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Endoplasmic reticulum (ER) stress-mediated cell death has an important role in the pathogenesis of chronic diseases, including
diabetes and neurodegeneration. Although proapoptotic programs activated by ER stress have been extensively studied,
identification and characterization of antiapoptotic programs that counteract ER stress are currently incomplete. Through the
gene expression profiling of b-cells lacking Wolfram syndrome 1 gene (WFS1), a causative gene for Wolfram syndrome, we
discovered a novel antiapoptotic gene of the unfolded protein response (UPR), apoptosis antagonizing transcription factor
(AATF). Here, we study the regulation of AATF, identify its target genes, and determine the basis for its antiapoptotic activities in
response to ER stress. We show that AATF is induced by ER stress through the PERK–eIF2a pathway and transcriptionally
activates the v-akt murine thymoma viral oncogene homolog 1 (AKT1) gene through signal transducer and activator of
transcription 3 (Stat3), which sustains Akt1 activation and promotes cell survival. Ectopic expression of AATF or a constitutively
active form of AKT1 confers on cells resistance to ER stress-mediated cell death, whereas RNAi-mediated knockdown of AATF or
AKT1 renders cells sensitive to ER stress. We also discovered a positive crosstalk between the AATF and WFS1 signaling
pathways. Thus, WFS1 deficiency or AATF deficiency mediates a self-perpetuating cycle of cell death. Our results reveal a novel
antiapoptotic program relevant to the treatment of diseases caused by ER stress-mediated cell death.
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The endoplasmic reticulum (ER) is an organelle responsible
for several important cellular functions, including protein and
lipid biosynthesis, Ca2þ storage, and signaling. Protein
folding and processing enzymes, as well as the chemical
environment within the ER, are required for proteins to
properly fold into their functional conformation. Myriad
pathological and physiological factors can perturb this unique
protein-folding environment and disrupt ER homeostasis,
causing an accumulation of unfolded proteins and ER stress.1

To attenuate ER stress and restore ER homeostasis, the
unfolded protein response (UPR) is activated. There are three
distinct responses of the UPR: upregulation of molecular
chaperones to increase the ER-folding activity, translational
attenuation to reduce ER workload, and induction of ER-
associated protein degradation (ERAD) to promote clearance
of unfolded and misfolded proteins.1,2 However, if the
UPR fails to attenuate ER stress, the UPR directly activates
proapoptotic programs.3,4 Some of the proposed mechanisms
of ER stress-mediated cell death include the induction of the
proapoptotic transcription factor CHOP, the activation of the

c-Jun N-terminal kinase (JNK) pathway by IRE1, and the
activation of BH-3-only proteins such as Puma or Bim.5–7

However, the identification and characterization of anti-
apoptotic programs in the UPR are currently incomplete.4

It has been suggested that ER stress-mediated cell death
has an important role in the progression of diabetes, especially
genetic forms of diabetes such as Wolfram syndrome.8–11

Postmortem studies reveal a nonautoimmune-linked selective
loss of pancreatic b-cells in patients with Wolfram syndrome.12

The causative gene for this syndrome was identified by two
separate groups in 1998 and named Wolfram syndrome 1
gene (WFS1).13,14 We showed previously that WFS1 is a
component of the UPR. WFS1 expression is induced
transcriptionally in response to ER stress, and when sup-
pressed, causes high levels of ER stress in b-cells,15

suggesting that b-cell death in Wolfram syndrome can be
attributed to chronic, unresolvable ER stress due to a lack of
functional WFS1 protein in b-cells. In this study, we report the
identification of antiapoptotic programs of the UPR regulated
by apoptosis antagonizing transcription factor (AATF) through
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the gene expression profiling of b-cells lacking WFS1 and
demonstrate how AATF confers resistance to ER stress-
mediated cell death.

Results

Gene expression profiling of b-cells lacking WFS1 iden-
tifies a novel antiapoptotic factor of the UPR. Several
considerations raised the possibility that antiapoptotic
genes of the UPR might be transcriptionally downregulated
in b-cells lacking WFS1. Previous studies have shown that
WFS1-deficient b-cells are under chronic ER stress condi-
tions and are sensitive to ER stress-mediated cell death.10,11

We have found that WFS1-knockdown b-cells are under
chronic ER stress conditions.15 To confirm that knockdown
of WFS1 in b-cells leads to ER stress-mediated cell death,
INS-1 832/13 cells were transfected with small interfering
RNA (siRNA) directed against WFS1 and then challenged
with an ER stress inducer, thapsigargin. Apoptosis was mea-
sured by caspase-3 cleavage and TUNEL staining. Con-
sistent with previous findings, WFS1-knockdown b-cells were
sensitive to ER stress-mediated cell death (Figure 1a and b).

To examine the possible role of WFS1 in the activation
of antiapoptotic pathways, we first systematically identified
genes that were differentially expressed in WFS1-knockdown
INS-1 832/13 cells. Among the 298 genes differentially
expressed (Po0.01), transcriptionally downregulated genes
were chosen as candidates for conferring resistance to
ER stress-mediated cell death. These candidate genes
were prioritized, first on the magnitude of transcriptional
downregulation and second, on the basis of a known role
in apoptosis. Twelve genes were decreased by more than
twofold (Supplementary Table 1). Among these, we focused
on AATF, which was significantly suppressed by WFS1-
knockdown (log 2 ratio¼�1.23) and was reported to have
a role in apoptosis.16–18

We verified that AATF expression was downstream of
WFS1. AATF mRNA and protein expressions were down-
regulated in WFS1-knockdown INS-1 832/13 cells as com-
pared with control cells, both under ER stress conditions
(Figure 1c and d) and normal conditions (data not shown).
Furthermore, we found that AATF is highly expressed in
mouse islets (Supplementary Figure 1A), whereas in WFS1-
knockout mouse islets, AATF protein expression was
markedly decreased as compared with control littermates
(Figure 1e).

