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The IFN family of cytokines operates a frontline defense against
pathogens and neoplastic cells in vivo by controlling the expres-
sion of several genes. The death-associated protein kinase 1
(DAPK1), an IFN-y—induced enzyme, controls cell cycle, apoptosis,
autophagy, and tumor metastasis, and its expression is frequently
down-regulated in a number of human tumors. Although the bio-
chemical action of DAPK1 is well understood, mechanisms that
regulate its expression are unclear. Previously, we have shown
that transcription factor C/EBP-p is required for the basal and
IFN-y—induced expression of DAPK1. Here, we show that ATF6,
an ER stress-induced transcription factor, interacts with C/EBP-§
in an IFN-stimulated manner and is obligatory for Dapk1 expres-
sion. IFN-stimulated proteolytic processing of ATF6 and ERK1/2-
mediated phosphorylation of C/EBP-f are necessary for these
interactions. More importantly, IFN-y failed to activate autophagic
response in cells lacking either ATF6 or C/EBP-p. Consistent with
these observations, the Atf6 "~ mice were highly susceptible to
lethal bacterial infections compared with the wild-type mice.
These studies not only unravel an IFN signaling pathway that con-
trols cell growth and antibacterial defense, but also expand the
role of ATF6 beyond ER stress.

signal transduction | tumor suppression | gene expression |
innate immunity

teady-state IFN production suppresses neoplastic cell growth

in vivo (1). IFN-stimulated genes (ISGs) regulate innate and
acquired immune responses against pathogens and tumors (2).
Although IFN-induced acute innate immune responses that
control pathogens through JAK-STAT pathways are well defined
(2), chronic IFN responses that regulate neoplastic cell growth,
via direct effects on tumor cells, are poorly understood. IFN-y
regulates certain genes in a STAT1-independent manner through
transcription factor C/EBP- (3). Previously, we have shown that
the expression of DAPKI, a cell death-inducing Ca*?/calmodulin-
regulated serine/threonine kinase, critically depends on C/EBP-$
(4). DAPK]I, originally isolated as an IFN-regulated growth sup-
pressor (5), promotes apoptosis and autophagy and suppresses cell
division (6, 7). DAPKI expression is lost in a number of advanced
human cancers (6). Although promoter methylation appears to be
one major mechanism, in several cases DAPKI expression is si-
lenced without apparent DNA methylation (6). Mutational in-
activation of DAPKI, except the one that diminishes expression in
a form of CLL (8), is almost rare in most cancers. Thus, DAPKI
regulation needs to be fully understood to define the mechanisms
that cause a loss of its expression in tumors and to develop agents
that can up-regulate it.

Although the basal and IFN-y—induced Dapkl expression
critically depends on C/EBP-$ (4), the IFN-induced regulatory
elements that respond to it are not classical C/EBP-B-binding
sites. Furthermore, depending on the cell type and signaling
factors, C/EBP- both negatively and positively regulates gene
expression and cell growth (9, 10), which has been attributed to
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the ability of C/EBP-p to interact with various transcription
factors outside its family (3) after certain modifications. Unlike
that of STAT1, IFN-y—dependent recruitment of C/EBP-f to the
Dapkl promoter occurs in a kinetically slower manner, suggest-
ing the requirement/activation of other factor(s) (4). One such
posttranslational modification is the phosphorylation of C/EBP-f
by ERK1/2 (4), which allows its association with other proteins.
Basing on this hypothesis, we searched for other factor(s) that
cooperate with C/EBP-B to up-regulate Dapkl. In this in-
vestigation, we show that ATF6 (11), a key ER stress-activated
transcription factor, associates with C/EBP-p in an IFN-y—stim-
ulated manner to promote Dapkl expression.

In the steady state, ATF6 exists as an ER membrane-anchored
precursor, with its C terminus in the ER lumen and the N-ter-
minal half (containing the transcription factor activity) facing the
cytosol (11). After ER stress, ATF6 dissociates from its inhibitor
BiP (12) that unmasks the Golgi localization signals (GLS) of
ATF6 and allows its translocation to Golgi apparatus (12). In
Golgi apparatus, the transcriptionally active ATF6 is generated
via proteolysis (11), permitting its nuclear translocation and
stimulation of target genes (13, 14). Here, we report a signaling
cascade wherein the IFN-y-induced proteolytic processing of
ATF6 and ERKI1/2-dependent phosphorylation of C/EBP-f
converge on and control the expression of Dapkl and autophagy.
We also show that the A#f6™'~ mice are highly susceptible to
lethal bacterial infections. This study establishes a connection
between ER-stress regulators and cytokine signaling pathways.

