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The death-associated protein kinase 1 (DAPK1) is an important regulator of cell death and autophagy. Recently, we have identi-
fied that ATF6, an endoplasmic reticulum-resident transcription factor, in association with the transcription factor CEBP-�,
regulates the gamma interferon (IFN-�)-induced expression of Dapk1 (P. Gade et al., Proc. Natl. Acad. Sci. U. S. A. 109:10316 –
10321, 2012, doi.org/10.1073/pnas.1119273109). IFN-�-induced proteolytic processing of ATF6 and phosphorylation of
C/EBP-� were essential for the formation of a novel transcriptional complex that regulates DAPK1. Here, we report that IFN-�
activates the ASK1-MKK3/MKK6 –p38 mitogen-activated protein kinase (MAPK) pathway for controlling the activity of ATF6.
The terminal enzyme in this pathway, p38 MAPK, phosphorylates a critical threonine residue in ATF6 upstream of its DNA
binding domain. ATF6 mutants defective for p38 MAPK phosphorylation fail to undergo proteolytic processing in the Golgi ap-
paratus and drive IFN-�-induced gene expression and autophagy. We also show that mice lacking Ask1 are highly susceptible to
lethal bacterial infection owing to defective autophagy. Together, these results identify a novel host defense pathway controlled
by IFN-� signaling.

The interferon (IFN) family of cytokines regulates a broad range
of biological responses against tumors and pathogens (1) pri-

marily through stimulation of gene expression. Although the JAK-
STAT pathway drives a major part of IFN actions, they can stim-
ulate several genes in a STAT-independent manner (2). One
example for this is the IFN-�-induced expression of certain genes
through C/EBP-� (3, 4). Additionally, while a great deal has been
learned regarding IFN responses that control viral pathogens, rel-
atively less is known about their antitumor mechanisms. DAPK1,
a Ca2�/calmodulin-dependent serine/threonine kinase, is known
to suppress tumor growth and metastasis by promoting apoptosis
and autophagy (5). We recently defined a new motif in the prox-
imal enhancer of DAPK1 through which C/EBP-� regulates tran-
scription in response to IFN-� (3), in collaboration with activated
transcription factor-6 (ATF6), an endoplasmic reticulum (ER)
stress regulator. IFN-�-induced proteolytic processing of ATF6
and the mitogen-activated protein kinase (MAPK) ERK1/2-de-
pendent phosphorylation of Thr189 residue on C/EBP-� were nec-
essary for DAPK1 expression (6). Although proteolysis is critical
for the activation of ATF6, it is unclear what other posttransla-
tional modifications control its activity. We hypothesized that
posttranslational modifications of ATF6, in addition to modifica-
tions on C/EBP-�, by MAP kinases are important for inducing
DAPK1 transcription in response to IFN-�.

A wide variety of intracellular stress conditions disrupt ER
homeostasis and cause ATF6 activation (7). At steady state, ATF6
is localized as an ER membrane-anchored transmembrane glyco-
protein (8). ER stress causes dissociation of ATF6 from its inhib-
itor, binding immunoglobulin protein (BiP), exposing the Golgi
apparatus localization signals (GLS) of ATF6 and allowing its
translocation to the Golgi apparatus (9). In the Golgi apparatus,
site-specific endoproteolysis generates transcriptionally active
ATF6, permitting its nuclear entry and target gene regulation (10).
ER stress is associated with activation of stress-responsive MAPKs.
Therefore, we searched for a kinase(s) that mediates this effect and
identified the apoptosis-stimulating kinase 1 (ASK1) as a critical
regulator of ATF6 in response to IFN-�.

ASK1 (MAP3K5) is activated by various stress stimuli (11, 12).
Although originally identified as a kinase that stimulates apopto-
sis, ASK1 also contributes to cytokine responses, cell differentia-
tion, and immunity (11). We report, in this study, that IFN-�
activates ASK1-MKK3/MKK6-p38 MAPK for phosphorylating
ATF6 at Thr166, which is required for its IFN-�-induced proteo-
lytic processing. The mutation of the ATF6 Thr166 residue led to
retention of the protein in the Golgi apparatus and did not permit
its nuclear entry to promote DAPK1 expression and drive au-
tophagy. Consistent with the importance of Ask1 for DAPK1 ex-
pression, Ask1�/� mice exhibited defective autophagy and were
highly sensitive to lethal bacterial infections. Together, these stud-
ies identified a novel pathway that controls the IFN-induced stress
response that culminates in autophagy.

MATERIALS AND METHODS
Cell lines, antibodies, plasmids, and other reagents. Isogenic wild-type
(WT), Cebpb�/� Ask1�/� (13), Mkk3�/�, and Atf6�/� mouse embryonic
fibroblasts (MEFs) were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum and 1% antibi-
otic-antimycotic agents as described earlier (6). BEAS-2B, a human bron-
chial epithelial cell line, was cultured as reported earlier (14). SF9 and
SF21 cells were cultured in SF900II medium according to the supplier’s
instructions (Life Technologies, NY). Human or mouse IFN-� (PBL Inc.,
Piscataway, NJ) was used at 500 U/ml, as described in our earlier studies
(3, 6). Site-directed mutagenesis of human ATF6 was performed to obtain
mutants S16A, S104A, T166A, and T166D using specific primers (Table 1) to
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express as an N-terminal hemagglutinin (HA)-tagged protein from lenti-
viral vector pLVX-puro (ATF6 full length) and pTriEx 1.1 Hygro (ATF6-
373) (Novagen, Millipore, Billerica, MA). Sequence- and expression-ver-
ified mutants and wild-type ATF6 were used in all experiments. Mutants
in the context of full-length ATF6 were employed unless mentioned oth-
erwise. Protease-resistant ATF6 mutant lacking the site 1 protease (S1P)
cleavage site (HA-ATF6-mut) and C/EBP-� expression vectors were de-
scribed earlier (3). HA-tagged ASK1 wild-type and kinase-inactive mu-
tant (K709R) constructs were gifts from Hidenori Ichijo (University of
Tokyo) (15). Flag-tagged active and inactive mutant constructs of MKK3
were obtained from Addgene (Cambridge, MA) (16). Rabbit antibodies
against ATF6 and C/EBP-� (Santa Cruz Biotechnology, Dallas, TX) and
rabbit phosphopeptide antibodies against ATF6 T166 were custom devel-
oped at GenScript (Piscataway, NJ) using the synthetic peptide PRNKTE
NGL[pT]PKKK. In these studies, we used rabbit antibodies specific for
BiP and actin and mouse monoclonal antibodies specific for DAPK1
(Sigma-Aldrich, St. Louis, MO), fluorescein isothiocyanate (FITC)-con-
jugated anti-mouse IgG, anti-rabbit IgG (Invitrogen, Carlsbad, CA),
FLAG epitope, HA epitope, and LC3 (Cell Signaling Technology Danvers,
MA). LY294002 (a selective inhibitor of phosphatidylinositol 3 [PI3]-
kinase) was from Cell Signaling Technology (Danvers, MA). Chloroquine
(an inhibitor of autophagosome and lysosome fusion), SB202190 (potent
cell-permeable inhibitor of p38 MAPK), tunicamycin (TM; an inhibitor
of protein glycosylation and an inducer of ER stress), and all other re-
agents were from Sigma-Aldrich, St. Louis, MO. DNA transfection was
performed as described in our earlier studies (3, 6). To avoid potential
artifacts due to overexpression, all DNA transfection studies were per-
formed with transgene expression levels corresponding to endogenous
levels.

RNA interference (RNAi)-mediated knockdown. Lentiviral vectors
carrying short hairpin RNAs (shRNAs) specific for human p38 MAPK

(Table 2) were purchased from Open Biosystems (Huntsville, AL). To
deplete all known p38 MAPK isoforms (�, �, �, and �), we pooled lenti-
viral particles carrying target-specific shRNAs to transduce the cells (3).
We have employed an empty vector and scrambled shRNA as controls to
ascertain the specificity of targeting in all experiments. The depletion of
the target gene product was confirmed by performing Western blot anal-
ysis of total cell extracts with the indicated antibodies.