AATF is a component of the UPR. We next sought to
determine whether AATF could be a component of the
UPR. We measured the expression levels of AATF mRNA in
INS-1 832/13 cells, neuro2A cells, and mouse embryonic
fibroblasts treated with various ER stress inducers. We found
that AATF mRNA was upregulated by ER stress inducers,
including tunicamycin, thapsigargin, and MG132, but not by
a general apoptosis inducer, staurosporin, indicating that
AATF expression is specifically increased by ER stress
(Figure 2a). We confirmed the upregulation of AATF by ER
stress using both cytoplasmic and nuclear protein extracts
from INS-1 832/13 cells (Figure 2b). After treating these cells

with thapsigargin, we compared the upregulation of AATF
mRNA by ER stress to other ER stress markers, including
BiP, Chop, XBP-1, and WFS1. We found that AATF mRNA
expression continued to increase up to 24 h after the initiation
of ER stress (Figure 2c).

AATF expression is regulated by PERK-mediated eIF2a
phosphorylation. We next investigated the pathway by
which AATF expression could be regulated. We measured
the expression levels of AATF by real-time PCR in Ire1a�/�

and Perk�/� mouse embryonic fibroblasts under ER stress
conditions. IRE1a and PERK are ER-resident protein kinases
and master regulators of the UPR. In wild-type fibroblasts,
expression levels of AATF mRNA were increased two- to
threefold by tunicamycin and thapsigargin, whereas the
induction of AATF was attenuated in Perk�/� mouse
embryonic fibroblasts, but not in Ire1a�/� cells (Figure 3a
and b). We also tested the involvement of ATF6, another
upstream component of the UPR, in AATF expression,
using an siRNA approach. AATF induction was attenuated
in Perk-knockdown cells (Supplementary Figure 2A), but not
in ATF6-knockdown cells (Supplementary Figure 2B). To
confirm the role of PERK in AATF expression, we transfected
Perk�/� mouse embryonic fibroblasts with a PERK expres-
sion plasmid, then measured AATF gene expression. We
also measured Chop expression as a control. PERK
expression could restore both AATF and Chop expression
(Supplementary Figure 2C). These results indicate that
PERK signaling regulates AATF expression.

It is well established that PERK-mediated eIF2a phosphory-
lation is important in the upregulation of its target genes.19,20

We were therefore interested in determining whether eIF2a
phosphorylation could increase AATF expression. We treated
wild-type and Perk�/� mouse fibroblasts with salubrinal,
a compound that increases eIF2a phosphorylation,21 and
then measured AATF expression. We also measured
Chop expression as a control. As expected, AATF and
Chop expressions were increased by salubrinal treatment in
both wild-type and Perk�/� mouse embryonic fibroblasts
(Figure 3c).

AATF protects cells from ER stress-mediated
apoptosis. We next examined the ability of AATF to
protect cells from ER stress-mediated apoptosis. We
transfected INS-1 832/13 cells with siRNA directed against
AATF, then challenged the cells with thapsigargin or
staurosporin and measured the cleavage of caspase-3. As
compared with control cells, cells transfected with siRNA
directed against AATF showed increased cleavage of
caspase-3 by thapsigargin (Figure 4a, center panel), but
not staurosporin (Figure 4a, right panel), demonstrating that
inactivation of AATF rendered cells specifically sensitive to
ER stress-mediated apoptosis. To confirm this, we measured
apoptosis in AATF-knockdown cells using TUNEL staining.
Figure 4b shows that AATF suppression increased the
number of TUNEL-positive cells in the presence of ER stress.
We next sought to determine whether AATF overexpression
would render INS-1 832/13 cells resistant to ER stress-
mediated apoptosis. As expected, AATF induction using a
doxycycline-induced expression system decreased caspase-3
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cleavage by thapsigargin (Figure 4c, upper panel). To confirm
this, we measured apoptosis in these cells using TUNEL
staining. Figure 4c (lower panel) shows that AATF induction
decreased the number of TUNEL-positive cells.

We next sought to verify whether AATF had a function in
protecting cells from ER stress-mediated apoptosis using a
more physiological ER stress inducer, glucose deprivation.22

We predicted that glucose deprivation could cause ER stress

Figure 1 AATF is downregulated in WFS1-deficient b-cells that are susceptible to ER stress-mediated apoptosis. (a) INS-1 832/13 cells were transfected with control
scrambled siRNA or siRNA directed against WFS1, then treated with or without thapsigargin (Tg, 0.5mM) for 16 h. Expression levels of caspase-3 (Casp3), WFS1, and actin
were measured by immunoblot. Single and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was
measured using ImageJ software. (b) INS-1 832/13 cells were transfected with control scrambled siRNA or siRNA directed against WFS1, then treated with three different
concentrations (0, 0.25, and 0.5mM) of thapsigargin (Tg) for 24 h. Apoptotic cells were detected by TUNEL staining (n¼ 3; values are mean±S.D.). Statistics were performed
by two-way ANOVA. *Po0.01 denotes significant differences between cells transfected with control scrambled siRNA and siRNA directed against WFS1. (c) INS-1 832/13
cells were transfected with control scrambled siRNA or siRNA directed against WFS1, then treated with thapsigargin (Tg, 1 mM) for 8 h. Expression levels of Aatf were
measured by real-time-PCR (n¼ 3; values are mean±S.D.). (d) Expression levels of AATF, WFS1, and actin proteins were measured by immunoblot on the same samples
as in panel c. (e) WFS1�/� and wild-type littermate mouse pancreata were analyzed by immunohistochemistry using anti-AATF and anti-insulin antibodies. Merged image
shows the colocalization of AATF and insulin
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and AATF upregulation. To confirm this idea, we cultured
INS-1 832/13 cells in glucose-free media, then measured
expression levels of Chop and AATF, as well as capase-3
cleavage. We found that glucose deprivation increased
Chop and AATF expression, as well as caspase-3 cleavage,
indicating that glucose deprivation induces ER stress-
mediated apoptosis (Supplementary Figure 3). We then
challenged AATF-knockdown INS-1 832/13 cells with glucose
deprivation. AATF-knockdown sensitized INS-1 832/13
cells to glucose deprivation-mediated apoptosis (Figure 4d).
Conversely, ectopic expression of AATF using doxycyc-
line-mediated induction decreased caspase-3 cleavage by
glucose deprivation (Figure 4e).