Results

ATF6 Promotes IFN-y-Stimulated Dapk1 Expression. We first in-
vestigated whether ATF family members could induce the Dapk1
promoter. Reporter gene cotransfection assays with DapklI-Luc
and several ATF family members revealed that only ATF6 could
robustly promote the IFN-y—inducible expression of Dapkl
promoter (Fig. 14). Furthermore, an ATF6 mutant (ATF6mut;
lacking the critical S1 cleavage site, therefore, could not enter
the nucleus) (15) failed to promote Luciferase expression, in-
dicating the specificity (Fig. 14). To determine whether the
ATF6-dependent transcriptional response also required the
CRE/ATF site that bound C/EBP-f, we compared the effect of
ATF6 on wild type (WT) and a CRE/ATF site mutant of the
Dapkl promoters (Fig. 1B). ATF6 induced the luciferase ex-
pression driven by the WT but not the mutant promoter. ChIP
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Fig. 1. ATF6 is essential for IFN-y—stimulated
Dapk1 expression. (A) Indicated ATF expression
vectors were cotransfected into MEFs along with
the Dapkl-Luc and a B-actin-p-galactosidase re-
porter. n = 5 for each data point. Luciferase activity
was normalized to that of cotransfected p-galac-
tosidase. (B) Effect of ATF6 on WT and CRE/ATF site
mutant Dapk1-Luc (n = 5 per data point). (C) ChIP
assay with CRE/ATF-specific primers. IFN-y treat-
ment was performed for 8 h. For input control

At reactions, one of five of the soluble chromatin used

for the ChIP analysis was used. Normal rabbit I1gG
(NR-1gG), ATF6-specific IgG, and ATF3-specific IgG
were used at 10 pg each per reaction. (D) qPCR
analysis of Dapk1 and Irf1 transcripts in MEFs. (E
and F) MEFs were transfected with the Dapk1-Luc,
and mean luciferase activity + SE (n = 6) is pre-
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assays using primers flanking the CRE/ATF site demonstrated
that endogenous ATF6 bound to the Dapkl promoter in re-
sponse to IFN-y (Fig. 1C). However, ChIPs assays with normal
rabbit (NR) IgG and no-IgG controls and ATF3-specific anti-
bodies did not yield any bands, demonstrating a selective re-
cruitment of ATF6 to Dapkl promoter.

ATF6 Is Essential for IFN-y-Stimulated Dapk1 Expression. To establish
a critical role for ATF6 in Dapkl expression, we analyzed the ex-
pression of endogenous Dapkl mRNA (Fig. 1D). The Dapkl
mRNA was not induced in the absence of ATF6 (Fig. 1D). Loss of
Atf6 did not affect the IFN-induced expression of Irfl (Fig. 1D).
Consistent with these observations, the IFN-y—induced expression
of DapkI-Luc occurred only in wild-type but not in A#f6~'~ MEFs
(Fig. 1E). More importantly, restoration of A#f6”~ MEFs with
ATF6, but not ATF6mut, reinstated Dapkl-Luc expression (Fig.
1F). The distinct effects of ATF6 and ATF6émut on Dapkl-Luc
levels were not due to their differential expression. The importance
of ATF6 for IFN-induced expression of DAPK1 was also ascer-
tained by using RNAi in human and mouse cells (Fig. S1).

IFN-y-Induced Proteolytic Activation of ATF6 and Its Translocation to
Nucleus via Golgi apparatus. Because the activation of ATF6
requires dissociation from its inhibitor BiP in the ER (12), we
next probed whether IFN-y caused it. Immunoprecipitation
analyses with endogenous ATF6 and BiP revealed that IFN-y
treatment for 1 h is sufficient to dissociate ATF6 from BiP (Fig.
2A4). The bottom two images show comparable ATF6 and BiP
levels, suggesting dissociation is not due to degradation of
either protein.

After its dissociation from BiP, ATF6 migrates to the Golgi
apparatus, where it undergoes cleavage by resident proteases to
generate mature ATF6 (50 kDa) that enters the nucleus (11).
Therefore, MEFs were stimulated with IFN-y for 6 h or as in-
dicated and analyzed by Western blot (Fig. 2B) with an ATF6
antibody that detects both full length (90 kDa) and mature (50
kDa) forms of ATF6. IFN-y treatment caused a progressive
decline in the ATF6 90kDa form and an emergence of the 50-
kDa mature product between 2-16 h (Fig. 2B). IFN-y-stimulated
the cleavage of ATF6, comparable to that of Tunicamycin A
(TMA), an ER stress inducer (Fig. S2C).

