectedly, we found that glutathione S-transferase P is an
ER resident protein and catalyzes S-glutathionylation of a
number of proteins that integrate protein-folding pathways.
Interference with this process can alter sensitivity of cells to
drugs that target ER functions.
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in turn, induce cell death through influencing the UPR. Our
present study was designed to determine whether compo-
nents of the S-glutathionylation cycle localize in the ER and
whether these redox-dependent post-translational modifica-
tions influence component proteins involved in protein
folding and cell survival.

Results

Identification of GSTP-mediated S-glutathionylated
proteins

Comparative analysis of protein S-glutathionylation was
enacted following treatment with disulfiram. Disulfiram
possesses a reactive disulfide bond, which reacts readily
with both protein and low-molecular-mass thiols, causing
depletion of GSH and augmentation of mixed disulfides
between GSH and protein thiols to form S-glutathionylated
proteins (38). In the present study, liver lysates were
freshly prepared, treated with disulfiram, and immediately
subjected to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) under nonreducing conditions.
Disulfiram induced S-glutathionylation in both Gstp1/p2+/+

and Gstp1/p2-/- mouse liver lysates, with higher levels found
in Gstp1/p2+/+ samples (Supplementary Fig. S1A; Supple-
mentary Data are available online at www.liebertpub.com/
ars). GSTP-mediated S-glutathionylation was also shown in
different subcellular compartments (Supplementary Fig. S1B).
To identify those S-glutathionylated proteins that differed
between the two, two gels were run simultaneously. One was
transferred onto nitrocellulose membrane for anti-protein S-
glutathionylation (PSSG) immunoblot (Supplementary Fig.
S1A), and the other was stained with Brilliant Blue G-colloidal
stain. Based on the immunoblot results, protein bands of in-
terest, defined as those with S-glutathionylation levels that
quantitatively differed between samples from Gstp1/p2+/+ and

Gstp1/p2-/- mice (see arrows in Supplementary Fig. S1A),
were excised from the Brilliant Blue G-colloidal stained gel
and prepared for subsequent proteomic analyses. Both cyto-
solic and ER-resident proteins were identified. The latter in-
cluded BiP, calnexin, calreticulin, endoplasmin, protein
disulfide isomerase (PDI), and SERCA2 (Table 1). On the
basis of these data and to confirm the S-glutathionylation of
ER-resident proteins, immunoprecipitations (IPs) with anti-
PSSG antibodies were performed. Basal expression levels of
BiP, calnexin, calreticulin, endoplasmin, PDI, and SERCA2
were essentially similar for Gstp1/p2+/+ and Gstp1/p2-/- liver
lysates (Fig. 2A), whereas disulfiram treatment induced sig-
nificantly higher levels of S-glutathionylation in Gstp1/p2+/+

samples (Fig. 2B, C). Figure 2B shows the blots of these ER-
resident proteins after IP with anti-PSSG antibodies. The basal
S-glutathionylation levels of each ER-resident protein were
low in both Gstp1/p2+/+ and Gstp1/p2-/- liver lysates (solid
square in Fig. 2B), while the differences after disulfiram
treatment were most marked for SERCA2, calreticulin, and
calnexin in Gstp1/p2+/+ mice (dashed square in Fig. 2B).
Densitometric quantification of the bands (dashed square in
Fig. 2B) was compared between Gstp1/p2+/+ and Gstp1/p2-/-

samples (Fig. 2C).

GSTP, ER-resident proteins, and S-glutathionylation

We used two independent approaches to demonstrate that
GSTP is a resident protein in the ER. For the first, we used ER
fractionation and organelle marker analyses of liver lysates
from Gstp1/p2+/+ and Gstp1/p2-/- mice (Fig. 3A). SERCA
and calnexin were used as ER markers, while GAPDH,
succinate dehydrogenase A (SDHA), and histone H3 were
markers for cytosol, mitochondria, and nucleus, respectively.
We observed high expression levels of GSTP in the ER
fraction. The relative expression levels of GSTP shown in

Table 1. Proteomic Analysis of Endoplasmic Reticulum Proteins from Mouse

Livers Following Disulfiram Treatment

Accession number Protein ID Gene name Unique peptides MW (kDa)

Cytoplasmic proteins
D3YX85 Arf-GAP with SH3 domain, ANK repeat,

and PH domain-containing protein 2
Asap2 3 106

Q60865 Caprin-1 Caprin1 2 73
P07901 Heat shock protein HSP 90-alpha Hsp90aa1 4 90
F8WJK8 Hsc70-interacting protein St13 6 40
B1AXW5 Peroxiredoxin 1 Prx1 3 22
Q3UR88 Ras GTPase-activating protein-binding protein 1 Gsbp1 4 44
Q64374 Regucalcin Rgn 6 33

Endoplasmic reticulum proteins
P20029 78 kDa glucose-regulated protein/immunoglobulin

binding protein
Hspa5 4 78

P35564 Calnexin Canx 3 97
P14211 Calreticulin Calr 11 60
P08113 Endoplasmin Hsp90b1 5 94
O55143-2 Isoform SERCA2A of sarcoplasmic/endoplasmic

reticulum calcium ATPase 2
Atp2a2a 8 114

Q921X9 Protein disulfide isomerase A5 Pdia5 3 59

The proteomic analysis was designed to distinguish those proteins in Gstp1/p2+/+ and Gstp1/p2-/- samples with quantitatively different S-
glutathionylation levels.

GSTP, glutathione S-transferase Pi; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase.
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Figure 3A for cytosol, ER, and mitochondria were 69%, 23%,
and 8%, respectively. Other proteins that participate in the S-
glutathionylation cycle, glutaredoxin and thioredoxin (Grx
and Trx; Fig. 3A), also localized to the ER. Coimmunopre-
cipitation studies, where IP was enacted with ER-resident
protein antibodies followed by blotting for GSTP, confirmed
that GSTP interacts with BiP, calnexin, calreticulin, and PDI
(Fig. 3B and Supplementary Fig. S2). To ensure accurate pull
down of the ER proteins of interest, under each condition, we
blotted for BiP, calnexin, calreticulin, or PDI to ensure
quality control. With respect to the variable GSTP levels
between the two IP samples, the affinity of GSTP for these
ER-resident proteins was altered by S-glutathionylation. The
first is liver lysate without disulfiram and the second with
disulfiram treatment, each followed by IP with ER protein
antibody of interest (BiP, calnexin, calreticulin, or PDI). In
our second approach, we carried out immunofluorescence
staining of GSTP and the ER-resident proteins in Gstp1/p2+/+