Reporter gene assays and qPCR. Reporter gene assays were per-
formed as described earlier (3, 6). After the indicated treatments, lucifer-
ase activity was measured and normalized to that of �-galactosidase. Trip-
licates were used for each sample, and each experiment was repeated
thrice. Real-time quantitative PCR (qPCR) was performed by using spe-
cific primers as described in our earlier studies (3). The mRNA for ribo-
somal protein L32 (Rpl32) was used as an internal control. The mean
relative abundance values were calculated using the ��CT method (where
CT is threshold cycle) as described earlier (3). Triplicate reactions were
run for each sample, and each experiment was repeated at least three times
with independent preparations of RNA. Statistical significance of the dif-
ferences was determined using the Student t test, where a P 	0.05 was
considered significant.

ChIP assays. Standard chromatin immunoprecipitation (ChIP) as-
says were performed, using a commercially available kit from Millipore
(Billerica, MA), with minor modifications as described in our previous
studies (3). The DNA subjected to ChIP was detected by PCR or qPCR (3,
6). DNA from total soluble chromatin was used as a template for PCR for
determining input levels in each case. Nonreactive IgG (NR-IgG), no IgG
(No-IgG), and specific IgG antibodies were used at 10 
g each per reac-
tion. The former two served as negative controls for ChIP reactions and
defined the baseline for all reactions that employed a specific IgG.

Immunoprecipitation and Western blot analysis. Immunoprecipi-
tation analyses were conducted as described in our earlier studies (3). In

TABLE 1 Oligonucleotides used for site-directed mutagenesis of ATF6

Construct Primer name Primer sequencea (5=¡3=)
S16A Hs-ATF6-SDM-Fwd1 AGTCACCTTTTGCCCCGGGACTCTTTCACAGG

Hs-ATF6-SDM-Rev1 GAGTCCCGGGGCAAAAGGTGACTCCATGGTGCC

S104A Hs-ATF6-SDM-Fwd3 CAGTCTCAGCTCCTCGGTCAGTGGAC
Hs-ATF6-SDM-Rev3 CCGAGGAGCTGAGACTGAATAACTTGAGG

T166A Hs-ATF6-SDM-Fwd4 GAAAATGGACTGGCTCCAAAGAAAAAAATTCAGG
Hs-ATF6-SDM-Rev4 CTTTGGAGCCAGTCCATTTTCAGTCTTGTTCC

T166D Hs-ATF6-SDM-Fwd5 GAAAATGGACTG GATCCAAAGAAAAAAATTCAGG
Hs-ATF6-SDM-Rev5 CTTTGGATCCAG TCCATTTTCAGTCTTGTTCC

a Primer sequences were used to generate site-specific ATF6 mutants by PCR. The boldfaced nucleotides designate the specific mutations.

TABLE 2 p38 MAPK isoform-specific shRNAs used in this studya

p38 MAPK isoform shRNA sequenceb (5=¡3=)
� TGCTGTTGACAGTGAGCGACCGAGCTGTTGACTGGAAGAATAGTGAAGCCACAGA

TGTATTCTTCCAGTCAACAGCTCGGCTGCCTACTGCCTCGGA

� TGCTGTTGACAGTGAGCGCGCCGTTCAATTCCTGGTTTATAGTGAAGCCACAGA
TGTATAAACCAGGAATTGAACGTGCTTGCCTACTGCCTCGGA

� TGCTGTTGACAGTGAGCGACCTGGATGACTTCACGGACTTTAGTGAAGCCACA
GATGTAAAGTCCGTGAAGTCATCCAGGGTGCCTACTGCCTCGGA

� TGCTGTTGACAGTGAGCGCCCAGCTGACCCAGATCCTGAATAGTGAAGCCACAGA
TGTATTCAGGATCTGGGTCAGCTGGTTGCCTACTGCCTCGGA

a Human p38 MAPK isoform-specific shRNAs are shown.
b The boldfaced nucleotides represent the complementary nucleotides of the target.
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brief, 400 
g of total cellular lysate was incubated with 3 
g of the indi-
cated antibody overnight at 4°C and then incubated with protein G-aga-
rose (Santa Cruz) for 2 h at 4°C. Beads were washed, and bound proteins
were resolved on 10 to 15% SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Millipore, Billerica, MA) for Western blot analyses
with the indicated primary antibodies (1:1,000 dilution) overnight at 4°C.
They were washed and probed with either anti-mouse or anti-rabbit Alexa
Fluor-tagged secondary antibodies (1:2,000 dilution) for 1 h at room tem-
perature. Blots were imaged using the LiCor Odyssey infrared imaging
system as described previously (6). Mean intensities of the appropriate
bands were quantified using the software provided by the manufacturer.

Expression and purification of ATF6 protein. N-terminal HA-tagged
ATF6-373 WT and mutant constructs were cloned into BamHI and XhoI
sites of pTriEx 1.1 Hygro vector. Baculovirus-mediated expression of
these constructs in SF9 and SF21 insect cells was performed using the
BacVector 3000 transfection kit (Novagen EMD-Millipore, Billerica, MA)
per the manufacturer’s recommendations. The expressed recombinant
proteins were purified by HA-immunoaffinity column chromatography
(17). The eluates then were passed through Amicon filters (30-kDa cutoff)
to remove any small-molecular-size contaminants. The purity of the pro-
tein preparation was confirmed by silver staining per the manufacturer’s
instructions (Silver Stain Plus reagent; Bio-Rad Laboratories, CA). Ali-
quots of the purified protein were stored in phosphate-buffered saline
(PBS) containing 20% glycerol at �80°C until further use.

Kinase assays. The purified recombinant ATF6 proteins were incu-
bated with 1 
g of purified active recombinant p38� (Proqinase
GmbH, Germany), and the kinase assays were initiated by the addition
of 30 
l of kinase buffer containing 1.85 MBq (50 
Ci) of [�-32P]ATP.
After incubating for 30 min at 30°C, the reactions were stopped by the
addition of SDS sample loading buffer, and the products were sepa-
rated using SDS-PAGE followed by phosphor imaging (Molecular Dy-
namics, Inc., Sunnyvale, CA) of the dried gel. In some experiments,
p38� was preincubated for 30 min with different concentrations of
SB202190 (p38 MAPK-specific inhibitor) before ATF6 was included.
Radioactive counts in each band were quantified (ImageQuant soft-
ware; GE Healthcare Biosciences, Pittsburgh, PA) from 3 separate ex-
periments and plotted. The IFN-�-induced phosphorylation of native
ATF6 by p38 in cultured cells was determined after subjecting the
lysates to Western blot analysis with a custom-generated rabbit anti-
ATF6 phospho-T166-specific antibody.

Immunofluorescence microscopy. The immunofluorescence mi-
croscopy analyses were conducted as described earlier (6). Anti-ATF6
(1:100), anti-HA (1:100), anti-phospho-p38-MAPK (1:100), anti-GM130
(1:100), or anti-LC3 (1:100) was used as the primary antibody, and Alexa
Fluor-conjugated anti-rabbit or anti-mouse IgG (1:50) was used as the
secondary antibody. Images were captured using an Olympus fluores-
cence microscope (BX40 –F4) fitted with a QICAM digital camera and
were processed with Q-Capture Pro-5.1 (Q Imaging). Mean intensities for
ROI (regions of interest) were quantified using the NIH ImageJ software
as described in our earlier studies (6).

Cell fractionation. The rapid, efficient, and practical (REAP) subcel-
lular fractionation method (18) was employed. Briefly, cell pellets were
suspended in ice-cold 0.1% NP-40 in PBS and centrifuged for 10 s. The
supernatant was removed and collected as the extranuclear fraction. The
pellet was resuspended in ice-cold 0.1% NP-40 in PBS, sonicated twice for
5 s each, and labeled as the nuclear fraction. The isolated nuclear and
extranuclear fractions were resolved using SDS-PAGE and subjected to
Western blot analysis.