We next investigated whether IFN-y promoted nuclear local-
ization of ATF6 via the Golgi apparatus. We transfected FLAG-
epitope—tagged ATF6 (Fig. 2C) and ATF6 mut (Fig. 2E) con-
structs into A#f6~'~ cells (Fig. S2 A and B). Because of a lack of
mutant specific antibody, immunofluoresence analyses were
performed by using FLAG-antibody after IFN-y treatment. To
mark the Golgi apparatus, we transfected the DS1-GT expres-
sion vector into these cells (15). Steady-state ATF6 was detected
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the same samples.

in the perinuclear and cytoplasmic regions in a manner consis-
tent with ER localization. IFN-y treatment for 2 h caused an
accumulation of ATF6 in the Golgi apparatus as indicated by the
strong overlap of FITC (ATF6) and red (DS1-GT) fluorescence.
Moreover, IFN-y stimulation for 6 and 8 h caused higher nuclear
ATF6 levels (Fig. 2C). The cleaved ATF6 (mature) becomes
unstable overtime. At 16 h, ATF6 signals were found in cyto-
plasm, which could be due to a resynthesis of ATF6 from pre-
existing pools of mRNA. In contrast, the ATF6mut, although
moved to the Golgi apparatus like the WT protein, failed to
enter the nucleus even after 16 h of IFN-y treatment (Fig. 2E).
Fig. 2 D and F show the quantified fluorescence intensities of
several fields (n = 10). These results suggest that IFN-y treat-
ment requires a Golgi-dependent proteolytic processing of ATF6
before its nuclear entry. A similar pattern of IFN-y—induced
translocation of endogenous ATF6 to nucleus via Golgi appa-
ratus was observed in MEFs (Fig. S3 4 and B).

IFN-y—Stimulated Heteromerization of ATF6 and C/EBP-B. Because
ATF6 and C/EBP-p required the same site on Dapkl promoter
for transcriptional activation, we asked whether ATF6 hetero-
merizes with C/EBP-p in response to IFN-y. To test this hy-
pothesis, MEFs were treated with IFN-y and the cell lysates were
subjected to immunoprecipitation and Western blot analysis with
the indicated antibodies. IFN-y enhanced the association of en-
dogenous ATF6 with C/EBP-p (Fig. 34). A similar association of
C/EBP-f and ATF6 was observed in a variety of cells (Fig. S44).

To demonstrate in situ interactions between C/EBP-f and
ATF6, a FRET analysis was performed by using the ATF6-CFP
and C/EBP-p—YFP constructs. After cotransfection and stimula-
tion with IFN-y, cells were examined for interaction(s) by using
the anisotropy (r) FRET method, which showed an interaction
between ATF6 and C/EBP-f in the nucleus starting from 4 h that
reached a maximum plateau around 6 h and returned to basal
level at 16 h of IFN-y treatment (Fig. 3B). Quantification of
FRET signals between ATF6-CFP and C/EBP-B-YFP indicated
a significant difference between rcpp and rprer at 4 and 6 h of
IFN-y treatment (Fig. 3C). These observations clearly show the in
situ interactions of ATF6 and C/EBP-f in the presence of IFN-y.

ERK1/2-Regulated Site of C/EBP-f Is Critical for IFN-y—Stimulated
Interaction with ATF6. Previously, we showed an important role
for an ERK1/2 target site, within the regulatory domain 2 of C/
EBP-B, in inducing Dapkl expression in response to IFN (4).
Therefore, we asked whether this site is necessary for interaction
with ATF6. We transfected Cebpb™'~ MEFs, with expression
vectors coding for either wild-type or mutant C/EBP-f constructs
along with HA-ATF6 (mature form). Lysates from these cells
were subjected to immunoprecipitation with HA-ATF6, and the
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Fig. 2. IFN-y-induced activation of ATF6. (A) MEFs were treated with IFN-y,
and lysates were subjected to immunoprecipitation and Western blot anal-
yses with the indicated antibodies. (B) Effect of IFN-y on ATF6 cleavage in
MEFs. IFN-y—induced translocation of ATF6 (C and D) and ATF6 mutant (£ and
F) into the nucleus. (C and E) Immunofluoresence images of DAPI, DS1-GT
(Golgi marker), and FITC-ATF6. (Scale bar: 10 pm.) (D and F) Quantified
fluorescence of FITC in regions of interest (ROI) after background correction.
Bars are mean + SE (n = 10 fields; *P < 0.001).