mouse embryo fibroblast (MEF) cells. Figure 3C shows
proportional codistribution of GSTP with ER-resident pro-
teins BiP, calnexin, and PDI. The results of fluorescence
colocalization studies are also represented graphically in
scatterplots where the intensity of one color is plotted against
the intensity of the second for each pixel. The points of the
scatterplot cluster for each of two probes (GSTP with PDI,
BiP, or calnexin) around a straight line reflects the colocaliza-
tion of GSTP with PDI, BiP, or calnexin. In addition, the degree
of colocalization of the two probes for each pair was quantified
by Pearson’s correlation coefficient and Manders colocalization
coefficient (8) (Fig. 3D). A higher degree for colocalization
of GSTP with PDI was found with Pearson’s coefficient
0.488 – 0.100, compared to BiP and calnexin (0.285 – 0.060 and
0.367 – 0.012); similar values were shown using Manders co-
efficients (Fig. 3E). Such results are consistent with the concept
that GSTP forms a protein complex with these resident proteins

and could catalyze their GSTP-mediated S-glutathionylation in
the ER compartment.

Protective role of GSTP in ER stress caused
by ThG or TuM

Since BiP, calnexin, calreticulin, endoplasmin, PDI, and
SERCA are involved in the ER stress response, either through
protein folding or through regulation of calcium homeostasis
(Fig. 1), we assessed whether cell responses to either ThG or
TuM were impacted by the presence or absence of GSTP.
Using either MEF cells or bone marrow-derived dendritic
cells (BMDDC) derived from Gstp1/p2+/+ and Gstp1/p2-/-

animals, the viability, cytotoxicity, and levels of induced
apoptosis were evaluated. As shown in Figure 4, both ThG
(Fig. 4A) and TuM (Fig. 4B) elicited dose-dependent de-
creases in viability and increased cytotoxicity with caspase-
3/7 activation. To evaluate the survival differences between
Gstp1/p2+/+ and Gstp1/p2-/- cells, half-maximal effective
concentrations were calculated (Table 2). Each of the drugs
was more toxic to the cells lacking GSTP (Gstp1/p2-/-)
(except for one case for TuM; see Table 2), and differences
were generally more pronounced for ThG than for TuM.
Generally, BMDDC were more sensitive to the drugs than
MEF cells. Different levels of Gstp1/p2 expression were
found in BMDDC compared to MEF cells (Supplementary
Fig. S3). At maximal, an approximate sevenfold difference in
sensitivity was shown for viability enacted by ThG.

BMDDC and MEF cells from Gstp1/p2-/- mice are
more susceptible to UPR following ThG or TuM

To understand these differential sensitivities between
Gstp1/p2+/+ and Gstp1/p2-/- cells, we measured UPR gene
expression (real-time polymerase chain reaction [PCR]) and
protein levels (immunoblots) following treatments with

FIG. 2. GSTP-mediated ER protein S-glutathionylation in Gstp1/p2+/+ and Gstp1/p2-/- mouse liver lysates. Liver
tissues were freshly prepared from Gstp1/p2+/+ and Gstp1/p2-/- mice. (A) Baseline levels of calnexin, calreticulin, en-
doplasmin, SERCA, PDI, and BiP in Gstp1/p2+/+ and Gstp1/p2-/- samples. (B) One milligram of liver lysates untreated
or treated with disulfiram (10 lM, for 30 min at 37�C) was used for IP with protein A/G-agarose beads using mouse
monoclonal anti-PSSG antibodies. Samples, including IP with anti-PSSG, IP with mouse IgG, and F/T after precipitation by
A/G-agarose beads, were analyzed by subsequent nonreducing SDS-PAGE and blotted with anti-calnexin, calreticulin,
endoplasmin, SERCA, PDI, or BiP antibodies. Solid squares show ER-resident protein levels after IP with anti-PSSG in
untreated samples, and dashed squares show ER-resident protein levels after IP with anti-PSSG in disulfiram-treated
samples. (C) Quantification of fluorescent intensities of the bands in dashed squares shown in (B). *Represents significant
difference between Gstp1/p2+/+ and Gstp1/p2-/- mice. Data are representative blots from three independent experiments. F/
T, flow-through; IgG, immunoglobulin G; IP, immunoprecipitation; PSSG, Protein S-glutathionylation; SDS-PAGE, sodium
dodecyl sulfate–polyacrylamide gel electrophoresis.
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either ThG or TuM in both BMDDC (Fig. 5 and Supple-
mentary Fig. S4) and MEF cells (Fig. 6 and Supplementary
Fig. S5). In these studies, two upstream proteins (BiP and
PDI) and three downstream sensors of the UPR were
evaluated (see Fig. 1, including IRE1, ATF6, and PERK
pathways).

In general, drug treatments produced a coordinated in-
crease in most UPR proteins, except for PDI and phospho-

eIF2a in BMDDC and PDI, ATF4, and ATF6 in MEF cells.
Significant induction of BiP, IRE1, and CHOP was found in
both BMDDC and MEF cells. For some UPR genes, response
to drugs differed in distinct cell types, for example, ATF4,
ATF6, and eIF2a (Figs. 5A, B, and 6A, B, and Supplementary
Figs. S4 and S5). The basal levels of ATF4 and ATF6 were
higher in Gstp1/p2-/- BMDDC, while the basal levels of
PDI and phospho-eIF2a were higher in Gstp1/p2-/- MEF