To determine whether AATF overexpression could rescue
cells from apoptosis caused by the suppression of WFS1, we
transfected AATF-inducible INS-1 832/13 cells with control
scrambled siRNA or siRNA directed against WFS1. We then
challenged these cells by thapsigargin treatment with or
without the induction of AATF, and measured caspase-3
cleavage. Figure 4f shows that AATF induction could rescue
ER stress-mediated apoptosis caused by the suppression of
WFS1. Collectively, these results indicate that AATF functions
in protecting cells from ER stress-mediated apoptosis.

Akt1 is a downstream target of AATF. Apoptosis
antagonizing transcription factor has an L-zip domain in the

Figure 2 AATF is induced by ER stress. (a) INS-1 832/13 cells, neuro2a cells, and mouse embryonic fibroblasts were treated with thapsigargin (Tg, 1 mM), MG132 (2 mM),
tunicamycin (TM, 5 mg/ml), or staurosporin (STR, 0.05 and 0.01mM) for 16 h or untreated. Expression levels of Aatf were measured by real-time PCR (n¼ 3; values are
mean±S.D.). (b) INS–1 832/13 cells were treated with thapsigargin (Tg, 1mM) for the indicated times (lower panel). Expression levels of Aatf and Creb were measured by
immunoblot using cytoplasmic and nuclear extracts. (c) INS-1 832/13 cells were treated with thapsigargin (Tg, 0.5mM) for the indicated times. Expression levels of Aatf, Wfs1,
Chop, BiP, and total and spliced Xbp-1 mRNA were measured by real-time-PCR (n¼ 3; values are mean±S.D.)
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N-terminal, followed by two nuclear localization signals in the
C-terminal, and has been proposed to function in trans-
criptional regulation.16,18 Indeed, AATF was mainly localized
to the nucleus and the nucleolus in the cell (Supplementary
Figure 4). To identify the transcriptional targets of AATF, we
compared gene expression profiles of AATF-knockdown
INS-1 832/13 cells and INS-1 832/13 cells transfected with
scrambled siRNA, after treatment with thapsigargin for 8 h.
Genes that were significantly downregulated (Po0.01) more
than twofold by AATF siRNA were defined as potential AATF
targets under ER stress conditions. Seven target genes were
identified (Supplementary Table 2). One of the target genes
identified was the serine/threonine kinase, Akt1, which is well
known for its role in promoting cell survival under various
conditions.23,24

We confirmed that AATF knockdown by siRNA suppressed
Akt1 mRNA and protein expression (Figure 5a). We also

confirmed that AATF knockdown decreased mRNA expres-
sion levels of the other six target genes (Supplementary
Figure 5A). We next asked whether Akt1 expression was
increased by ER stress. We measured the expression levels
of Akt1 mRNA in the presence of ER stress in INS-1 832/13,
neuro2A, and mouse embryonic fibroblasts. Figure 5b
shows that Akt1 mRNA expression was increased 1.5- to
2-fold by various ER stress inducers, including tunicamycin,
thapsigargin, and MG132, but not staurosporin. By measuring
Akt1 mRNA expression at different times under ER stress
conditions, we found that Akt1 expression was increased
during ER stress, with a peak at 24 h (Figure 5c, left panel).
Collectively, these results indicate that Akt1 is a target for
AATF in the presence of ER stress.

It has been proposed that phosphorylation of Akt is impor-
tant in protecting b-cells from apoptosis.25 We were therefore
interested in measuring the phosphorylation levels of Akt at

Figure 3 AATF expression is regulated by PERK-mediated eIF2a phosphorylation. (a) Wild-type (Wt), Ire1a�/�, and Perk�/� mouse embryonic fibroblasts were treated
with tunicamycin (TM, 5mg/ml), thapsigargin (Tg, 1 mM), or staurosporin (STR, 0.05 and 0.01 mM) for 16 h or untreated. Expression levels of Aatf were measured by real-time
PCR (n¼ 3; values are mean±S.D.). (b) Wild-type (Wt), Ire1a�/�, and Perk�/� mouse embryonic fibroblasts were treated with thapsigargin (Tg, 1 mM) at different times.
Expression levels of Aatf were measured by real-time PCR (n¼ 3; values are mean±S.D.). (c) Wild-type (Wt) and Perk�/� mouse embryonic fibroblasts were treated with
thapsigargin (Tg, 1 mM) or Salubrinal (Sal, 75 nM) for 16 h. Expression levels of Aatf (left panel) and Chop (right panel) were measured by real-time PCR (n¼ 3; values are
mean±S.D.). Expression levels of phosphorylated eIf2a and actin were measured by immunoblot
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different times after thapsigargin treatment. We found that the
phosphorylation level of Akt was increased up to 8 h after
treatment, but decreased at 24 h (Figure 5c, right panel), as
seen in previous reports.25,26 To study the relationship
between AATF suppression and Akt phosphorylation, we
suppressed AATF expression using siRNA directed against
AATF in INS-1 832/13 cells, treated the cells with thapsigargin
for 0, 3, and 8 h, then measured Akt expression and Akt
phosphorylation levels by immunoblot. Both Akt expression
and Akt phosphorylation levels were decreased by AATF
siRNA (Figure 5d). To further confirm the relationship
between AATF and Akt1 expression, we generated an
inducible lentivirus system expressing the AATF gene. We
infected INS-1 832/13 cells with the virus and measured
Akt1 expression levels, finding that AATF overexpression

enhanced Akt1 mRNA expression under ER stress conditions,
leading to an increase in Akt phosphorylation (Figure 5e).