products were probed for C/EBP-p. Wild-type C/EBP-f and
Mutl (with an intact ERK1/2 phosphorylation site) weakly
interacted with ATF6 at steady state (Fig. 3D), and IFN-y
treatment further enhanced it. In contrast, Mut2 (which entirely
lacked the critical ERK1/2 phosphorylation motif, GTPS) inter-
acted with ATF6 at steady state, but IFN-y treatment failed to
enhance it. Similarly, IFN-y stimulation failed to promote in-
teraction of mutant T'®°A, which lacked the critical threonine,
with ATF6. In contrast, the phosphomimetic mutant T'*’D
readily bound to ATF6, which increased further upon IFN-y
stimulation (Fig. 3D). This observation may indicate additional
phosphorylation occurring either on C/EBP-p or ATF6, which is
unclear at this stage. As expected, when these lysates were sub-
jected to immunoprecipitation with a control IgG and the prod-
ucts were probed for C/EBP-p, no detectable bands appeared on
the blot (Fig. 3D). The bottom two images in Fig. 3D show that
such differential interactions are not due to expression differ-
ences of C/EBP-p or ATF6. Because ERK1/2 phosphorylated C/
EBP-p at T'* (4), we examined whether IFN-y-stimulated re-
cruitment of ATF6 and C/EBP-p to the Dapkl promoter and
whether it required ERK1/2. A quantitative PCR (qPCR) analysis
of ChIP products from MEFs stably expressing either vector
alone or scrambled shRNA or Erkl/2-specific shRNA (4)
revealed that IFN-y stimulated the recruitment of ATF6 and
C/EBP-f to the Dapkl promoter, but not in those depleted of
ERK 1/2 (Fig. 3E). Thus, IFN-y-stimulated ATF6-C/EBP-p
interaction with the Dapkl promoter requires ERK1/2 and
C/EBP-p-T'%°,
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Fig. 3. IFN-y—induced heteromerization of ATF6 and C/EBP-B. (A) Immuno-
precipitation and Western blot analyses of MEF lysates with the indicated
antibodies. (B) ATF6-CFP and C/EBP-B-YFP were coexpressed in Cebpb™~
MEFs and examined for interaction by using the anisotropy (r) FRET method
as discussed in S/ Materials and Methods. CFP, YFP, and FRET (CFP excitation,
YFP collection) images were taken under polarized light illumination, for
cells treated with IFN-y as indicated. Decreased reger is observed in the nu-
cleus of INF-y-treated cells indicating FRET and protein-protein interaction.
The pseudocolor scale represents anisotropies. (Scale bar: 10 um.) (C) FRET
between ATF6-CFP and C/EBP-B-YFP is indicated by significant difference
between rcgp and reger (***P < 0.001, n = 10, Student’s t test vs. 0). (D) Im-
munoprecipitation and Western blot analyses of Cebpb™~ MEFs transfected
with HA-ATF6 (373) and C/EBP-p mutants and then stimulated with IFN-y. (E)
ChIP assays with the indicated antibodies were performed, and the products
were quantified by using gPCR (n = 9 per sample). Input normalized soluble
chromatin was used for ChIP assays from each sample.

ATF6-C/EBP-f§ Complex Binds to CRE/ATF Elements in Dapk1 Promoter.
To address whether ATF6—C/EBP- complex is recruited to Dapk!
promoter, we performed ChIP assays. We first immunoprecipitated
the chromatin with a C/EBP-p antibody and then re-ChIPed the
products with an ATF6 antibody and vice versa (Fig. 4 A and B).
The reactions were Dapkl promoter positive only upon IFN-y
treatment. As expected, PCR products were not detected in the
control reactions where normal IgG (nonimmune) was used for re-
ChIPing or for direct ChIP. Quantitative ChIP assays showed
a time course of IFN-y treatment (Fig. 4 C and D). Thus, both
ATF6 and C/EBP-f are in the same promoter complex.