FIG. 3. Colocalization and interaction of GSTP with ER-resident proteins. (A) Fresh liver tissue samples from Gstp1/
p2+/+ and Gstp1/p2-/- mice were homogenized and subjected to subcellular fractionation by differential centrifugation and
subsequent density gradient centrifugation. Each fraction was analyzed by SDS-PAGE and for the presence of specific
organelle markers: (ER: SERCA2 and calnexin), (cytoplasmic: GAPDH), (nuclear: Histone H3), and (mitochondria:
SDHA). (B) One milligram of liver lysates untreated or treated with disulfiram (10 lM, for 30 min at 37�C) was used for IP
with BiP, calnexin, calreticulin, and PDI antibodies. Samples were analyzed by SDS-PAGE with the IgG controls and
blotted for GSTP. Under each condition, we blotted for BiP, calnexin, calreticulin, or PDI to ensure quality control. (C)
MEF cells from Gstp1/p2+/+ mice were fixed in 4% formaldehyde, incubated with GSTP and calnexin, PDI, or BiP
antibodies at 4�C overnight, and then secondary antibodies conjugated with Fluor 488 or 594 were applied. No staining was
detected in the absence of primary antibodies. Cells were imaged on an Olympus FV10i laser scanning confocal micro-
scope. (D) Colocalization analyses of GSTP with PDI, BiP, or calnexin. Scatterplots represent the red and green pixel
intensities of the corresponding two probes (GSTP with PDI, BiP, or calnexin) shown in (C). (E) Bar graphs represent the
Pearson’s coefficients and Manders M1 and M2 coefficients of the corresponding two probes from 30 single cells, analyzed
by Fiji. MEF, mouse embryo fibroblast; SDHA, succinate dehydrogenase A. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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cells, implying that perhaps the stress levels were influ-
enced by the cell type under study, but that the absence of
GSTP is generally accompanied by constitutively en-
hanced ER stress. Consistent with the cell viability, cyto-
toxicity, and apoptosis assays, drug treatments induced
stronger and faster UPRs for the majority of the UPR
markers in Gstp1/p2-/- cells, for example, BiP, IRE1,
ATF4, ATF6, and CHOP in BMDDC and BiP, IRE1,
CHOP, and phospho-eIF2a in MEF cells. The effect of

GSTP on UPR induced by ThG or TuM showed different
profiles. ThG, as a SERCA inhibitor, was more effective in
Gstp1/p2-/- cells. While in some instances, TuM showed
no differences, for example, BiP and IRE1 in BMDDC and
IRE1 in MEF cells.

The mRNA levels of UPR genes of interest were
assessed by quantitative reverse-transcription-PCR in a
time-dependent manner. Taking into account the protein
turnover times, earlier time points for UPR genes at 2 h were

FIG. 4. Cytotoxicity of ThG or TuM in Gstp1/p2+/+ and Gstp1/p2-/- cells. BMDDC (A) and MEF (B) cells derived from
Gstp1/p2+/+ or Gstp1/p2-/- mice were treated with drugs for 16 h at the concentrations indicated. Viability, cytotoxicity, and
apoptosis were measured as described in ‘‘Materials and Methods.’’ Data are presented as % of control for viability or % of
maximum effect for toxicity and apoptosis. Each drug concentration was measured in triplicate and three independent
experiments were conducted. Means – SDs were computed for each group. BMDDC, bone marrow-derived dendritic cells;
ThG, thapsigargin; TuM, tunicamycin.
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also assessed. The spliced active form of XBP1 was also
induced in both cell models (Figs. 5D and 6D). Results are
similar to those found for proteins. Perhaps as a conse-
quence of the different protein half-lives, the protein and
RNA results did not always agree. Furthermore, inactive

XBP1 and spliced XBP1 following ThG or TuM treatment
were subject to normal PCR in both cell models (Figs. 5C
and 6C). The data were essentially similar to those found by
immunoblot in that responses were more pronounced in
cells lacking GSTP.

Table 2. Comparative Toxicities of Thapsigargin or Tunicamycin in Bone Marrow-Derived

Dendritic Cell and Mouse Embryo Fibroblast Cells From Either Gstp1/p2+/+
or Gstp1/p2-/-

Mice

Cells

Viability Cytotoxicity Apoptosis

Thapsigargin
(mM)

Tunicamycin
(mg/ml)

Thapsigargin
(mM)

Tunicamycin
(mg/ml)

Thapsigargin
(mM)

Tunicamycin
(mg/ml)

Gstp1/p2+/+ BMDDC 0.122 – 0.028 0.209 – 0.006 0.220 – 0.037 0.150 – 0.025 0. 215 – 0.023 0.254 – 0.009
Gstp1/p2-/- BMDDC 0.017 – 0.001 0.092 – 0.011 0.054 – 0.02 0.119 – 0.001a 0.083 – 0.01 0.144 – 0.004
Gstp1/p2+/+ MEF 5.55 – 0.26 5.87 – 0.32 11.05 – 0.23 20.55 – 3.42 23.37 – 0.56 25.06 – 2.89
Gstp1/p2-/- MEF 0.904 – 0.043 2.333 – 0.112 4.27 – 0.01 6.34 – 0.13 6.80 – 0.64 11.33 – 0.46

The EC50 values for viability, toxicity, and apoptosis were simulated by software GraphPad Prism 6 (GraphPad Prism, Inc., La Jolla, CA).
aExcept for cytotoxicity effect by tunicamycin. In all other cases, the EC50 values between Gstp1/p2+/+ and Gstp1/p2-/- were

significantly different, p < 0.01.
BMDDC, bone marrow-derived dendritic cells; EC50, half-maximal effective concentrations; MEF, mouse embryo fibroblast.

FIG. 5. Drug-induced changes in UPR gene expression after ThG or TuM in BMDDC. Gstp1/p2+/+ and Gstp1/p2-/-

BMDDC were treated with ThG (200 nM) or TuM (500 lg/ml) for certain times as indicated. Proteins were separated by
SDS-PAGE and UPR proteins, including BiP, IRE1, ATF6, phospho-eIF2a, eIF2a, ATF4, PDI, and CHOP were evaluated
by immunoblots. Even loading of proteins was confirmed by probing with anti-actin antibodies. Goat anti-mouse, goat anti-
rabbit, and donkey anti-goat fluorescent secondary antibodies were used and immunoblots imaged on a two-channel IR
fluorescent Odyssey CLx imaging system. Data are representative blots from three independent experiments (A, B). The
activation of XBP1 was evaluated by normal PCR for unsliced and sliced XBP1(C). Relative gene expression levels were
quantified by real-time-PCR. Bars represent the mean (–SD) from three independent experiments (D, E). *Represents
significant difference between control and treatment by UPR inducer. IR, infrared; PCR, polymerase chain reaction; ThG,
thapasigargin; TuM, tunicamycin.
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Ca2+ localization and mobilization induced by ThG
through GSTP-mediated S-glutathionylation