Regulation of Akt1 expression through the AATF–Stat3
complex. Signal transducer and activator of transcription 3
(Stat3) has been proposed to have an important role in Akt1
expression,27,28 raising the possibility that Stat3 is involved
in AATF-mediated induction of Akt1. A plasmid expressing
constitutively active Stat3 with or without AATF was co-
transfected into neuro2A cells, along with a reporter plasmid
containing 1.3 kb of the Akt1 promoter driving the luciferase
gene, which showed the highest induction of Akt1 promoter
activity by Stat3 among the promoter fragments with different
lengths (Supplementary Figure 6). Stat3 expression caused
a 1.4-fold induction of luciferase activity (Figure 6a, lane 4),

Figure 4 AATF is an antiapoptotic component of ER stress signaling. (a) INS-1 832/13 cells were transfected with control scrambled siRNA or siRNA directed against
AATF, then treated with or without thapsigargin (Tg, 0.25mM and 0.5mM) or staurosporin (STR) for 16 h. Expression levels of caspase-3 (Casp3), AATF, and actin were
measured by immunoblot. Single and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was measured
using ImageJ software. (b) INS-1 832/13 cells were transfected with control scrambled siRNA or siRNA directed against AATF, then treated with three different concentrations
(0, 0.25, and 0.5mM) of thapsigargin (Tg) for 24 h. Apoptotic cells were detected by TUNEL staining (n¼ 3; values are mean±S.D.). Statistics were performed by two-way
ANOVA. *Po0.01 denotes significant differences between cells transfected with control scrambled siRNA and siRNA directed against AATF. (c) INS-1 832/13 cells were
stably transduced with LV-TO/AATF, an inducible lentivirus expressing AATF. Cells were cultured with doxycycline (2mg/ml) to induce AATF or without doxycycline for 48 h,
then challenged with thapsigargin (Tg, 0.5mM) for 16 h. Expression levels of caspase-3 (Casp3), AATF, and actin were measured by immunoblot. Single and double asterisks
indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was measured using ImageJ software (upper panel). Cells were
cultured with doxycycline (2 mg/ml) to induce AATF (AATF O/E) or without doxycycline (Cont) for 48 h, then challenged with three different concentrations of thapsigargin (0,
0.5, and 1.0mM) for 24 h. Apoptotic cell death was assessed by the TUNEL assay (n¼ 3; values are mean±S.D.) Statistics were performed by two-way ANOVA. *Po0.01
denotes significant differences between cells with and without doxycycline (lower panel). (d) INS-1 832/13 cells were transfected with control scrambled siRNA (Control) or
siRNA directed against AATF, then cultured in glucose-free media for 48 h. Expression levels of caspase-3 (Casp3), AATF, and actin were measured by immunoblot. Single
and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was measured using ImageJ software. (e) INS-1
832/13 cells were stably transduced with LV-TO/AATF, an inducible lentivirus expressing AATF. Cells were cultured with doxycycline (2 mg/ml) to induce AATF or without
doxycycline (2 mg/ml) for 48 h, then cultured in glucose-free media for 48 h. Expression levels of caspase-3 (Casp3), AATF, and actin were measured by immunoblot. Single
and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was measured using ImageJ software. (f) INS-1
832/13 cells were stably transduced with LV-TO/AATF, an inducible lentivirus expressing mouse AATF. Cells were cultured with doxycycline (2 mg/ml) to induce AATF or
without doxycyclin for 48 h, then challenged with thapsigargin (Tg, 0.5mM) for 16 h. Cells were also transfected with control, scrambled siRNA (Cont), or siRNA against WFS1.
Expression levels of caspase-3 (Casp3), AATF, WFS1, and actin were measured by immunoblot. Single and double asterisks indicate uncleaved and cleaved caspase-3,
respectively. The ratio between cleaved caspase-3 and actin was measured using ImageJ software
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Figure 5 Akt1 is a downstream target of AATF. (a) INS-1 832/13 cells were transfected with scrambled siRNA (control) or siRNA directed against AATF, and then
challenged with thapsigargin (Tg, 1 mM) for 8 h. Expression levels of Akt1 mRNA were measured by real-time PCR (n¼ 3; values are mean±S.D.) (upper panel). Expression
levels of total AKT (AKT), AKT1, AATF, and actin were measured by immunoblot (lower panel). (b) INS-1 832/13 cells, neuro2a (N2a) cells, and mouse embryonic fibroblasts
(MEF) were treated with thapsigargin (Tg, 1mM), MG132 (2mM), tunicamycin (TM, 5mg/ml), or staurosporin (STR, 0.05 mM and 0.01 mM) for 16 h or untreated. Expression
levels of Akt1 were measured by real-time PCR (n¼ 3; values are mean±S.D.) (c) INS-1 832/13 cells were treated with thapsigargin (Tg, 1 mM) for the indicated times.
Expression levels of Akt1 mRNA were measured by real-time-PCR (n¼ 3; values are mean±S.D.) (left panel). Expression levels of phosphorylated AKT (P-AKT), total AKT
(AKT), and actin were also measured by immunoblot (right panel). (d) INS-1 832/13 cells were transfected with scramble siRNA (control) or siRNA directed against AATF, then
treated with thapsigargin (Tg) (0.5mM) for the indicated times. Expression levels of phosphorylated AKT (P-AKT), total AKT (AKT), AATF, and actin were measured by
immunoblot. (e) INS-1 832/13 cells were stably transduced with LV-TO/AATF, an inducible lentivirus expressing AATF. Cells were cultured with or without doxycycline (Dox,
2mg/ml) to induce AATF for 48 h, then challenged with thapsigargin (Tg, 0.5mM) for 16 h. Expression levels of Akt1 mRNA were measured by real-time PCR (n¼ 3; values are
mean±S.D.) (left panel). Expression levels of phosphorylated AKT (P-AKT), AATF, and actin were also measured by immunoblot (right panel)
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and siRNA-mediated knockdown of AATF abrogated this
induction (Figure 6a, lane 7). The addition of AATF to Stat3
led to a 2.8-fold induction of luciferase activity (Figure 6a,
lane 5). Chromatin immunoprecipitation (ChIP) analysis
verified that Stat3 binding to the Akt1 promoter was
enhanced in response to AATF expression (Figure 6b).
The data of Figure 6a and b predict that Stat3 and AATF
should interact in the nucleus. Consistent with this prediction,
Figure 6c shows that Stat3 and AATF interact in the nucleus.