ATF6 and C/EBP-p Depend on Each Other for Binding to Dapk1
Promoter. We next determined whether ATF6 and C/EBP-f are
recruited to the Dapkl promoter independently of each other
after IFN-y treatment with ChIP assays for ATF6 by using
Cebpb™'* and Cebpb™~ MEFs. IFN-y stimulated ATF6 re-
cruitment to the Dapkl promoter in Cebpb*'*, but not in
Cebpb™~ MEFs (Fig. 4E). Fig. 4F shows quantified ChIP data
after a time course of IFN-y treatment. Similarly, we investigated
whether C/EBP-f recruitment to Dapkl promoter depended on
ATF6. ChIP assays revealed that C/EBP-f was recruited to
DapkI promoter only in A#f6™'*, but not in Atf6~'~ MEFs upon
IFN-y treatment (Fig. 4G). Fig. 4H shows kinetics of C/EBP-p
recruitment as shown by a quantitative ChIP. Thus, the IFN-y—
stimulated recruitment of ATF6 and C/EBP-p to the Dapkl
promoter appears to be mutually dependent. Further, IFN-p also
induced Dapkl expression and the recruitment of ATF6 and C/
EBP-$ to the Dapkl promoter (Fig. S4 D and E).

Functional ATF6 and C/EBP-f Are Critical for IFN-y-Induced Autophagy.
Because A1f6~"MEFs showed very low levels of DAPK1 protein
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(Fig. S64) and DAPKI1 participates in autophagy (6, 7, 16), we
next examined whether IFN-induced autophagy occurred in the
absence of ATF6. Autophagy is characterized by redistribution
of the microtubule-associated light chain 3 (LC3) protein into
cytoplasmic puncta. To detect LC3 puncta, Atf6™'*, Atf6™",
Cebpb™*'*, or Cebpb™~ MEFs stably transfected with a GFP-LC3
expression vector (Fig. S6B) were treated with either IFN-y or
chloroquine (a positive control). Higher numbers of LC3 puncta
were found in A#f6™'* and Cebpb™* MEFs upon IFN-y treat-
ment compared with Atf6™~ or Cebpb™~ MEFs (Fig. 54 and Fig.
S6B). We next performed a rescue experiment by transfecting
these cells with corresponding wild-type or mutant versions of the
missing gene products. IFN-y failed to induce the puncta for-
mation when the empty vector or ATF6mut was expressed into
Atf6™" cells (Fig. 5B). However, ATF6 restoration caused a sig-
nificant rise in LC3 puncta in response to IFN-y. Similarly, when
Cebpb ™~ cells were transfected with either an empty vector or C/
EBP-§ T'®A mutant (which failed to interact with ATF6 upon
IFN-y treatment; see Fig. 3D), fewer LC3 puncta were observed
(Fig. 5B). Restoration of wild-type C/EBP-§ alone established
IFN-y—induced autophagy as observed by a significant increase in
the number of LC3 puncta (Fig. 5B). Chloroquine (which blocks
the fusion of autophagosomes with lysosomes) promoted LC3
puncta formation irrespective of ATF6 or C/EBP-B status,
showing that there is no global deficiency of autophagy in these
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cells (Fig. 5B). Mean GFP-LC3 puncta formed upon IFN-y
treatment in each case (Fig. 5B, Bottom) showed significant dif-
ferences. Alternatively, formation of LC3 II (generated by pro-
teolysis and lipidation of LC3 I) upon IFN-y treatment in WT,
Atf6~~, and Cebpb™~ MEFs was analyzed by Western blotting
(Fig. 5C). The fold increase in LC3II levels (Fig. 5C, Lower),
correlated well with puncta formation. Formation of LC3II in
response to IFN-y was significantly lost in the absence of either
C/EBP-f or ATF6. Furthermore, formation of IFN-induced
auotphagic puncta by endogenous LC3 was inhibited by 3-methyl
adenine (Fig. S54). Importantly, up-regulation of IFN-y—induced
autophagic response correlated with induction of DAPKI1 levels
in the presence of functional ATF6 (Fig. SDS) or C/EBP-p (Fig.
5E), but not by ATF6émut or C/EBP-p T'*’A mutant. Thus,
functional ATF6 and C/EBP-p are necessary for IFN-y—stimu-
lated Dapkl expression and induction of autophagy.