Bacterial infection. Six- to eight-week-old Ask1�/� and Ask1�/� mice
on a C57/BL6 background (13) were used for these studies. Mice were
housed at the University of Maryland, Baltimore, animal facility, and all
animal experimentation was approved by the Institutional Animal Care
and Use Committee. For survival studies, mice (n � 22 per group) were
infected intraperitoneally with 1 � 106 Bacillus anthracis Sterne 34F2
spores (this dose is sublethal for wild-type mice) and observed for mor-

tality over the next 9 days (19). In separate experiments, spleen and liver
were harvested from Ask1�/� and Ask1�/� mice (n � 6) at 96 h postin-
fection for bacterial load analysis. Peritoneal macrophages were collected
from these mice and scored for the differences in LC3 puncta formation
using immunofluorescence.

Statistical analyses. Student’s t test was performed on the data, and P
values are indicated as appropriate.

RESULTS
IFN-�-stimulated DAPK1 expression requires p38 MAPK.
Since p38 is a stress-responsive MAPK and ATF6 participates in
ER stress, we first investigated if inhibition of p38 MAPK would
have an effect on IFN-�-stimulated DAPK1 expression. Because
p38 activation is dependent on upstream kinases and ASK1 is
recruited to one of the ER stress-associated proteins, IRE1, that
has been implicated in stimulating another stress-responsive ki-
nase, JNK1/2 (20), we analyzed the expression of Dapk1 mRNA in
Ask1�/� and Ask1�/� mouse embryonic fibroblasts (MEFs). IFN-
�-stimulated Dapk1 mRNA upregulation did not occur in the
absence of Ask1 (Fig. 1A). As Mkk3 functions downstream of
many MAP3Ks, we also performed a similar experiment in
Mkk3�/� MEFs and compared it to control Mkk3�/� MEFs. Sim-
ilar to the case for Ask1, the absence of Mkk3 could not upregulate
Dapk1 expression upon IFN-� stimulation (Fig. 1B).

The requirement of p38 MAPK for IFN-�-induced expression
of Dapk1 was further ascertained by using chemical inhibitors and
RNAi. We first determined the effects of SB202190 (a specific in-
hibitor of p38 MAPK activity) and an unrelated inhibitor,
LY294002 (blocks the PI3-kinase pathways), as a control. Real-
time PCR (qPCR) analysis of wild-type MEFs treated with these
inhibitors revealed that only SB202190 was capable of blocking
Dapk1 mRNA expression (Fig. 1C). Western blot analysis of
Dapk1 also mirrored the RNA levels (Fig. 1C, bottom). In the next
experiment, wild-type MEFs were transfected with mDapk-1.2K-
Luc construct and then stimulated with IFN-� in the presence of
these inhibitors. SB202190, but not LY294002, blocked IFN-�-
induced expression of Dapk1 promoter-driven luciferase (Fig.
1D). Consistent with these results, ChIP analyses showed that
IFN-�-stimulated recruitment of Atf6 to the Dapk1 promoter is
ablated only in the presence of SB202190 (Fig. 1E). The control
ChIP reactions performed by nonreactive IgG did not yield any
significant products.

The importance of p38 MAPK for IFN-�-induced expression
of DAPK1 was further assessed by the following experiments.
BEAS-2B cells (a nononcogenic immortalized human bronchial
epithelial cell line) were infected with lentiviral vectors coding for
control or specific shRNAs that could target p38 MAPK. Western
blot analysis of cellular lysates demonstrated a 95% depletion of
p38 MAPK compared to the controls in this experiment (Fig. 1F).
DAPK1 mRNA was not induced by IFN-� when p38 MAPK was
depleted (Fig. 1G). As expected, its induction was unaffected in
empty vector and scrambled shRNA-transfected cells. Similar re-
sults were obtained when p38 MAPK was depleted from MEFs
using RNAi (see Fig. S1A and B in the supplemental material).
Thus, p38 MAPK upregulates DAPK1 expression upon IFN-�
stimulation.

ASK1 is critical for IFN-�-induced DAPK1 via ATF6 recruit-
ment. Because ASK1 has been implicated in the ER stress re-
sponse, we next tested if the loss of this stress-regulated kinase and
its downstream components affected DAPK1 expression. There-
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fore, Ask1�/�, Ask1�/�, Mkk3�/�, Mkk3�/�, wild-type (Scr), and
p38 MAPK-depleted (sh-p38) cells were transfected with the
Dapk-1.2K-Luc construct, and its response to IFN-� was mea-
sured (Fig. 2A). In each case, the expression of luciferase was in-
duced by IFN-� only in wild-type cells, while expression was
slightly above the baseline in Ask1�/�, Mkk3�/�, and sh-p38 cells.
Thus, the Ask1-Mkk3/p38 signaling axis is needed for IFN-�-in-
duced expression of Dapk1. Since ATF6 is required for Dapk1
expression during stress responses, we next used ChIP assays to
determine if ATF6 was recruited to the Dapk1 promoter in re-
sponse to IFN-�. In Ask1�/� MEFs, Atf6 did not bind to the Dapk1
promoter in the unstimulated state. However, IFN-� treatment

induced Atf6 recruitment to the Dapk1 promoter (Fig. 2B). In
contrast, Atf6 did not bind to the Dapk1 promoter in Ask1�/�

MEFs despite IFN-� stimulation. A qPCR analysis of the ChIP
products showed dramatic differences in ATF6 binding between
Ask1�/� and Ask1�/� MEFs (Fig. 2B, bottom). A similar ChIP
experiment was conducted using Mkk3�/� and Mkk3�/� MEFs.
IFN-� induced the recruitment of ATF6 to the Dapk1 promoter in
Mkk3�/� but not in Mkk3�/� cells (Fig. 2C). As observed with
Ask1�/� cells, qPCR analysis of ChIP products indicated an ex-
tremely reduced binding of ATF6 to the Dapk1 promoter in
Mkk3�/� cells (Fig. 2C, bottom). Similarly, RNAi-mediated de-
pletion of p38 MAPK in BEAS-2B (sh-p38) prevented the IFN-�-

FIG 1 IFN-�-induced DAPK1 expression requires p38 MAPK. (A) qPCR analysis of IFN-induced expression of Dapk1 mRNA in Ask1�/� and Ask1�/� MEFs
with gene-specific primers. Cells were treated with IFN-� (500 U/ml) for the indicated times. Relative levels were calculated with respect to untreated cell values,
which were considered 1. (B) qPCR analysis of IFN-induced expression of Dapk1 mRNA in Mkk3�/� and Mkk3�/� MEFs with gene-specific primers. Relative
levels were calculated as described for panel A. (C) Effect of inhibitors on the IFN-�-induced expression of Dapk1. Wild-type MEFs were treated with IFN-� in
the presence of the indicated inhibitors (SB202190 at 20 
M or LY294002 at 50 
M). qPCR analysis was performed as described for panel A. The bottom panel
shows protein levels analyzed after Western blotting (WB) with the indicated antibodies. Open bars, no treatment; filled bars, IFN-�. (D) Effect of p38 MAPK
inhibition on Dapk1 promoter activity. Wild-type MEFs were transfected with the mDapk1.2K-Luc construct (300 ng) along with a �-actin–�-galactosidase
reporter (100 ng) and were left untreated (open bars) or were treated with IFN-� (filled bars). Normalized luciferase activity was plotted as relative light units.
(E) qPCR analysis of Dapk1 promoter fragments recovered in ChIP assays with specific primers that can detect the ATF6 binding region. Chromatin was prepared
from wild-type MEFs after various treatments and subjected to IP with ATF6, NR-IgG, and No-IgG antibodies. The specific PCR products were normalized to
the value for the input across the samples, and the relative levels were calculated with respect to the NR-IgG antibody (n � 6 per sample). (F) p38 MAPK
knockdown in BEAS-2B cell lines. Western blot analysis of p38 MAPK was performed using the indicated specific antibodies. EV, empty vector (pLKO1); Scr,
pLKO1 vector carrying scrambled shRNA sequences; sh-p38, shRNAs that can target �, �, �, and � forms of p38 MAPK expressed from the pLKO1 vector. (G)
Effect of p38 MAPK knockdown on the expression of Dapk1 mRNA in the BEAS-2B cell line. After infecting cells with lentiviral vectors carrying the indicated
shRNAs, cells were treated with IFN-� for 16 h. RNA was prepared and a qPCR analysis of Dapk1 transcripts was performed.
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induced ATF6 recruitment to the DAPK1 promoter (Fig. 2D). The
No-IgG and NR-IgG controls did not yield any detectable prod-
ucts in either the presence or absence of IFN-�, confirming the
specificity of the binding. Importantly, the difference in the pro-
moter occupancy in these cell lines is not due to lower levels of
ATF6 and/or C/EBP-� (Fig. 2E).