The AATF–AKT1 pathway protects cells from ER stress-
mediated apoptosis. To study the involvement of the

AATF–AKT1 pathway in protecting cells from ER stress-
mediated apoptosis, we suppressed the v-akt murine
thymoma viral oncogene homolog 1 (AKT1) pathway in
INS-1 832/13 cells using siRNA directed against Akt1
(Figure 7a, left panel) or an Akt inhibitor, SH-5 (Figure 7a,
right panel). We then challenged these cells with thapsi-
gargin and measured the cleavage of caspase-3. Both Akt1
siRNA and the Akt inhibitor increased cleavage of caspase-3,
indicating that Akt1 gene expression and its phosphorylation
have a role in protecting cells from ER stress-mediated
apoptosis (Figure 7a). We also suppressed the expression of
the other six target genes in INS-1 832/13 cells, using
siRNAs directed against them (Supplementary Figure 7A),
then challenged these cells with thapsigargin and measured
the cleavage of caspase-3 (Supplementary Figure 7B).
Only the suppression of Akt1 had a significant effect on
apoptosis in cells challenged with thapsigargin. To study the
involvement of the Akt1 pathway in protecting cells from
apoptosis mediated by glucose deprivation, we blocked the
Akt1 pathway in INS-1 832/13 cells using an Akt inhibitor,
SH-5, then challenged the cells with glucose deprivation
and measured the cleavage of caspase-3. Akt1 inhibitor
treatment increased the cleavage of caspase-3 (Figure 7b).
To determine whether Akt1 overexpression can rescue cells
from apoptosis caused by the suppression of AATF, we
transfected INS-1 832/13 cells with control siRNA or siRNA
against AATF. We then challenged these cells with or without
the induction of Akt1, using the lentivirus-based doxycycline-
mediated Akt1 induction system, and measured caspase-3
cleavage. Figure 7c shows that Akt1 induction could rescue
ER stress-mediated apoptosis caused by the suppression of
AATF. To further confirm the role of Akt1 in protecting cells
from ER stress-mediated apoptosis, we suppressed Akt1
gene expression by RNAi in INS-1 832/13 cells ectopically
expressing AATF and measured caspase-3 cleavage. As
expected, RNAi-mediated knockdown of Akt1 nullified the
antiapoptotic effect of AATF and made the cells sensitive to
ER stress-mediated apoptosis (Figure 7d).

To confirm and extend these observations, we tested
whether ectopic expression of AATF and Akt1 could protect
primary mouse islets from ER stress-mediated apoptosis.
We derived lentivirus-expressing AATF, a constitutively active
form of Akt1, and GFP as a control, transduced primary islets
with the virus, and challenged them with thapsigargin. We
confirmed an efficient transduction of primary islets by
monitoring GFP expression and measuring AATF and Akt1
mRNA expression levels (Supplementary Figure 8A and B).
Apoptosis was analyzed by TUNEL staining. Ectopic expres-
sion of AATF and Akt1 protected primary islets from ER
stress-mediated cell death (Figure 7e). This result was
confirmed by analyzing caspase-3 cleavage (Figure 7f and
Supplementary Figure 8C).

Crosstalk between WFS1 and AATF signaling pathways
mediates a self-perpetuating cycle of cell death in WFS1-
deficient cells. We compared gene expression profiles of
WFS1-knockdown and AATF-knockdown cells, followed by
treatment with thapsigargin. Of particular interest are genes,
the expression profiles of which are the same in both WFS1-
knockdown and AATF-knockdown cells. The expression of

Figure 6 Regulation of Akt1 expression through the AATF–Stat3 complex.
(a) Luciferase activity in neuro2a cells transfected with AKT1 (pGL4.14/
Akt1�1323/�1) or control promoter constructs, plus vectors expressing the indica-
ted proteins or siRNA directed against AATF (n¼ 3; values are mean±S.D.).
(b) Quantified ChIP analysis using real-time PCR was performed. Relative
recruitment was defined as the ratio of amplification of the PCR product relative to
1% of input genomic DNA. Value obtained from mock was defined as 1 (n¼ 3;
values are mean±S.D.). (c) Nuclear fractions of HEK293T cells were extracted and
applied for immunoprecipitation using an anti-AATF antibody. Immunoprecipitated
samples and 5% inputs were blotted with indicated antibodies
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Figure 7 The AATF–AKT1 pathway protects cells from ER stress-mediated apoptosis. (a) INS-1 832/13 cells were transfected with control scrambled siRNA or siRNA
against Akt1, then treated with 0.5mM of thapsigargin (Tg) for 16 h (left panel). INS-1 832/13 cells were pretreated overnight with 10 nM of Akt inhibitor (SH-5) or an equivalent
amount of DMSO (control), then treated with 0.25mM of thapsigargin (Tg) for 16 h (right panel). Expression levels of caspase-3 (Casp3), phosphorylated AKT (P-AKT), total
AKT (AKT), and actin were measured by immunoblot. Single and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved
caspase-3 and actin was measured using ImageJ software. (b) INS-1 832/13 cells were pretreated with 10 nM of Akt inhibitor (SH-5) or an equivalent amount of DMSO
overnight, then cultured in glucose-free media for 48 h. Expression levels of caspase-3 (Casp3), phosphorylated AKT (P-AKT), total AKT (AKT), and actin were measured by
immunoblot. Single and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was measured using
ImageJ software. (c) INS-1 832/13 cells were stably transduced with LV-TO/Akt1, an inducible lentivirus expressing the active form of Akt1. Cells were cultured with or without
doxycycline (4 ng/ml) to induce Akt1 for 48 h, then challenged with thapsigargin (Tg, 0.5mM) for 16 h. Cells were also transfected with control scrambled siRNA (Cont) or siRNA
against AATF. Expression levels of caspase-3 (Casp3), total AKT (AKT), phosphorylated AKT (P-AKT), AATF, and actin were measured by immunoblot. Single and double
asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio between cleaved caspase-3 and actin was measured using ImageJ software. (d) INS-1 832/13
cells were stably transduced with LV-TO/AATF, an inducible lentivirus expressing AATF. Cells were cultured with or without doxycycline (2 mg/ml) to induce AATF for 48 h, then
challenged with thapsigargin (Tg, 0.5mM) for 16 h. Cells were also transfected with control scrambled siRNA (Cont) or siRNA against Akt1. Expression levels of caspase-3
(Casp3), AATF, total AKT (AKT), and actin were measured by immunoblot. Single and double asterisks indicate uncleaved and cleaved caspase-3, respectively. The ratio
between cleaved caspase-3 and actin was measured using ImageJ software. (e) Mouse primary islets were infected with LV-TO/AATF (AATF), LV-TO/Akt1 (Akt1), and LV-TO/
GFP (GFP), lentiviruses expressing AATF, active form of Akt1, and GFP, respectively. GFP signals were positive in all viable islets at 2 days after infection (Supplementary
Figure 7A). Islets were then treated with thapsigargin (Tg, 0.5mM) for 6 h. Apoptotic cells were detected by TUNEL staining (n¼ 4; values are mean±S.D.). Statistics were
performed by one-way ANOVA. *Po0.01 denotes significant differences between cells infected with GFP and AATF or Akt1. (f) Mouse primary islets were infected with LV-
TO/AATF (AATF), LV-TO/Akt1 (Akt1), and empty LV-TO (mock) virus. Islets were then treated with thapsigargin (Tg, 0.5mM) for 6 h. After dispersion, cells were fixed and
stained with anti-cleaved caspase-3 and anti-insulin antibodies as shown in Supplementary Figure 7C. The ratio of cells with cleaved-caspase-3 signals to those with insulin
signals was calculated (n¼ 4; values are mean±S.D.). Statistics were performed by one-way ANOVA. *Po0.05 and **Po0.01 denote significant differences between cells
infected with mock AATF or mock Akt1, respectively
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five probes (four known genes and one unknown locus)
decreased in both WFS1-knockdown and AATF-knockdown
cells (Supplementary Table 3). Expression of 46 probes
decreased in AATF-knockdown cells and expression of 276
probes decreased in WFS1-knockdown cells, compared with
control cells transfected with scrambled siRNA. Thus, the
probability of having five common probes decrease in both
WFS1-knockdown and AATF-knockdown cells is 3.22e-06,
using a hypergeometric test. Expression of two known genes
increased in both WFS1-knockdown and AATF-knockdown
cells (Supplementary Table 3). Expression of 33 genes
increased in AATF-knockdown cells and expression of 22
genes increased in WFS1-knockdown cells, compared with
control cells transfected with scrambled siRNA. Thus, the
probability of having two common probes increase in both
WFS1-knockdown and AATF-knockdown cells is 6.91e-08.
These results raised the possibility that there exists
substantial crosstalk between WFS1 and AATF signaling
pathways.