While both ThG and TuM induced ER stress, ThG pro-
duced more pronounced effects in Gstp1/p2-/- compared to
Gstp1/p2+/+. Because ThG is a SERCA inhibitor, we hy-
pothesized that the large difference in sensitivity to ThG
between Gstp1/p2+/+ and Gstp1/p2-/- cells may be linked
with altered ER calcium flux and/or homeostasis (Fig. 6). The
ER-specific dye, Mag-Fluo 4 acetoxymethyl (AM) esters
(49), was used as the calcium indicator in the ER. In practice,
intact cells are first incubated with the Mag-fluo-4 AM ester
that accumulates in intracellular organelles and the cyto-
plasm. The plasma membrane of the loaded cells is then
permeabilized to release cytosolic indicator by saponin,
leaving only the indicator trapped within the ER, confirmed
by the ER-TrackerTM blue-white DPX dye (Fig. 7A). The
arrow in Figure 7B indicates the addition point of ThG or
TuM, after which ER calcium depletion was significantly

decreased in Gstp1p2-/- BMDDC by ThG, but not TuM (Fig.
7B). The sensitivity of detection of protein S-glutathionyla-
tion by immunoblot is limited. A modified protocol using
deglutathionylation catalyzed by Grx was used for the
purpose of quantitative comparison. Following deglutathio-
nylation by Grx, proteins were conjugated with either
Maleimide-PEG11-Biotin (Fig. 7C, D) or thiol fluorescent
probe IV (Fig. 7E, F). This allowed quantitative comparison
between glutathionylation levels affected by either ThG or
TuM. Each approach showed elevation of GSTP-mediated S-
glutathionylation of cellular proteins in both BMDDC and MEF
cells caused by ThG, but not TuM (Fig. 7C–F).

Discussion

Modulation of redox homeostasis can directly influence
the fate of a mammalian cell. Under oxidative stress, select
cysteine residues in target proteins can undergo revers-
ible modifications that alter structure/function and facilitate

FIG. 6. Drug-induced changes in UPR gene expression after ThG or TuM in MEFs. Gstp1/p2+/+ and Gstp1/p2-/-

MEF cells were treated with ThG (200 nM) or TuM (500 lg/ml) for certain times as indicated. Proteins were separated by
SDS-PAGE and UPR proteins, including BiP, IRE1, ATF6, phosphor-eIF2a, eIF2a, ATF4, PDI, and CHOP evaluated by
immunoblots. Even loading of proteins was confirmed by probing with anti-actin antibodies. Goat anti-mouse, goat anti-
rabbit, and donkey anti-goat fluorescent secondary antibodies were used and immunoblots imaged on a two-channel IR
fluorescent Odyssey CLx imaging system. Data are representative blots from three independent experiments (A, B). The
activation of XBP1 was evaluated by normal PCR for unsliced and sliced XBP1(C). Relative gene expression levels were
quantified by real-time PCR. Bars represent the mean (–SD) from three independent experiments (D, E). *Represents
significant difference between control and treatment by UPR inducer.
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signaling pathways (11). The difference between too much
and too little ROS will determine the fate of many pathways
critical to survival (16). Many of these pathways are evolu-
tionarily well conserved and cysteine is one of the least
prevalent amino acids encoded by the human genome (25),
where total cellular cysteine content correlates with the de-
gree of biological complexity (32). The thiol group of cys-
teine permits a number of post-translational modifications
(17), S-glutathionylation being favored within the oxidized

environment of the ER (oxidation of cysteines to sulfenic
acids (SOH) would facilitate protein S-glutathionylation).
GSTP has been previously identified in three cellular com-
partments, the cytosol, nucleus, and mitochondria (14, 18,
26). Our present results show for the first time that it also
localizes to the ER. GSTP has also been shown to be a sub-
strate for glycosylation (29) and S-glutathionylation (52).
Within the ER, we now show that GSTP interacts with and
S-glutathionylates a cluster of proteins that between them

FIG. 7. BMDDC were incubated with a low-affinity calcium indicator, 5 lM mag-fluo-4 at 37�C for 45 min or ER-
TrackerTM blue-white DPX for 30 min at 1 lM. Then cells were washed with PBS twice to remove extracellular indicator,
permeabilized by saponin (10 mg/ml), and incubated at 37�C for 5 min with shaking (permeabilization of cells was con-
firmed using trypan blue). Permeabilized cells were either fixed in 4% formaldehyde for fluorescence microscopy (A) or
centrifuged and resuspended at a density of 1 million/ml. Two hundred thousand permeabilized cells were added to 96-well
black-walled assay plate and ER calcium concentrations were subsequently monitored by fluorescence measurements at
490Ex/520Em by a SpectraMax M5 Multi-Mode Microplate Reader. ThG or TuM was added at the arrow (B). Global S-
glutathionylation levels induced by ThG or TuM in BMDDC or MEF cells were quantified in two ways after deglu-
tathionylation by glutaredoxin (see ‘‘Materials and Methods’’). The regenerated free thiols were quantified either by
immunoblotting using streptavidin secondary antibodies after labeling with maleimide-PEG11-Biotin (C, D) or directly by
thiol fluorescent probe IV (E, F). *Represents significant difference between control and treatment by ThG. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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contribute to the regulation of cell response to ER stress and
impact downstream events in protein folding. Moreover, Grx
and Trx, as deglutathionylating enzymes also localize to the
ER, indicating that participants in the S-glutathionylation
cycle (including GSH and oxidized GSH [GSSG]) are present
in this organelle (9, 33). By comparing protein S-glutathio-
nylation in cells from Gstp1/p2 wild-type and knockout mice,
we were able to identify differences in a cluster of redox-
active proteins found in the ER. In light of the different
susceptibilities of these cells to various aspects of the UPR,
their activities are likely controlled by S-glutathionylation.
Among those, BiP, calnexin, calreticulin, endoplasmin,
SERCA, and PDI have organelle-specific functions in con-
trolling protein folding and the UPR. We have previously
identified the modified cysteines in PDI and detailed the in-
hibitory effects of their S-glutathionylation on isomerase and
chaperone activity (54, 57). This susceptible CxxC motif in
PDI has structural homology with calnexin (30), which in
turn is part of the calreticulin superfamily that has these two
cysteines in similar beta sheet structures at molecular dis-
tances of *1.5 Å, a distance quite conducive to disulfide
formation. The cysteine residues within calnexin are known
to be critical in maintaining the structure and function of the
protein (5). Earlier reports indicate that both calnexin and
calreticulin are sensitive to disulfide-bonding during oxida-
tive stress (6). S-glutathionylation of one of these residues
impacts activity through inhibiting disulfide bond formation.
In addition, S-glutathionylation of SERCA has been shown to
regulate its function (2). The concentration of ER Ca is
mainly regulated by SERCA. GSTP mediates SERCA S-
glutathionylation, regulates SERCA activity, and thus affects
ER Ca levels. Also, a number of chaperones such as calre-
ticulin and calnexin bind Ca buffering in the ER (13). It is
possible that GSTP-mediated S-glutathionylation of calre-
ticulin and calnexin might regulate their Ca binding capa-
cities, impacting Ca levels in the ER. It is known that ER Ca
depletion induces the UPR as both the protein folding reactions
and protein chaperone functions require high levels of Ca
within this organelle. Therefore, GSTP might impact the UPR
through regulating ER Ca levels through mediating S-glu-
tathionylation of SERCA, calreticulin, and calnexin. It is also
possible that GSTP-mediated S-glutathionylation of calreticu-
lin and calnexin might alter their interactions with glycopro-
teins, directly regulating glycoprotein folding and thereby alter
the UPR.