Mutation of putative p38 MAPK phosphorylation sites in
ATF6 suppresses its transcriptional induction of DAPK1. Based
on the results described above, we next mapped the targets of
ASK1 on ATF6 protein. Sequence analysis suggested 4 putative
p38 MAPK phosphorylation sites in ATF6, and we have generated
3 phosphorylation-acceptor site mutants of ATF6, namely, S16A,
S104A, and T166A (Fig. 3A). The WT and mutant ATF6 constructs

expressed at similar levels, showing that any differences in their
activity were not due to their expression levels (Fig. 3B). To un-
derstand their functional importance, we performed the following
experiments in Atf6�/� MEFs. WT or mutant ATF6 constructs
were coexpressed with Dapk-1.2K-Luc, and the impact on IFN-�-
induced Dapk1 expression was examined. Both WT and S16A pro-
teins supported the IFN-�-induced expression of the Luc reporter
equivalently. The T166A mutant completely failed to promote
IFN-�-induced expression of the Dapk1-Luc reporter (Fig. 3C).
The S104A mutant significantly lost its capacity compared to that
of wild-type ATF6, but it still retained some capacity to drive IFN-
�-induced transcription. These mutants exerted a similar effect on
the expression of Dapk1 mRNA (Fig. 3D). Since the T166A mutant

FIG 2 ATF6 is a target of ASK1 in the IFN-induced pathway. (A) The indicated cell lines were transfected with Dapk-1.2K-Luc (300 ng) along with a
�-actin–�-galactosidase reporter (100 ng). Cells were treated with IFN-�, where indicated, and luciferase activity was measured as described in the legend to Fig.
1. Normalized luciferase activity was plotted as relative light units. (B to D) ChIP assays were performed in the indicated cell types as described in the legend to
Fig. 1. IFN-� treatment was for 12 h. Soluble chromatin was used as the input control in each case. The typical PCR patterns after ChIP are shown. (B to D,
bottom) qPCR analyses of the ChIP products as described in the legend to Fig. 1. The specific IP products were quantified, and the values were plotted as relative
abundance with respect to the NR-IgG control (n � 6 per sample). (E) Western blot analyses of lysates with the indicated antibodies. Specific genotypes of cells
used in the experiment are indicated.
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completely lost its capacity to induce Dapk1 expression, we used it
for subsequent studies.

To further demonstrate the importance of T166 to ATF6 function,
WT or T166A constructs were transfected into Atf6�/� MEFs, and we
compared their relative capacities to be recruited to the Dapk1 pro-
moter following IFN-� stimulation using quantitative ChIP PCR.

The IFN-�-induced recruitment of ATF6 to the Dapk1 promoter was
completely abolished upon mutating the T166 residue (Fig. 3E).

The T166 residue of ATF6 is required for IFN-�-induced in-
teraction with C/EBP-�. We have previously reported that IFN-�
induces the interaction of ATF6 with C/EBP-� (6) for stimulating
DAPK1 expression. To determine if the disruption of the T166 site

FIG 3 Mutation of a p38 MAPK phosphorylation site in ATF6 suppresses transcriptional induction of DAPK1. (A) Cartoon showing ATF6 structure. Putative
evolutionarily conserved p38 MAPK phosphorylation sites on ATF6 identified by sequence analysis were indicated along with other important elements. TMD,
transmembrane domain; S1P and S2P, proteolytic cleavage sites; N, N terminus; C, C terminus. (B) Western blot analysis of the expression levels of the indicated
constructs. (C) Atf6�/� MEFs were transfected with the mDapk1.2K-Luc construct (300 ng) and a �-actin–�-galactosidase reporter (100 ng), along with the
indicated ATF6 constructs. Normalized luciferase activity was plotted as relative light units. Each bar represents the means � standard errors (SE) from
triplicates. Open and filled bars correspond to no treatment and IFN-� treatment, respectively. (D) qPCR analysis of IFN-induced expression of endogenous
Dapk1 mRNA in Atf6�/� MEFs in the presence of the indicated ATF6 phosphorylation site mutants. (E) qPCR analyses of the ChIP products was performed in
Atf6�/� MEFs in the presence of the indicated ATF6 constructs. The specific IP products were plotted as relative abundance with respect to the NR-IgG (n � 6
per sample). (F and G) Mutation of T166 inhibits IFN-induced interaction of ATF6 with C/EBP-�. For Flag–C/EBP-� interaction, Atf6�/� (F) and Cebpb�/� (G)
MEFs transfected with the indicated ATF6 constructs were stimulated with IFN-� or were left unstimulated. Histograms in the lower part of these panels show
the relative intensities of the immunoprecipitated bands after normalization to the expression levels. (H) MEFs transfected with the indicated ATF6 constructs
were stimulated with IFN-� or left unstimulated. Histograms in the lower part of these panels show the relative intensities of the immunoprecipitated bands after
normalization to the expression levels.
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affected the IFN-�-induced interaction of ATF6 with C/EBP-�,
we expressed HA-tagged ATF6-373 WT or the S16A, S104A, and
T166A mutants along with Flag–C/EBP-� into Atf6�/� MEFs and
performed immunoprecipitation with the indicated antibodies
(Fig. 3F). IFN-�-stimulated interaction of C/EBP-� with ATF6
T166A was not evident compared to those of ATF6 WT or S16A and
S104A mutants. The middle blots in Fig. 3F show that these differ-
ences are not due to the differential expression of either ATF6
WT-373 and mutants or C/EBP-�. The relative intensities of the
immunoprecipitated bands are shown in the graph in Fig. 3F.
Thus, ATF6 T166 is necessary for its interaction with C/EBP-� in
response to IFN-�. We performed a similar experiment in
Cebpb�/� MEFs and observed patterns of interactions similar to
those found in Atf6�/� MEFs (Fig. 3G). The upper blot in Fig. 3G
shows that IFN-�-stimulated binding of T166A with C/EBP-� was
significantly reduced compared to that of the WT. The middle blot
shows that these differences are not due to the differences in the
expression levels of either ATF6-373 WT and mutants or
C/EBP-�. The relative levels of C/EBP-� immunoprecipitated
with ATF6 were plotted (Fig. 3G, lower). Since the IFN-�-stimu-
lated interaction of T166A with C/EBP-� did not increase, we next
tested if the T166D mutant would interact with C/EBP-� better
than the wild type. Indeed, the T166D mutant interacted more
strongly with the endogenous C/EBP-� even at steady state, and
IFN-� stimulation did not increase it further when immunopre-
cipitated with HA-ATF6 (Fig. 3H). The middle blot in Fig. 3H
shows that these differences are not due to a differential expression
of the mutants. The relative levels of C/EBP-� immunoprecipi-
tated with ATF6 were plotted (Fig. 3H, lower).