To confirm this possibility, we measured Akt1 gene
expression in WFS1-knockdown cells and control cells treated
with thapsigargin. As predicted, Akt1 gene expression was
decreased in WFS1-knockdown cells as compared with
control cells (Supplementary Figure 9A). We could restore
Akt1 gene expression by introducing AATF in WFS1-knock-
down cells (Supplementary Figure 9B).

Gene expression profiling revealed that expression of
WFS1 was decreased in AATF-knockdown cells (Supple-
mentary Table 3). Quantitative real-time PCR and immunoblot
confirmed this result (Supplementary Figure 9C). It has been
shown that XBP-1 is important in activating the WFS1
promoter.29,30 We therefore considered the possibility that
the addition of AATF expression to XBP-1 expression can
enhance WFS1 promoter activity. To test this idea, we co-
transfected WFS1-promoter reporter plasmid and the active
form of XBP-1 expression plasmid with or without AATF
expression plasmid into neuro2a cells. As predicted, the
addition of AATF expression plasmid enhanced the induction
of luciferase activity (Supplementary Figure 9D). Collectively,
these results indicate that there exists substantial positive
crosstalk between the WFS1 and AATF signaling pathways
and lack of WFS1 mediates a self-perpetuating cycle of cell
death (Figure 8).

Discussion

Through the gene expression profiling of b-cells lacking
WFS1, we discovered a novel antiapoptotic gene of the UPR,
AATF. On the basis of the results of this study, we propose the
following model for the antiapoptotic activities elicited by
AATF in response to ER stress (Figure 8). We found that
AATF is induced by PERK signaling and transcriptionally
activates the Akt1 gene with Stat3, which confers on cells
resistance to ER stress. We also found that there exists a
positive crosstalk between AATF and WFS1 signaling
pathways, and that WFS1-deficiency or AATF-deficiency
mediates a self-perpetuating cycle of cell death.

Previous studies have shown that UPR activates death
pathways under ER stress conditions.4–7 However, the
characterization of antiapoptotic activities in the UPR is

currently incomplete.4 Our discovery of antiapoptotic pro-
grams regulated by AATF provides evidence that the UPR
directly activates both survival and death pathways. During
physiological ER stress induction, survival pathway activation
outweighs death pathway activation, whereas during chronic
unresolvable ER stress conditions, death pathway activation
dominates that of survival pathways. The mechanisms of this
switch from physiology to pathology may be regulated by
AATF expression.

Apoptosis antagonizing transcription factor has been
shown to have a function in DNA damage response, in which
AATF promotes cell proliferation by regulating transcription of
prosurvival factors such as p53 and XIAP.31,32 We identified
Akt1 as an AATF-targeted gene that protects cells from ER
stress-mediated cell death. We found that AATF induces
Akt1, together with Stat3, under ER stress conditions. On the
basis of our findings and those of previous studies,31,32 we
propose that AATF functions as a transcription cofactor
regulating prosurvival genes on certain cellular stress
conditions.

Puma and Bim, members of BH-3 proteins, have been
implicated in contributing to apoptotic signaling downstream
of ER stress.33,34 Akt has been shown to be involved in
regulating both Puma and Bim in certain cell types,35,36 raising
the possibility that Puma and Bim expression is regulated by
AATF or WFS1. However, Puma or Bim expression was not
affected in INS-1 832/13 cells transfected with siRNA directed
against WFS1 or AATF (Supplementary Figure 10), indicating
that AATF–Akt1 signaling is not involved in the regulation of
Puma and Bim.