Although there is a degree of redundancy within the GST
family, GSTP is the most highly expressed isozyme in MEF
cells and BMDDC and influences the doubling time of these
cells (39, 61) and remains the only isoform to exhibit thiolase
activity (28, 51, 52). Our present results show a significant
difference in levels of innate resistance of the Gstp1/p2+/+ and
Gstp1/p2-/- cells to either of the UPR inducing drugs, ThG or
TuM. While treatment of cells with either of these drugs
produced ER stress and death via UPR-associated pathways,
the mechanisms of action of these two agents are distinct.
ThG is a sesquiterpene that inhibits the ER Ca2+ ATPase
(SERCA), causing an initial depletion of intracellular Ca2+

stores and capacitive cellular uptake of extracellular Ca2+

(37). The Gstp1/p2+/+ BMDDC and MEF cells showed an
approximate seven- to ninefold resistance to the drug com-
pared with Gstp1/p2-/- cells, levels that correlate with greater
sensitivity to induction of the UPR. The implication of such

results is that drug response is facilitated through some
component(s) of the SERCA Ca2+ transport pathways and
that these are linked to ER homeostasis. Earlier studies in
prostate cancer cell lines suggested that ThG caused cell
death through altered Ca2+ flux that was associated with
downstream changes in the transcriptional regulation of ap-
optosis inducing genes (48). Our results indicate a link with
S-glutathionylation of proteins involved in Ca2+ homeosta-
sis. In particular, SERCA, calnexin, calreticulin, and en-
doplasmin were each differentially post-translationally
modified in the GSTP Gstp1/p2+/+ cells. The higher levels of
S-glutathionylation of these proteins in Gstp1/p2+/+ cells may
initially serve to protect their functionalities, while main-
taining ER Ca2+ homeostasis, preventing UPR and providing
a survival advantage, which would explain the quite marked
levels of intrinsic resistance of the Gstp1/p2+/+ cells to ThG.
The protective effects of GSTP expression (S-glutathionylation)
observed following ThG treatment are significant because the
propagation of signal transduction pathways via oscillations
in cytosolic free Ca2+ concentrations is driven by the release
of Ca2+ from the ER. It is also important to recognize that this
degree of natural resistance is high for cells that have never
previously been exposed to drug selection.

TuM is also cytotoxic through initiation of a UPR, but
primarily through interference with the process of N-linked
glycosylation of proteins. The Gstp1/p2+/+ cells express ap-
proximately two- to sixfold innate resistance to this drug.
While quantitatively less than ThG, the fact that resistance is
still expressed by the Gstp1/p2+/+ cells would imply that the
effect may be UPR related, but not necessarily directly linked
with SERCA and Ca2+ flux changes. The earlier studies did
not identify either the functional importance or the type of the
glycosylation of GSTP, but it is possible that TuM might have
a direct effect upon the transfer of GSTP from the cytosol to
the ER, perhaps impacting S-glutathionylation efficiency and
response to drug. Deletion of the chaperone domain of cal-
nexin increased sensitivity to TuM (7), suggesting that cal-
nexin may be a sentinel protein in regulating sensitivity to
TuM. Moreover, ER calcium depletion could cause ripple
effects to manifest other stresses such as decreased protein
glycosylation (31). Thus, the observed differences in sensi-
tivity to ThG and TuM likely involve both distinct and/or
overlapping functionalities.

From the point of view of functional relevance, dendritic
cells (DC) play a role in the initiation, maintenance, resolu-
tion of an immune response acting as a bridge from the innate
to adaptive immune systems. Several UPR genes have been
found to play a role in the development and survival of DC.
These include ER stress-induced transcription factor CHOP,
crucial for BMDDC IL-23 expression (12), and XBP1, es-
sential for survival of plasmacytoid and conventional DC
(23). Activation of the UPR is not limited to an overload in
protein folding capacity and, in fact, alternative ways to
trigger ER stress sensors exist but are not well understood
(24, 62). In vivo studies show that constitutive activation of
the IRE-1 pathways is present in CD8a+ DC as well as de-
veloping B and T cells (34). In the present study, we show
that markers of the UPR are activated in nonstressed
BMDDC derived from Gstp1/p2-deficient mice. These
findings support our previous studies showing that ablation
of GSTP causes altered redox homeostasis and higher levels
of both myeloproliferation and cell migration (60, 61). The
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co-opting of UPR in the absence of ER stress remains
speculative but it appears that GSTP expression and UPR
collectively play a role in the development and differenti-
ation of DC.

Emerging evidence suggests that disruption in redox ho-
meostasis can link with aberrant UPR and causally contribute
to human disease pathologies. The ER has physical and
functional connections with other organelles that can expe-
dite the bidirectional transfer of lipids, calcium, and other
molecules (41). In consequence, disruptions in redox sig-
naling through alterations in levels of ROS or reactive ni-
trogen species can resonate back to the ER (illustrated in Fig.
1). Our present data show that GSTP and its mediation of
specific S-glutathionylation of ER-resident proteins can act in
a regulatory manner, impacting UPR pathways and sensi-
tivity to drug and stress response.

Materials and Methods

Mice

C57BL/6 wild-type mice were purchased from Jackson
Laboratory (Bar Harbor, ME). Gstp1/p2-/- mice were gen-
erated as described earlier (20). The mice were bred and kept
in the Association for Assessment and Accreditation of La-
boratory Animal Care—certified animal facility of the
Medical University of South Carolina (MUSC). All of the
mice were used at *8–12 weeks of age. The Institutional
Animal Care and Use Committee of MUSC approved all of
the experimental procedures used in this study.