p38 MAPK phosphorylates ATF6. To directly test if activated
p38� (a major form of p38 MAPK) can phosphorylate ATF6, we
performed in vitro phosphorylation assays. The WT and S16A,
S104A, and T166A mutants of ATF6-373 (active form) were ex-
pressed using a baculoviral system and purified using immunoaf-
finity chromatography with HA tag-specific antibodies as de-
scribed in Materials and Methods. Glutathione S-transferase
(GST)–ATF2, a known substrate of p38�, was used as a positive
control in these experiments. Upon incubation with purified ac-
tive recombinant p38� and [�-32P]ATP, the WT, S16A, and S104A
ATF6 proteins were phosphorylated (Fig. 4A). As expected, 32P
incorporation was not observed when WT ATF6 was incubated
with an inactive p38�. However, when the T166A mutant was used
as a substrate, significant incorporation of 32P comparable to that
of WT protein was not observed. Thus, the T166 site appears to be
a direct phosphorylation target of p38 MAPK (Fig. 4A). We have
ensured the specificity of p38 in phosphorylating ATF6 not only
by incubating different concentrations of the purified active p38�
with the WT ATF6 but also by performing these assays in the
presence of different concentrations of SB202190 (see Fig. S2A
and B in the supplemental material). p38� phosphorylated ATF6
in a concentration-dependent manner. While ATF6 phosphory-
lation was readily detected at 1 
g and 0.5 
g of p38�, it was not
detected at 0.1 
g. SB202190 blocked 32P incorporation into ATF6
in a concentration-dependent manner. The lower degree of 32P
incorporation into ATF6 versus ATF2 was due to the differences
in the concentrations of the substrates. The amount of ATF2 pro-
tein used was approximately 10-fold higher than that for ATF6
protein. More importantly, the nature of these two substrates is
different. For example, the ATF2 used in this assay was a GST
fusion peptide containing the N-terminal amino acids 19 to 96 of

the human ATF2 protein containing the p38 target region,
whereas the ATF6 protein used was the native 50-kDa version. To
provide additional support for T166 as a target of p38 MAPK, we
treated MEFs with IFN-� in the presence or absence of SB202190.
Whole-cell lysates were prepared and Western blotted with a cus-
tom-generated phosphopeptide-specific antibody (PRNKTENG
L[pT]PKKK) that detects only the phosphorylated T166 site of
ATF6 (Fig. 4B). We have ensured the phospho-T166 specificity
of the antibody (see Fig. S3 in the supplemental material). The
preincubation of the antibody with the blocking peptide (phos-
phopeptide used for raising antibodies) but not an unphospho-
rylated or a random peptide (generated by the scrambling of
the sequence) resulted in the elimination of signal to back-
ground levels. Figure 4B, lower portion, shows ATF6 (full-
length and processed forms) and actin levels. Interestingly, these
analyses revealed that IFN-�-induced phosphorylation and cleav-
age of ATF6 is suppressed in the presence of the inhibitor
SB202190. This observation not only confirms the specific role for
IFN-�-induced p38 MAPK-dependent phosphorylation of ATF6
at the T166 site but also indicates a connection between phosphor-
ylation and proteolytic activation.

We next investigated whether IFN-� promoted nuclear trans-
location of ATF6 T166A via the Golgi apparatus. We transfected
HA-tagged ATF6 T166A or ATF6-mut (S1P protease-resistant mu-
tant) into Atf6�/� MEFs and treated them with either IFN-� or the
positive-control agent, tunicamycin A. Immunofluorescence
analysis was performed using the HA antibody. As a control, na-
tive Atf6 in wild-type MEFs also was subjected to immunofluores-
cence analysis using Atf6 antibody (Fig. 4C). Anti-GM130, a
marker for the Golgi apparatus, and 4=,6-diamidino-2-phenylin-
dole (DAPI), a nuclear stain, were used as internal controls.
Steady-state ATF6 localized in the perinuclear and cytoplasmic
regions as described earlier (6). Upon IFN-� treatment for 2 h,
ATF6 accumulated in the Golgi apparatus, as indicated by a strong
overlap of green (Atf6 or HA tag) and red (GM130) fluorescence.
Further, IFN-� stimulation for 8 h resulted in higher nuclear Atf6
levels (strong overlap of green [ATF6 or HA] and blue [nucleus]
fluorescence) (Fig. 4C). ATF6-mut showed higher accumulation
in the Golgi apparatus after 8 h of IFN-� stimulation, as it failed to
enter the nucleus (6). Surprisingly, HA-ATF6 T166A, like ATF6-
mut, also failed to translocate to the nucleus upon IFN-� stimu-
lation. In contrast, a higher nuclear level of HA-ATF6 T166A was
found with TM treatment. Convincingly, the phosphomimetic
mutant ATF6 T166D showed Golgi apparatus and early nuclear
accumulation upon IFN-� stimulation as early as 2 h (Fig. 4C).
The histograms at the bottom of Fig. 4C show the quantification of
fluorescence intensities in the Golgi apparatus and nucleus from
several fields (n � 10) for each mutant. Thus, phosphorylation at
T166 appears to be critical for IFN-�-stimulated nuclear translo-
cation of ATF6. Since the proteolysis-resistant ATF6-mut and the
phosphorylation-deficient T166A mutant exhibited similar defects
in nuclear entry, we next examined if IFN-� induced the proteol-
ysis of ATF6 in the absence of T166. Therefore, we expressed the
wild type (WT), T166A, or T166D construct into Atf6�/� MEFs and
treated them with IFN-� or TM as indicated. Cell extracts were
Western blotted using antibodies specific for the cleaved version
of ATF6. WT-ATF6 and T166D were cleaved following IFN-� and
TM treatments, whereas T166A was cleaved only upon TM treat-
ment but not with IFN-� (Fig. 4D). These results clearly indicate the
importance of the T166 site for IFN-�-induced ATF6 cleavage (i.e.,
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translocation to the nucleus). Consistent with these observations,
phospho-p38 MAPK did localize with ATF6 and also with a Golgi
marker (GM130) upon IFN treatment, suggesting that phospho-p38
MAPK has an important role in ATF6 translocation to the nucleus
upon IFN-� treatment (see Fig. S4 in the supplemental material). We
next determined the effects of T166 on Dapk1 mRNA expression using
qPCR. Only the WT and T166D constructs, but not the T166A con-
struct, could induce Dapk1 expression in response to IFN-� (Fig. 4E).
Importantly, the T166D construct induced Dapk1 significantly more
strongly than the WT construct in response to IFN-�, consistent with
its phosphomimetic function.

IFN-�-stimulated ATF6 activation requires ASK1/MKK3/
p38 MAPK. Based on the results described above, we next inves-
tigated if ATF6 translocation is dependent on ASK1/MKK3/p38
upon IFN-� treatment. Using immunofluorescence, we examined
the translocation of endogenous ATF6 and overexpressed HA-
ATF6 T166A in Ask1�/�, Mkk3�/�, and sh-p38 cells following
IFN-� or TM treatment as a control (Fig. 5A to C). These experi-
ments showed a lag in the translocation of ATF6 and HA-ATF6
T166A in the absence of Ask1, Mkk3, and p38. In contrast to the
IFN-�-stimulated accumulation of ATF6 in the Golgi apparatus
by 2 h (strong overlap of green [ATF6] and GM130 [red] fluores-
cence) (Fig. 4D), a comparable accumulation of it occurred only at
8 h in the Ask1�/� cells (Fig. 5A, left and lower). Strikingly, no
significant accumulation of HA-ATF6 T166A was observed in the
Golgi apparatus of Ask1�/� cells even after 8 h of IFN-� treatment
(Fig. 5A, right and lower). Interestingly, no significant nuclear
accumulation (strong overlap of green [ATF6 or HA] and DAPI
[nucleus] fluorescence) was observed following IFN-� treatment
for 8 h with either endogenous ATF6 or HA-ATF6 T166A (Fig. 5A,
right and lower). In contrast, TM treatment yielded nuclear accu-
mulation of both ATF6 and HA-ATF6 T166A. Similar patterns of
ATF6 and HA-ATF6 T166A translocation were observed in
Mkk3�/� and sh-p38 cells (Fig. 5B and C) Thus, the ASK1/MKK3/
p38 MAPK axis appears to be critical for the IFN-induced func-
tioning of ATF6. Previously we have shown that IFN-�-induced
phosphorylation of C/EBP-� by ERK1/2 is required for its inter-
action with ATF6 (6) and the expression of Dapk1. Hence, we
examined if there were differences in the ERK1/2 levels in these
cells. A comparison of ERK1/2 levels and their phosphorylation in
Ask1�/�, Mkk3�/�, and sh-p38 cells did not reveal any significant
differences with respect to their wild-type counterparts (Fig. 5D).
Consistent with the immunofluorescence observations (Fig. 5A to
C), Western blot analysis showed that phosphorylation and cleav-
age of ATF6 occurred only in IFN-�-treated wild-type cells but
not in Ask1�/�, Mkk3�/�, and sh-p38 cells (Fig. 5E). In Mkk3�/�

cells a slightly lower level of total p38 was observed compared to
that of Mkk�/�, although no such differences were found between