Akt activation and the following signaling cascade have
been shown to be involved in ER stress-mediated apoptosis
in various cells including pancreatic b-cells.25,26 Most of the
reports emphasized that the state of AKT phosphorylation
regulates its survival function. It is possible that increasing
AKT1 by itself may not increase survival. Nevertheless,
increased AKT1 could contribute to survival signaling
mediated by another agent induced by ER stress that
increases AKT1 phosphorylation. We clearly showed that

ER stress

Perk

eIF2α

AATF

Akt1

Apoptosis

STAT3

WFS1

IRE1α

sXBP1

Figure 8 The AATF–Akt1 pathway protects cells from ER stress-mediated
apoptosis. Proposed pathway that protects cells from ER stress-mediated cell death
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AATF depletion diminished not only Akt1 gene expression but
also AKT phosphorylation in b-cells, indicating that transcrip-
tional regulation of Akt1 gene is also important for sustaining
its functional activity. Further studies will be required to
completely understand the mechanisms by which Akt1
protects cells from ER stress-mediated apoptosis.

We have found that there is crosstalk between the WFS1
and AATF signaling pathways. Because WFS1-deficiency
attenuates AATF–Akt1 signaling and causes cell death, a
self-perpetuating cycle of cell death might be involved in the
progression of b-cell death in Wolfram syndrome.

Increasing evidence indicates that chronic ER stress has a
role in the pathogenesis of various diseases including
diabetes mellitus.37–39 Chronic unresolvable ER stress leads
to cellular dysfunction and the activation of cell death
pathways. Therefore, a more precise understanding of the
antiapoptotic programs in the UPR may lead to the develop-
ment of new treatments for diseases caused by chronic ER
stress. Thus, the cell signaling pathway regulated by the
AATF–Akt1 pathway may be a useful target for the treatment
of diseases caused by ER stress-mediated cell death.

Materials and Methods
Cell culture and transfection of siRNA. Rat insulinoma cells, INS-1 832/
13, were a gift from Dr. Christopher Newgard (Duke University Medical Center).
These cells were cultured in RPMI 1640 supplemented with 10% FBS. Mouse
embryonic fibroblasts and neuro2a cells were maintained in DMEM with 10% fetal
bovine serum. Ire1a�/� and Perk�/� fibroblasts were a gift from Dr. David Ron
(New York University School of Medicine).

The Nucleofector Device (Amaxa Biosystems, Gaithersburg, MD, USA) was
used to transfect siRNA directed against WFS1, AATF, and Akt1 into INS-1 832/13
cells. At Qiagen (Valencia, CA, USA), siRNAs directed against rat WFS1, AATF,
and Akt1 were designed and synthesized: rat WFS1, AAGGCATGAAGGTCTAC
AATT; for rat AATF, AAGCGCTCTGCCTACCGAGTT; and for rat Akt1,
AACGCCTGAGGAGCGGGAAGA. Cells were incubated in media overnight after
siRNA transfection and then additional treatments were performed, including ER
stress induction. For plasmid transfection into neuro2a cells, we used Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), and for plasmid transfection into mouse
embryonic fibroblasts, we used the Nucleofector Device (Amaxa Biosystems).

GeneChip array analysis. INS-1 832/13 cells were transfected with siRNA
against WFS1 or AATF, as well as against control scrambled siRNA. Cells were
incubated overnight, and then treated with 1.0mM of thapsigargin for 8 h. Total RNA
was isolated for each sample and processed for GeneChip analysis by the
Whitehead Institute Center for microarray technology (Cambridge, MA, USA). The
final product was hybridized to GeneChip Rat Genome 230 2.0 Arrays (Affymetrix,
Santa Clara, CA, USA) and scanned with a GeneChip Scanner 3000.

The RMA method40,41 in Affy package from Bioconductor was used in R to
summarize the probe level data and normalize the data set to remove variation
across the array. Log-transformed data were used in the subsequent analysis.
Samples treated with siRNA against WFS1 or AATF (n¼ 3, for each RNAi
treatment) were compared with control sample (n¼ 3). The Limma package from
Bioconductor42 with randomized block design was used to determine whether a
gene’s expression level differs between treatments. Genes with an adjusted P-value
o0.0143 was considered to be significant.

Lentivirus system. Mouse AATF and mouse Akt1 cDNAs were purchased
from Open Biosystems, and their cds portions were subcloned into lentiviral
expression vectors (pLenti-CMV/TO, kind gifts from Dr. Eric Campeau at University
of Massachusetts Medical School). Lentiviral particles were produced in HEK293T
cells by transfection using Lipofectamine 2000 (Invitrogen). Lentiviral-containing
supernatant was collected 48 h after transfection, and stored at �801C. Details of
this lentivirus system were described previously.44

Immunoblotting and immunoprecipitation. Cells were lysed in M-PER
buffer (PIERCE, Rockford, IL, USA) containing protease inhibitors for 15 min on ice.
The lysates were then cleared by centrifuging cells at 13 000� g for 15 min at 41C.
Lysates were normalized for total protein (30 mg per lane), separated using a 4–20%
linear gradient SDS-PAGE (BioRad, Hercules, CA, USA), and electroblotted. Blots
were probed with the following antibodies: anti-human AATF (Bethyl, Montgomery,
TX, USA); anti-mouse and rat AATF antibody, generated using a peptide,
RPREADPEADPEEATR; anti-actin (Sigma, St. Louis, MO, USA); anti-eIF2a
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-phospho-eIF2a, anti-Akt,
anti-Akt1, anti-phospho-Akt, anti-Creb, anti-tubulin, and anti-caspase-3 (Cell
Signaling, Danvers, MA, USA). When immunoprecipitated, cells were lysed in a
nuclear lysis buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 200 mM KCl, 0.5 mM
EDTA, 1 mM dithiothreitol, 50 mM NaF, 1 mM b-glycerophosphate, 0.5% NP-40).
Nuclear lysates were incubated with 200mg/ml DNase I and 10mg/ml RNase A
for 30 min at 261C. After centrifugation at 10 000� g for 10 min at 41C,
supernatants were precleared with protein G-Sepharose (GE Healthcare
Bio-Sciences, Uppsala, Sweden), an anti-AATF antibody (Bethyl) was then
added, and cells were incubated at 41C with rotation. Immune complexes were
then incubated overnight with protein G-Sepharose, collected by centrifugation,
and washed four times with the lysis buffer.