Primary cells and culture conditions

BMDDC were generated according to previous reported
procedures (61). Bone marrow cells (4–5 · 105/ml, 10 ml/
plate) were plated in RPMI-1640 (HyClone, Logan, UT),
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 lg/ml streptomycin (all from Mediatech,
Manassas, VA), and 20 ng/ml recombinant mouse granulo-
cyte macrophage colony-stimulating factor (GM-CSF)
(BioAbChem, Ladson, SC) (DC medium) into 100-mm cul-
ture dishes (Sarstedt, Newton, NC). Fresh DC medium was
added on day 4 and was gently replaced by fresh DC medium
containing 10 ng/ml recombinant mouse GM-CSF on day 7.
Immature BMDDC (nonadherent and loosely adherent cells)
were used in experiments on day 8.

Extraction of the MEF cells from Gstp1/p2+/+ or Gstp1/
p2-/- mice and the establishment of immortalized cultures
were described previously (39). Cells were maintained in
Eagle’s Minimum Essential Medium (EMEM) (ATCC,
Manassas, VA) containing 10% FBS, 1% nonessential amino
acid, 100 U/ml penicillin, and 100 lg/ml streptomycin.

Antibodies

The following antibodies were used for immunoblots:
rabbit polyclonal anti-ATF4 (from Aviva Systems Biology,
San Diego, CA), mouse monoclonal anti-ATF6 (from Stra-
tagene, La Jolla, CA), goat polyclonal anti-BiP (from R&D
System, Minneapolis, MN), rabbit polyclonal anti-calnexin
and rabbit polyclonal anti-Trx 1 (Novus Biologicals, Lit-
tleton, CO), rabbit polyclonal anti-GSTP (MBL, Woburn,
MA), mouse monoclonal anti-PSSG (Virogen, Watertown,
MA), mouse monoclonal anti-SERCA2 (from Santa Cruz

Biotechnology, Dallas, TX), rabbit polyclonal anti-BiP,
chicken polyclonal anti-calreticulin, rabbit polyclonal anti-
Histone H3, mouse monoclonal anti-PDI (all from Thermo
Scientific, Rockford, IL), rabbit polyclonal anti-beta actin,
goat polyclonal anti-endoplasmin, mouse monoclonal anti-
GAPDH, rabbit polyclonal to Grx 1, rabbit polyclonal anti-
PDI (all from Abcam, Cambridge, MA), rabbit polyclonal
anti-BiP, mouse monoclonal anti-CHOP, mouse monoclonal
anti-eIF2a, rabbit polyclonal anti-phospho-eIF2a (Ser51),
rabbit monoclonal anti-IRE1, rabbit monoclonal anti-PDI,
rabbit monoclonal anti-SDHA, rabbit monoclonal anti-
SERCA2 (all from Cell Signaling Technology), IRDye
800CW Goat anti-Mouse immunoglobulin G (IgG), IRDye
800CW Goat anti-rabbit IgG, IRDye 800CW Donkey anti-
goat IgG, IRDye 800CW Donkey anti-chicken IgG, IRDye
800CW Streptavidin, IRDye 680RD Goat anti-mouse IgG,
and IRDye 680RD Goat anti-Rabbit IgG, IRDye 680RD
Donkey anti-goat IgG (all from LI-COR, Lincoln, NE).

Immunoblotting

Total soluble protein was quantitated by bicinchoninic
acid protein assay (Pierce, Rockford, IL). Cell lysates were
resolved in an SDS-loading buffer (80 mM Tris-HCl, pH 6.8,
2% SDS, 10% glycerol, 0.02% bromophenol blue, [–]5 mM tris
(2-carboxyethyl) phosphine) and heated to 95�C for 5 min.
Equal amounts of protein were electrophoretically separated by
SDS-PAGE (BioRad, Hercules, CA) and transferred onto low
fluorescent polyvinylidene fluoride membranes (Millipore,
Billerica, MA) or nitrocellulose membranes (BioRad, Her-
cules, CA) by the Trans-Blot Turbo Transfer System (BioRad,
Hercules, CA). PVDF or nitrocellulose membranes were in-
cubated in the Odyssey blocking buffer (LI-COR) for 1 h to
reduce nonspecific binding and then probed with appropriate
primary antibodies (diluted in Odyssey blocking buffer) at 4�C
overnight. Immunoblots were then developed with infrared
(IR) fluorescence IRDye secondary antibodies (LI-COR) at a
dilution of 1:15,000, imaged with a two-channel (red and
green) IR fluorescent Odyssey CLx imaging system (LI-COR)
and quantified with Image Studio 4.0 software (LI-COR).

Identification of GSTP-mediated
S-glutathionylated proteins

Fresh liver tissue samples from Gstp1/p2+/+ and Gstp1/
p2-/- mice were washed twice with ice-cold phosphate-
buffered saline (PBS), cut into small pieces, and homoge-
nized in ice-cold 1% NP-40 lysis buffer (20 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% NP-40, 1 mM ethylenedi-
aminetetraaceticacid [EDTA]) plus protease and phosphatase
inhibitors (Roche Diagnostics, Indianapolis, IN). Liver
lysates/supernatants were collected after spinning at 21,100 g
for 10 min at 4�C. Thirty micrograms of control or disulfiram-
treated (10 lM, 30 min at 37�C, used as a positive control
for S-glutathionylation, from Sigma-Aldrich, St. Louis, MO)
liver lysates was then separated by SDS-PAGE under non-
reducing conditions. One gel was transferred onto nitrocel-
lulose membrane for anti-PSSG Western blot and the other
gel was stained with Brilliant Blue G-colloidal stain (Sigma-
Aldrich) following the standard protocol. Protein bands of
interest (those that showed differences in S-glutathionylation
levels between Gstp1p2+/+ and Gstp1p2-/-) were excised and
subject to digestion. The peptides were analyzed and
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identified by mass spectrometry at the Proteomics Core Fa-
cility of the MUSC.

Detection of S-glutathionylated proteins

One milligram of control or disulfiram-treated (10lM, 30 min
at 37�C) liver lysate from Gstp1/p2+/+ and Gstp1/p2-/- mice was
incubated with 5lg mouse anti-PSSG antibody overnight at 4�C.
The antibody–antigen complexes were then IP by incubating
with 40 ll protein A/G-agarose beads (Santa Cruz Bio-
technology) overnight at 4�C. The flow-throughs were col-
lected by brief centrifugation (500 g · 5 min) and 20 lg of
protein was resolved in the SDS-loading buffer. Im-
munoprecipitates were washed three times with ice-cold 1%
NP-40 lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl,
1% NP-40, 1 mM ethylenediaminetetraacetic acid (EDTA)] to
remove nonspecific bound proteins and the bound immuno-
precipitates were solubilized in the SDS-loading buffer. The
flow-throughs and the immunoprecipitates were then sub-
jected to SDS-PAGE and probing of the immunoblots with
goat anti-BiP, rabbit anti-calnexin, chicken anti-calreticulin,
goat anti-endoplasmin, rabbit anti-PDI, and rabbit-SERCA2
antibodies. As a reagent control, liver lysates were incubated
with 5 lg mouse IgG2a isotype control (Thermo Scientific)
and subjected to the same procedures.