Ask1�/� and Ask1�/� cells. In contrast to normal p38 activation
(as determined by Western blot analysis with anti-phospho-p38
antibodies) in wild-type cells, it was severely diminished in the
corresponding knockout/depleted cells. ATF6 activation and
translocation requires dissociation from its inhibitory regulator
BiP/GRP78 (in the ER), which unmasks its Golgi apparatus local-
ization signals (9). IFN-� causes the dissociation of ATF6/BiP
complexes. The lack of translocation of ATF6 to the Golgi appa-
ratus in the Ask1�/�, Mkk3�/� and sh-p38 cells may be due to an
increase in BiP expression, which could retain ATF6 in the ER, or
a failure to dissociate the BiP/ATF6 complexes. There was no sig-
nificant difference in BiP levels between wild-type and kinase-
deficient cells. Therefore, we examined if ATF6 is dissociated from
BiP in these cell lines when treated with IFN-� (6). These analyses
showed that IFN-� caused the dissociation of ATF6/BiP complex
in wild-type but not in Ask1�/�, Mkk3�/�, and sh-p38 cells (Fig.
5F). Finally, in agreement with the in situ observations, Western
blot analysis with the ATF6 antibody in nuclear and extranuclear
fractions (cytosol plus membrane) revealed that both proteolytic
cleavage and nuclear entry of ATF6 was blocked in Ask1�/�,
Mkk3�/�, and sh-p38 cells compared to their corresponding wild-
type controls (Fig. 5G and H). These experiments together not
only identified the requirement for ASK1/MKK3/p38 MAPK for
driving such IFN-�-induced signals but also established a connec-
tion between phosphorylation and proteolytic activation. To de-
termine if these are the direct effects of ASK1/MKK3 on ATF6, we
reconstituted the corresponding wild-type and kinase-inactive
constructs in Ask1�/� and Mkk3�/� cells to determine if IFN
stimulated the cleavage of endogenous ATF6 and Dapk1 induc-
tion (Fig. 5I and J). The wild-type constructs, but not the kinase-
inactive mutants, restored IFN-induced ATF6 activation and
Dapk1 expression.

Importance of p38 MAPK phosphorylation site of ATF6 in
driving IFN-�-induced autophagy. Since functional ATF6 in as-
sociation with C/EBP-� induces DAPK1, which participates in
autophagy, we asked whether the ATF6 T166A mutant can drive
IFN-�-induced autophagy. Autophagy was measured by LC3
puncta formation, which includes redistribution of cytoplasmic
LC3. Atf6�/� MEFs were individually transfected with ATF6 WT-
373 or the ATF6 T166A-373 mutant and then treated separately
with chloroquine (a blocker of autophagosome lysosome fusion)
or IFN-�. Only ATF6 WT-transfected cells yielded maximum
puncta upon IFN-� treatment compared to either the vector con-
trol or ATF6 T166A-373 mutant-transfected MEFs (Fig. 6A). Chlo-
roquine-stimulated puncta formation was not affected by the sta-
tus of ATF6. Thus, there appears to be no global deficiency of
puncta formation in these cells. The mean LC3 puncta formed
upon IFN-� treatment showed significant differences in each case

FIG 4 ATF6 is phosphorylated by p38 MAPK in response to IFN-� and mediates its interaction with C/EBP-� and DAPK1 expression. (A) In vitro kinase assay.
Purified recombinant ATF6-373 WT and the indicated phosphorylation site-defective mutants were used as substrates for p38 MAPK. The upper panel shows a
representative autoradiograph of the ATF6 mutants along with the positive control, ATF2, which is known to be phosphorylated by p38 MAPK. A kinase-inactive
p38 MAPK incubated with wild-type ATF6 served as a negative control. A Western blot for p38 MAPK and a silver-stained gel showing the input levels of
recombinant ATF6 proteins are presented in the lower part of this panel. The histogram below shows the relative intensities of the ATF6 bands as measured by
phosphorimaging. (B) MEFs were treated in the presence and absence of p38 MAPK inhibitor (SB202190 at 20 
M) and stimulated with IFN-�, where indicated,
and were analyzed by Western blot analysis. Blots were probed with the indicated antibodies. (C, upper) Immunofluorescence images of DAPI (nuclear stain),
GM130 (a Golgi apparatus marker), and FITC (ATF6). Scale bar, 10 
m. (Lower) Quantified fluorescence of FITC in regions of interest (ROI) after background
correction. Bars represent means � SE (n � 10 fields). P values are indicated in each case. NS, not significant. TM, tunicamycin A (2 
g/ml for 12 h). (D) Western
blot analysis of lysates from Atf6�/� cells transfected with the indicated constructs. Specific treatments are indicated. (E) qPCR analysis of IFN-induced
expression of Dapk1 mRNA in ATF6�/� MEFs after reconstituting with the indicated ATF6 constructs.
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FIG 5 IFN-�-stimulated ATF6 activation requires ASK1/MKK3/p38 MAPK. (A to C, upper) Immunofluorescence images of DAPI, GM130 (Golgi apparatus
marker [red]), and FITC-ATF6 in the indicated cell types. Scale bar, 10 
m. (Lower) Quantified fluorescence of FITC in regions of interest (ROI) after
background correction. Bars are means � SE (n � 10 fields). (D and E) Western blot analyses of lysates with the indicated antibodies. Specific genotypes of the
cell lines used in the experiment are indicated. (F, upper) Immunoprecipitation and Western blot analysis of lysates prepared from IFN-treated cells (2 h) with
the indicated antibodies. Histograms in the lower part of these panels show the relative intensities of the immunoprecipitated bands after normalization to input
BiP levels. (G and H, upper) Western blot analysis of lysates from the indicated cell types after fractionation of cells into nuclear and extranuclear fractions with
and without IFN treatment. Cell fractionation with 0.1% NP-40 yielded some background noise on these Western blots. The correct-size bands corresponding
to ATF6 are indicated. Histograms in the lower part of these panels show the relative intensities of the bands after normalization to total ATF6 levels in the case
of cleaved ATF6 and to the tubulin levels in the case of full-length ATF6. (I) Western blot analyses of lysates with the indicated antibodies. Specific genotypes of
the cell lines and the transfected constructs are indicated. (J) qPCR analysis with Dapk1 gene-specific primers. Transfection of vector alone did not change Dapk1
expression (not shown).
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(Fig. 6A, bottom). Alternatively, LC3II formation from LC3I, in
response to IFN-� treatment, was analyzed by Western blotting in
ATF6 WT-373 and ATF6 T166A-373 mutant-transfected MEFs
(Fig. 6B). The fold increase in LC3II levels correlated well with the
number of puncta observed in situ. The differences in driving
autophagic flux were not due to the differences in expression of
ATF6-373 WT or the ATF6-373T166A mutant (Fig. 6B). These results
demonstrate the critical role for p38 MAPK phosphorylation of ATF6
(i.e., ATF6 T166) in driving IFN-�-induced autophagy.