Real-time polymerase chain reaction. Total RNA was isolated from cells
using the RNeasy Mini Kit (Qiagen) and reverse transcribed using 1 mg of total RNA
from cells with Oligo-dT primer. For the thermal cycle reaction, the iQ5 system
(BioRad) was used at 951C for 10 min, followed by 40 cycles at 951C for 10 s and
551C for 30 s.

The relative amount of each transcript was calculated by a standard curve of
cycle thresholds for serial dilutions of cDNA samples and normalized to the amount
of b-actin. Polymerase chain reaction (PCR) was performed in triplicate for each
sample, after which all experiments were repeated twice. The following sets of
primers and Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA, USA) were used for real-time PCR: for mouse AATF, TTCTTGGCAAACCGGA
GC and AGCGTCTCTGGTTCTCCTGG; for mouse actin, GCAAGTGCTTCTAGGC
GGAC and AAGAAAGGGTGTAAAACGCAGC; for mouse Akt1, ATGGACTCAAGA
GGCAGGAA and TCTTCAGCCCCTGAGTTGTC; for rat AATF, CCGAGTTCTTG
GCAAACCTG and TCTCCGGTTCTCCTGGCA; for rat actin, GCAAATGCTTCTA
GGCGGAC and AAGAAAGGGTGTAAAACGCAGC; for rat BiP, TGGGTACATTTG
ATCTGACTGGA and CTCAAAGGTGACTTCAATCTGGG; for rat Akt1, ACCACCG
CCATTCAGACTG and TTGTCACTGGGTGAACCTGA; for rat Chop, AGAGTGGT
CAGTGCGCAGC and CTCATTCTCCTGCTCCTTCTCC; for rat total XBP-1,
TGGCCGGGTCTGCTGAGTCCG and ATCCATGGGAAGATGTTCTGG; for rat-
spliced XBP-1, CTGAGTCCGAATCAGGTGCAG (the original CAG sequence was
mutated to AAT to reduce the background signal from unspliced XBP-1) and
ATCCATGGGAAGATGTTCTGG; for rat WFS1, ATCGACAACAGCGCCGA and
GCATCCAGTCACCCAGGAAG.

TUNEL assay. Apoptotic cell death was assessed by the TUNEL assay. We
counted apoptotic cells using the DeadEnd Colorimetric TUNEL System (Promega,
Madison, WI, USA). Counting was carried out by an investigator who was blind to
the experimental condition.

Promoter assay. The intron1 promoter region of the mouse Akt1 gene was
amplified by PCR and cloned into the KpnI/XhoI site of the pGL4.14 vector
(Promega). pFlag-STAT3-C vector expressing the constitutive form of STAT3 was
obtained from addgene (Addgene, Cambridge, MA, USA).45 Neuro2a cells were
transfected with pGL4.14/Akt1�1323/�32, pFlag/STAT3-C (STAT3), pCS2þ /AATF
(AATF), siRNA directed against AATF, and pcDNA3/b-galactosidase. pGL4.14 and
control scrambled siRNA were used as negative controls. At 24 h after transfection,
lysates were prepared using a Luciferase Assay System kit (Promega). The
light produced from samples was read by a standard plate reading luminometer.
b-galactosidase activity was measured by b-Gal Reporter Gene Assay, chemi-
luminescent (Roche Diagnostics, Mannheim, Germany). The assay was performed
independently three times.

Chromatin immunoprecipitation. HEK293T cells were transfected with
pFlag-STAT3-C with or without pCS2þ /AATF. Cells were fixed after 24 h of
incubation. ChIPs were performed as previously described.46 Purified DNA from
crosslinked cells was dissolved in 50ml TE; 3 ml was used for PCR. Inputs consisted
of 1% chromatin before immunoprecipitation. Quantitative PCRs were performed as
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described in the Real-time polymerase chain reaction section using the following
primer sets: for mouse Akt1 promoter (intron1), TCCCTCTGGAAGAGAAGCAA and
TAGCTAGCCTGTGCAAAGCA; for mouse Akt1 cds (exon3), ATGGACTCAAGA
GGCAGGAA and TCTTCAGCCCCTGAGTTGTC.

Primary islet culture. Mouse primary islets were taken from C57BL/6 mice.
Mice were anesthetized, and their pancreatic islets were isolated by pancreatic duct
injection of 5 ml (0.85 mg/ml) of collagenase solution, followed by digestion at 371C
for 25 min with mild shaking. Digestion was stopped by adding ice-cold RPMI with
1% horse serum. Islets were washed several times with RPMI, separated from
acinar cells on a Histopaque gradient, and handpicked using a dissecting
microscope. Islets were infected with 1.0� 106 TU/ml of lentiviruses expressing
mouse AATF, mouse Akt1, and GFP. After 4 h of infection, the media were
changed, and then incubated for 24 h. Islets were then challenged with 0.5mM
thapsigargin for 6 h. They were collected by centrifugation and treated with trypsin
and DNAse at 371C for 15 min to be dispersed into single cells, followed by
TUNEL staining or immunohistochemistry. For immunohistochemistry, we used
anti-cleaved-caspase3 antibody (Cell Signaling) and anti-insulin antibody (Dako,
Carpinteria, CA, USA).

Statistical analysis. Cell death (y) was measured as a proportion of dead
cells among all cells treated. Frequently arcsine (sqrt(y)) transformation is applied to
raw data to homogenize the variance before further data analysis.47 Therefore, all
analyses involving cell death data were performed on transformed data.

Two-way ANOVA was performed to determine the main effect of WFS1 RNAi,
the main effect of thapsigargin, and the interaction between WFS1 RNAi and
thapsigargin (Figure 1b). In addition, a set of predetermined contrasts were
performed. Two-way ANOVA was also performed in the same way as in Figure 4b
and c. One-way ANOVA was performed to determine whether there is any
difference among four treatment groups (Figures 7e and f). In addition, a set of
predetermined contrasts were performed.
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