The global S-glutathionylation levels induced by ThG or
TuM in BMDDC or MEF cells were quantified in two ways
after deglutathionylation by Grx as reported (1) with some
modifications. Briefly, Gstp1/p2+/+ and Gstp1/p2-/- BMDDC
(1 · 106 cells/ml) were suspended in the RPMI-1640 me-
dium supplemented with 10% FBS, 100 U/ml penicillin, and
100lg/ml streptomycin. MEF cells (1 · 106 cells) were seeded
on 100-mm culture dishes in 10 ml EMEM containing 10%
FBS, 1% nonessential amino acid, 100 U/ml penicillin, and
100lg/ml streptomycin per dish, and cultured for 2 days. Cells
were then exposed to 200 nM ThG or 500 ng/ml TuM (both
from Sigma-Aldrich) at 37�C for 30 min. Cell pellets were
washed once with ice-cold PBS and then solubilized by ice-cold
1% Triton lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1% Triton, 1 mM ethylenediaminetetraacetic acid EDTA,
1 mM ethylene glycol tetraacetic acid [EGTA]) plus protease
and phosphatase inhibitors. Cell lysates/supernatants were col-
lected after spinning at 16,000 g for 10 min at 4�C. Free thiols
were blocked by adding 40 mM N-ethylmaleimide for 30 min,
and the glutathionylated thiols were then deglutathionylated by
adding 1 mM GSH, 1 mM NADPH, 35lg/ml GSSG reductase,
and 13.5lg/ml Grx and incubated at 37�C for 30 min. Excess
reagents were removed by Bio-Spin 6 columns (BioRad, Her-
cules, CA) following the manufacturer’s protocol. The re-
generated free thiols were quantified either directly by thiol
fluorescent probe IV (EMD Millipore, Taunton, MA) or by
western blotting using the streptavidin secondary antibody (LI-
COR) after labeling with Maleimide-PEG11-Biotin (Thermo
Scientific).

Coimmunoprecipitation analysis
of protein–protein interaction

The IP procedure was similar as mentioned earlier. Briefly,
500 lg of control or disulfiram-treated (10 lM, 30 min at
37�C) liver lysate from Gstp1/p2+/+ and Gstp1/p2-/- mice
was immunoprecipitated using Bip, calnexin, calreticulin, or
PDI antibody, and the precipitated proteins were subjected to

SDS-PAGE and subsequent immunoblotting for GSTP. The
IP efficiencies were confirmed by immunoblotting for BiP,
calnexin, calreticulin, or PDI antibody as well. As a reagent
control, liver lysates were incubated with the corresponding
IgG isotype controls and subjected to the same procedures.

Immunofluorescence

MEF cells were fixed in 4% formaldehyde and immuno-
fluorescence staining applied according to previous reported
protocols (59). After fixation, the cells were incubated with
GSTP, calnexin, PDI, or BiP antibody at 4�C overnight, and
then, a secondary antibody conjugated with Fluor 488 or 594
was applied. No staining was detected when the primary anti-
bodies were omitted. Slides were imaged on an Olympus FV10i
laser scanning confocal microscope (Olympus, Tokyo, Japan).

Subcellular fractionation

Fresh liver tissue samples from Gstp1/p2+/+ and Gstp1/
p2-/- mice were homogenized and subjected to subcellular
fractionation by differential centrifugation and subsequent
density gradient centrifugation. In brief, liver tissue samples
were washed twice with ice-cold PBS, cut into small pieces,
resuspended in ice-cold homogenizing buffer (10 mM
HEPES [pH 7.5], 250 mM sucrose, 1 mM EDTA, 25 mM
KCl) plus a protease inhibitor cocktail, and homogenized
with Wheaton glass tissue grinder. The homogenate was
passed through a 40-lm cell strainer and centrifuged at 1000
g for 10 min at 4�C. The nuclear pellet was washed once with
ice-cold homogenizing buffer, resuspended in 60% (w/v)
sucrose in homogenizing buffer, and purified by sucrose
density gradient centrifugation (100,000 g for 60 min 4�C).
The postnuclear supernatant was centrifuged at 12,000 g for
15 min at 4�C. The mitochondrial pellet was washed once,
resuspended in homogenizing buffer, layered over two so-
lutions of 20% and 52% Percoll in homogenizing buffer, and
purified by Percoll density gradient centrifugation (37,000 g
for 30 min at 4�C, mitochondrial band at the lower interface).
The postmitochondrial supernatant was centrifuged at
100,000 g for 60 min at 4�C. The supernatant was used as the
cytoplasmic fraction and the pellet as the ER fraction. The
ER, mitochondrial and nuclear pellets were solubilized in ice-
cold 1% Triton lysis buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1% Triton, 1 mM EDTA, 1 mM EGTA) plus a
protease inhibitor cocktail and sonicated three times for 20 s.
The lysates/supernatants were collected after spinning at
16,000 g for 10 min at 4�C and used for immunoblotting.

ApoTox-Glo triplex assay

BMDDC were seeded on 96-well plates at a density of
20,000 cells in 100 lL DC medium per well. MEF cells (5000
cells) were seeded on 96-well plates in 100 ll EMEM per well
and cultured for 2 days. Increasing drug concentrations (ThG:
1–2000 nM; TuM: 1–5000 ng/ml) were added to a final volume
of 200 ll and the plates incubated at 37�C for 16 h. The Apo-
Tox-Glo Triplex Assay (Promega, Madison, WI) was used to
measure cell viability, cytotoxicity, and apoptosis. Briefly,
viability and cytotoxicity were measured by fluorescent signals
produced when either live or dead cell proteases cleave added
substrates glycyl-phenylalanyl-aminofluorocoumarin (GF-
AFC) (viability) and bis-alanylalanyl-phenylalanyl-rhodamine
110 (bis-AAF-R110) (cytotoxicity). Proportional fluorescence
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of the cleaved products distinguishes the two. GF-AFC can
enter cells and is only cleavable by live-cell proteases, which
becomes inactive when cell membrane activity is lost; bis-
AAF-R110 cannot enter the cell and is cleaved only by dead-
cell proteases leaked from cells lacking membrane integrity.
Each cleaved substrate has a distinct excitation and emission
spectrum. Apoptosis is measured by the addition of a lumi-
nogenic caspase-3/7 substrate, which is cleaved in apoptotic
cells to produce a luminescent signal. Fluorescence (400Ex/
505Em for viability, 485Ex/520Em for cytotoxicity) and lu-
minescence (apoptosis) were measured with SpectraMax M5
Multi-Mode Microplate Readers (Molecular Devices, Sun-
nyvale, CA). The IC50 values for viability, toxicity, and
apoptosis were simulated by software GraphPad Prism 6
(GraphPad Prism, Inc., La Jolla, CA).