Increased susceptibility of Ask1�/� mice to Bacillus anthra-
cis infection. Since IFN-� plays a critical role in host responses
against B. anthracis infection, we next investigated whether
Ask1�/� mice are sensitive to B. anthracis infection. Age-matched
Ask1�/� and Ask1�/� mice (n � 22/genotype) were infected with
B. anthracis Sterne 34F2 spores (106 spores per mouse; a dose
sublethal to wild-type mice) and monitored for signs of infection
and survival (Fig. 7A). A significant number of Ask1�/� mice suc-
cumbed to infection compared to the number of Ask1�/� mice.
Importantly, mice started to die as early as day 4 after infection in
the Ask1�/� group compared to day 6 in the Ask1�/� group. The
differences between Ask1�/� and Ask1�/� in their susceptibility to
infection remained throughout the study period. Analyses of these
data with the Mantel-Cox log rank test (P 	 0.0138) and Gehan-
Breslow-Wilcoxon test (P 	 0.0115) also affirmed the significance
of these differences. To identify the basis for differences between
Ask1�/� and Ask1�/� mice in their responses to B. anthracis in-

fection, bacterial loads were measured on day 4 after infection in
the liver and spleen (Fig. 7B and C). A significant increase in the
bacterial burden was observed in spleens and livers of Ask1�/�

mice compared to those of Ask1�/� mice. More importantly,
Western blot analyses of the spleen and liver extracts from these
mice with LC3-specific antibodies revealed a dramatic difference
in LC3II formation between Ask1�/� and Ask1�/� mice. LC3II
formation was high in the Ask1�/� mice compared to that in
Ask1�/� mice (Fig. 7D). Consistent with these observations,
peritoneal macrophages collected from infected Ask1�/� mice
demonstrated fewer LC3 puncta than those from Ask1�/� mice
(Fig. 7E).

DISCUSSION

The critical importance of DAPK1 for apoptotic and autophagic
forms of cell death induced by various signals, including IFN-�, is
emerging as a major player in cell fate decisions (5). DAPK family
members ZIPK and DAPK2 also are known to function in differ-
ent cell death pathways, including autophagy (21). Since high
DAPK1 levels cause toxicity, cellular mechanisms control its pro-
tein levels. For example, the KLHL20-Cul3-ROC1 E3 ligase com-
plex targets DAPK1 to ubiquitylation and subsequent protea-
some-mediated degradation (22). DAPK1 employs several
substrates to exert its biological effects. For example, DAPK1 re-
cently has been reported to phosphorylate Beclin-1, a central
player in autophagy and tumor suppression (23). DAPK1 activity

FIG 6 Role of p38 phosphorylation site of ATF6 (T166) in mediating IFN-�-induced autophagy. (A) Immunofluorescence images of DAPI and FITC-LC3
(green) after restoring Atf6�/� MEFs with the indicated constructs. Scale bar, 15 
m. Cells were transfected with the indicated ATF6-373 mutants. The lower
panel shows mean LC3 puncta formation (n � 10 different fields/sample). (B) Western blot analysis of Atf6�/� MEFs transfected with the indicated ATF6-373
constructs and stimulated with IFN-� or left unstimulated. LC3 conversion to LC3II was monitored. The graph below shows the quantified autophagic flux on
the basis of 3 separate blots.

Gade et al.

4044 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


also was implicated in the regulation of the pyruvate kinase M2,
which is involved in driving the Warburg effect (24). Thus, dys-
function of DAPK1 or its expression may affect multiple cellular
processes. Interestingly, in a wide variety of human cancers
DAPK1 expression is downregulated via unknown mechanisms
(5). Hence, there is a need to understand how DAPK1 is regulated.

In this study, we have demonstrated that ASK1, a member of
the MAPK family, regulates the expression of DAPK1 in response
to IFN-� and aids in the execution of autophagy. Accumulating
evidence shows that MAPKs have a role in ER stress responses.
Some MAPK pathways, such as p38 and JNK, are activated in
response to ER stress (11, 25). We have shown recently that IFN-�
induces ER stress, as indicated by the proteolytic cleavage of ATF6
and transcription (6). It was shown earlier that ER stress activates
ASK1 through the formation of the IRE1-TRAF2-ASK1 complex
(26); its downstream pathway targets are not known. ASK1 is ac-
tivated by various stimuli, including calcium influx, ER stress,
oxidative stress, lipopolysaccharide (LPS), and receptor-mediated
signaling through tumor necrosis factor receptor (TNFR) and
Toll-like receptor 4 (TLR4), TLR7, and TLR8 (11, 12). Notably,
IFN-� has been reported to cause Ca2� influx and ER and oxida-
tive stress in a variety of cell lines (27, 28). Activated ASK1 further
stimulates the downstream p38 and JNK pathways for driving
various cellular responses. In this report, we have demonstrated a

direct role for ASK1 in regulating DAPK1 according to the follow-
ing pieces of evidence: (i) a loss of IFN-�-induced DAPK1 expres-
sion in Ask1�/�, Mkk3�/�, and p38 MAPK-depleted (sh-p38) cells
and in the presence of the p38 MAPK-specific inhibitor (Fig. 1);
(ii) the failure to recruit IFN-�-induced ATF6 to the Dapk1 pro-
moter in Ask1�/�, Mkk3�/�, and sh-p38 cells compared to their
corresponding WT cells (Fig. 2); (iii) the ability of p38 MAPK to
phosphorylate recombinant WT ATF6 protein in vitro but not the
p38 MAPK phosphorylation-defective T166A mutant (Fig. 4A);
(iv) the phosphorylation of endogenous ATF6 at T166 as detected
by specific antibodies and its blockade by a p38 MAPK inhibitor
(Fig. 4B); (v) the failure of nuclear entry by the T166A mutant
(Fig. 4C and D); (vi) the reexpression of kinase-active mutants
induced IFN-stimulated cleavage of ATF6 and DAPK1 induction,
showing a direct role for ASK1 and MKK3 in this pathway; (vii)
the restoration of autophagy by WT ATF6 but not the T166A mu-
tant in Atf6�/� MEFs (Fig. 6A and B). Interestingly, no detectable
cleavage of ATF6 occurred in the presence of a p38 MAPK inhib-
itor. Thus, it appears that ATF6 phosphorylation occurs prior to
its proteolysis (Fig. 4B). This is consistent with the inability of
phosphorylation-defective T166A and the enhanced ability of the
T166D mutant to enter the nucleus and undergo cleavage in the
Golgi apparatus following IFN-� treatment. This requirement ap-
pears to be specific for IFN-� given the normal activation of T166A
by tunicamycin (an ER stress activator) (Fig. 4C and D). Indeed,
upon IFN stimulation, the T166D mutant not only enters into the
nucleus but also induces Dapk1 (Fig. 4E). The T166D mutant in-
deed induced DAPK1 expression better than wild-type protein
upon reconstitution in Atf6�/� cells. Thus, these studies showed
that T166 of ATF6 is essential for its activation and Dapk1 induc-
tion. In Ask1�/�, Mkk3�/�, and sh-p38 cells, ATF6 proteolysis was
blocked compared to their wild-type counterparts (Fig. 5G and
H). The restoration of kinase-active ASK1 or MKK3 in the knock-
out cell lines supported IFN-stimulated cleavage of ATF6 and
Dapk1 induction (Fig. 5I and J). Thus, the phosphorylation of
ATF6 appears to guide its proteolytic activation and subsequent
transcriptional induction of Dapk1. We noticed a delayed trans-
location of wild-type ATF6 to the Golgi apparatus in Ask1�/�,
Mkk3�/�, and sh-p38 cells compared to their wild-type counter-
parts. These observations also suggest that an IFN-�-driven unde-
fined late signal(s) causes ATF6 translocation to the Golgi appa-
ratus in ASK1/MKK3/p38 MAPK-deficient cells (Fig. 5A to C). In
the native state, ATF6 exists in a complex with an ER-resident
inhibitor, BiP (9). In response to IFN-�, this complex is dissoci-
ated, permitting the translocation of ATF6 to the Golgi apparatus
(6). We have found a normal dissociation of ATF6 from BiP in
wild-type cells following IFN-� treatment. However, unlike the
wild-type cells, the BiP/ATF6 complex was not dissociated in the
Ask1-, Mkk3-, and p38-deficient cells (Fig. 5F). Thus, BiP appears
to retain ATF6 in the ER and prevent its translocation to the Golgi
apparatus in ASK1/MKK3/p38-deficient cells. The delayed Golgi
apparatus translocation of ATF6 in the kinase-deficient cells may
be due to unknown IFN-stimulated signals whose nature is un-
clear at this time. Despite such delayed translocation to the Golgi
apparatus, no phosphorylation, proteolysis, and nuclear translo-
cation of ATF6 occurred in the kinase-deficient cells. Thus, the
IFN-induced ASK1/MMK3/p38 signaling axis seems to contrib-
ute to two critical events: (i) BiP/ATF6 dissociation, which allows
ATF6 migration from the ER to the Golgi apparatus, and (ii) phos-