RNA isolation and quantitative real-time reverse
transcription-PCR

Total RNA was prepared using the Isolate II RNA Mini Kit
(Bioline USA, Inc., Taunton, MA) and cDNA was then
generated with the iScriptTM cDNA Synthesis Kit (Bio-Rad,
Hercules, CA) according to the manufacturers’ protocols.
Subsequently, quantification of gene expression was per-
formed in duplicates using iQ� SYBR� Green supermix
(Bio-Rad, Hercules, CA) with detection on a MyiQ� Real-
Time PCR System (Bio-Rad, Hercules, CA). The reaction
cycles used were 95�C for 5 min, and then, 40 cycles at 95�C
for 15 s and 58�C for 1 min followed by melt curve analysis.
The following primers were used: ATF4, forward 5¢-
ACTCTGCTGCTTACATTACTC-3¢, reverse 5¢-TAGG
ACTCTGGGCTCATAC-3¢; ATF6, forward 5¢-GCTAC
CACCCACAACAAG-3¢, reverse 5¢-TTCATAGTCCTG
CCCATT-3¢; BiP, forward 5¢-TGCAGCAGGACATCAAGT
TC-3¢, reverse 5¢-ATGTCTTTGTTTGCCCACCT-3¢; CHOP,
forward 5¢-ACCTTCACTACTCTTGACCCTG-3¢, reverse 5¢-
GACCACTCTGTTTCCGTTT-3¢; GAPDH, forward, 5¢-CCC
AGCAAGGACACTGAGCAA-3¢, reverse 5¢-AGGCCCCTCC
TGTTATTATGG-3¢; IRE1, forward 5¢-GACGGTCCCAC
AACAGAT-3¢, reverse 5¢-CTCAGCAGACACTTTCCCT-3¢;
XBP1u, forward 5¢-TCCGCAGCACTCAGACTATGT-3¢, re-
verse 5¢-ATGCCCAAAAGGATATCAGACTC-3¢; XBP1s,
forward 5¢-GAGTCCGCAGCAGGTG-3¢, reverse 5¢-GTGTC
AGAGTCCATGGGA-3¢; and XBP1u/s, forward 5¢-ACACG
CTTGGGAATGGACAC-3¢, reverse 5¢-CCATGGGAAGATG
TTCTGGG-3¢. Relative gene expression quantification was
based on the comparative threshold cycle (CT) method (2-DDCt)
with normalization of the raw data to the included housekeeping
gene (GAPDH).

ER calcium assay

BMDDC were incubated with a low-affinity calcium indi-
cator, Mag-Fluo-4 AM (5 lM; from Life Technology, Eugene,
OR), at 37�C for 45 min. For the ER-TrackerTM blue-white
DPX dye, incubation times were 30 min at 1 lM following the
manufacturer’s protocol (Life Technology). Cells were washed
with PBS twice to remove extracellular indicator, permeabi-
lized by adding saponin (10 mg/ml), and incubated at 37�C for
5 min with shaking. Then, permeabilized cells were either fixed
in 4% formaldehyde for Olympus FV10i laser scanning con-
focal microscopy or centrifuged and resuspended at a density of
1 million/ml. Two hundred thousand permeabilized cells

(200ll per well) were added to 96-well black-walled assay
plates for further analysis. Measuring the fluorescence at
490Ex/520Em by SpectraMax M5 Multi-Mode Microplate
Readers monitored ER calcium concentrations.

Statistical analysis

Colocalization of proteins was analyzed by Fiji (http://
fiji.sc/Documentation). Student’s t tests were used to analyze
significant differences. p values <0.01 were regarded as sta-
tistically significant. Data are expressed as means – standard
deviations with n equal to the number of animals/group ex-
amined under each condition.
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AM¼ acetoxymethyl
ATF4¼ activating transcription factor 4
ATF6¼ activating transcription factor 6

BiP¼ immunoglobulin heavy chain-binding
protein

bis-AAF-R110¼ bis-alanylalanyl-phenylalanyl-
rhodamine 110

BMDDC¼ bone marrow-derived dendritic cells
CHOP¼C/EBP homologous protein

CT¼ threshold cycle
DC¼ dendritic cells

DTT¼ dithiothreitol
EC50¼ half-maximal effective concentrations

EDTA¼ ethylenediaminetetraacetic acid
EGTA¼ ethylene glycol tetraacetic acid
eIF2a¼ eukaryotic translation initiation factor 2a

EMEM¼Eagle’s Minimum Essential Medium
ER¼ endoplasmic reticulum
F/T¼ flow-through

FBS¼ fetal bovine serum
GF-AFC¼ glycyl-phenylalanyl-aminofluorocoumarin
GM-CSF¼ granulocyte macrophage colony-

stimulating factor
Grx¼ glutaredoxin

GSH¼ glutathione
GSSG¼ oxidized glutathione
GSTP¼ glutathione S-transferase Pi

IgG¼ immunoglobulin G
IP¼ immunoprecipitation
IR¼ infrared

IRE1¼ inositol-requiring protein-1
MEF¼mouse embryo fibroblasts

MUSC¼Medical University of South Carolina
NEM¼N-ethylmaleimide
PBS¼ phosphate-buffered saline
PCR¼ polymerase chain reaction
PDI¼ protein disulfide isomerase

PERK¼ protein kinase-like ER kinase
PSSG¼ protein S-glutathionylation
ROS¼ reactive oxygen species

SDHA¼ succinate dehydrogenase A
SDS-PAGE¼ sodium dodecyl sulfate–polyacrylamide gel

electrophoresis
SERCA¼ sarco/endoplasmic reticulum Ca2+-ATPase

ThG¼ thapsigargin
Trx¼ thioredoxin

TuM¼ tunicamycin
UPR¼ unfolded protein response
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