FIG 7 Increased mortality of Ask1�/� mice upon infection with Bacillus an-
thracis. (A) Ask1�/� and Ask1�/� mice were challenged with B. anthracis
Sterne 34F2 spores (1 � 106 spores per mouse; a dose sublethal to WT mice),
and percent survival (Kaplan-Meier analysis) was plotted. (B and C) Mice were
intraperitoneally infected with 1 � 106 spores of B. anthracis Sterne 34F2, and
bacterial titers in spleen and liver were determined 96 h postinfection. CFU/g,
CFU per gram of tissue. Lines indicate mean values (n � 6 per group). (D) LC3
conversion to LC3II in tissues infected with B. anthracis. Western blot analyses
were performed with the indicated antibodies. (E) LC3 puncta formation in
the peritoneal macrophages of Ask1�/� and Ask1�/� at 96 h postinfection. The
bottom panel shows mean LC3 puncta formation at 96 h postinfection (n � 3
mice per group).
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phorylation of ATF6 at T166, which allows the proteolysis and
nuclear translocation of ATF6.

Our studies demonstrate the critical importance of ATF6 T166

for its IFN-�-induced association with C/EBP-� (Fig. 3F to H)
and the induction of DAPK1 (Fig. 3C). We have previously re-
ported that IFN-�-induced ERK1/2-dependent phosphorylation
of C/EBP-� is critical for its interaction with ATF6 and induction
of DAPK1 expression (3). Since the levels of ERK2, C/EBP-�, and
ATF6 in Ask1�/�, Mkk3�/�, and sh-p38 cells were comparable and
IFN-�-induced ERK1/2 activation was normal in these cells, ex-
cept for a slightly diminished activation in Mkk3�/� cells, and
were comparable to those of the controls, the observed effects in
gene expression cannot be due to a defective stimulation of this
arm of the pathway (Fig. 2E and 5D). Although ER stress pro-
motes IRE1-dependent activation of ERK1/2, we showed earlier
that IFN-�-dependent gene expression through C/EBP-� de-
pended on MEKK1/MEK1/ERK1 for promoting gene expression
(29). Thus, it appears two separate arms of MAPK signaling, viz.,
ASK1/MKK3/p38 and MEKK1/MEK1/ERK1, activate ATF6 and
C/EBP-�, respectively, which converge on the DAPK1 enhancer
to drive its expression. The normal cleavage and phosphorylation
at T166 of ATF6 in WT but not in Ask1�/�, Mkk3�/�, and sh-p38
cells also suggests the importance of phosphorylation preceding
ATF6 activation via proteolysis (Fig. 5E).

Taken together, the findings in the present study show that
IFN-�-induced, ASK1-MKK3-dependent, p38 MAPK-mediated
phosphorylation of ATF6 is critical for its cooperation with
C/EBP-� and DAPK1 activation and induction of autophagy. In-
terestingly, CHOP (C/EBP homologous protein), a direct target of
ATF6, requires phosphorylation by p38 MAPK for its activity
(30). CHOP acts as a dominant-negative inhibitor of C/EBP-� by
heterodimerizing with it (31). Thus, CHOP is another well-char-
acterized example which links p38 MAPK, ATF6, and C/EBP-� in
ER stress pathways. Although a role for p38 MAPK in ATF6 phos-
phorylation in regulating the atrial natriuretic factor gene in car-
diac myocytes was reported (32), those studies did not critically
map precise residues that get activated in ATF6 and/or identify
any upstream kinases involved. In contrast to those, where ATF6
was suggested to act as a homodimer for activating gene expres-
sion, our studies identified a novel pathway in which two separate
transcription factors, C/EBP-� and ATF6, collaborate to induce
gene expression and precisely mapped the p38 MAPK phosphor-
ylation site on ATF6.

IFN-� plays a critical role in mediating protection against in-
fectious pathogens (1, 33). We have recently shown a connection
between ER stress and autophagy in mediating ATF6-dependent
antibacterial defenses (6). Emerging evidence shows that a num-
ber of steps in autophagy are signal dependent (34), and some of
the autophagy-associated proteins also participate in driving in-
flammation (35, 36) and in several nonautophagic activities (37).
Importantly, in ER-dependent pathways the Ca2� release from ER
stores could activate DAPK1, while the ER membrane supports
the formation of autophagophores (38). The Ca2� influx resulting
from ER stress also permits the association of ASK1 with ER resi-
dent proteins like IRE1, which further leads to activation of ASK1
and the downstream JNK and p38 MAPKs (11, 25). ASK1 regula-
tion is more complex than those of most known MAPKs. Multiple
stress signals, including proinflammatory cytokines and bacterial
LPS, induce ASK1 activity (39). In the steady state, the reduced
form of Trx (a redox-responsive protein) binds to the N terminus

of ASK1 and inhibits its kinase activity (40). Cytokine/LPS-in-
duced production of reactive oxygen species causes the dissocia-
tion of this complex, allowing ASK1 activation. Interestingly, Trx
acts as a death promoter in response to IFN-� (41). Thus, it is
likely that Trx limits the proapoptotic effects of ASK1 by acting as
a feedback inhibitor after its initial IFN-�-induced activation. Ad-
ditionally, ubiquitylation of ASK1 targets it to proteasome-driven
degradation to limit its activity (42). This event, coupled with
DAPK1 phosphorylation of Thr119 in the BH3 domain of Beclin1,
promotes autophagy by freeing Beclin1 from Bcl2 (43), which
restricts bacterial infection.

In this study, we have shown that Ask1�/� mice are signifi-
cantly more sensitive to infection with B. anthracis than Ask1�/�

mice at sublethal doses (Fig. 7A to C). Such sensitivity appears to
be due to a poorer execution of autophagy by Ask1�/� macro-
phages than by Ask1�/� macrophages (Fig. 7E), which also is con-
sistent with high bacterial loads and low autophagic flux in the
liver and spleen of Ask1�/� mice (Fig. 7D). Indeed, the loss of
NSY1, an ASK1 orthologue of Caenorhabditis elegans, increased
susceptibility to bacterial infections (44), consistent with our ob-
servations in Ask1�/� mice. Bacterial LPS-induced activation of
TLR4 also has been shown to promote autophagy in RAW264.7
macrophages via the recruitment of Beclin1 to MyD88 and TRIF
(45). LPS and tumor necrosis factor alpha have been shown to
activate ASK1 (39). Thus, activated ASK1 may induce Beclin1
phosphorylation via DAPK1 to promote autophagy. Notably, ER-
associated, but not mitochondrion-associated, Bcl2 blocked Be-
clin1-driven autophagy (46).

Beyond these findings, Beclin1 also is implicated in tumor sup-
pression (47). Monoallelic loss of Beclin1 is sufficient to promote
tumor formation in mice (48, 49). It is likely that ASK1-dependent
autophagy via ATF6 contributes to tumor suppression. ASK1
plays contrasting roles in tumorigenesis. In the skin and gastric
cancers, ASK1 was involved in tumor promotion (50, 51), whereas
in liver it exerted tumor-suppressive functions (52). Lastly,
mutations in ASK1 have been documented in certain meta-
static melanomas (53). In conclusion, it appears that ASK1 can
exert so-called yin-yang effects, like autophagy does, in tumor-
igenesis. At the least, our studies demonstrate that the IFN-�-
ASK1/MKK3/P38-ATF6-DAPK1 axis may regulate bacterial
growth via autophagy.
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