Increased Mortality of Atf6~ Mice upon Challenge with Bacillus
anthracis (BA). Because IFN-y is a critical component of host
defense against B4 (17), we next investigated whether mice
lacking ATF6 were sensitive to BA infection. Age-matched WT
and A1f6~'~ mice were infected i.p. with Gram-positive B4 Sterne
34F2 spores (1 x 10° spores per mouse, a sublethal dose to WT
mice) and monitored for si/gns of infection and survival. A sig-
nificant percentage of A#f6'~ mice succumbed (71.5% mortality;
P < 0.01) to infection, compared with the WT mice, which
exhibited only 14.3% mortality after infection by the end of 9 d
(Fig. 6A4). Notably, mice started to die as early as the third day of
infection in the A#f6~'~ group, compared with day 8 in the WT
group. To identify the bases for differences between A#f6~'~ and
WT mice in their responses to BA infection, bacterial loads were
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Fig. 5. Functional ATF6 and C/EBP-B are critical for IFN-y-induced autoph-
agy. (A-C) MEFs stably transfected with GFP-LC3 were treated as indicated.
(A) LC3 puncta were quantified and expressed as mean intensities (*P <
0.001, n = 10) (B) LC3 puncta formation in the presence of specific restoration
vectors. (B Lower) LC3 puncta quantification (*P < 0.001, n = 10). (C) In-
dicated cell lines were treated with IFN-y, and proteins lysates were sub-
jected to Western blot analyses with specific antibodies. The fold LC3lII
formation was quantified (*P < 0.001). (D and E) Western blot analyses of
lysates from Atf6~~ and Cebpb™'~ MEFs, respectively, transfected with the
indicated constructs.
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measured 4 d after infection. A significantly higher and a mod-
erate increase in bacterial burden was observed in the spleens
and livers, respectively, in A#f6~'~ mice compared with the WT
mice (Fig. 6B). The increased bacterial load in spleen corre-
sponded to a dramatically diminished spleen size in A#f6~'~ mice
(Fig. 6C). Further, peritoneal macrophages collected from A¢f6™~
mice showed significantly fewer numbers of LC3 puncta (P <
0.01) than those from WT mice (Fig. 6D). Among other bacteria,
Salmonella typhimurium is also controlled by autophagy in the
infected cells (18). We verified this observation by infecting WT
and Atf6~'~ MEFs with S. typhimurium. Unlike the WT MEFs,
Atf6~'~ MEFs formed significantly lower numbers of LC3 puncta
upon infection with Salmonella in cell culture (Fig. S6C). Taken
together, our findings suggest that ATF6 may function in the
defense against microbial pathogens via induction of autophagy.

Discussion

DAPKI1 suppresses tumor growth and metastasis via induction of
apoptosis and autophagy (5, 7, 16). DAPKI is also a transcrip-
tional target of p53 and p19ARF (6). In certain nonsmall cell
lung cancer and neuroblastoma cell lines, DAPKI1 is down-reg-
ulated by RASSF1A (19). Earlier, we have identified that the
expression of Dapkl! critically depends on transcription factor C/
EBP-$ through a CRE/ATF element (4).

C/EBP-p is a major regulator of metabolism (3), cell differen-
tiation, growth, immune responses, neoplastic growth, develop-
ment of the reproductive system (9), and pro- and antigrowth
pathways (20). Given these diverse activities, it is conceivable that
C/EBP- association with different cellular factors in a gene con-
text and signal-specific manner may regulate it. Indeed, C/EBP-$
can interact with transcription factors outside its family (3). Here,
we have provided evidence for a unique pathway in which IFN-y—
stimulated proteolytic processing of ATF6 and ERK1/2-induced
phosphorylation of C/EBP-§ converge on and up-regulate Dapk].
ATF6 induces the XBPI mRNA (coding for a transcription factor)
in response to ER stress. Interestingly, in XbpI '~ cells, expression
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Fig. 6. Atf6~'~ mice are highly susceptible to lethal infection by B. anthracis.
(A) Atf6~~ and WT mice (n = 7 mice per group) were challenged with BA
Sterne Spores, were performed, and percent survival (Kaplan-Meier analy-
ses) was plotted. (B) Mice were infected with 1 x 10° BA Sterne 34F2 spores
i.p., and bacterial titers in organs (cfu/g of tissue) were determined at 96 hpi.
Lines indicate median values. (C) Spleens of Atf6 '~ and WT mice were shown
at 96 hpi. C Lower shows quantification of the same (n = 5 per group); error
bars represent SD. (D) Endogenous LC3 puncta formation in peritoneal mac-
rophages of Atf6~'~ and WT mice at 96 hpi. (D Lower) LC3 puncta quantifi-
cation (n = 10 fields) from three independent mice per group. *P < 0.01.
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of C/EBP-p is suppressed (21). An XBP1-binding site in the 3’
UTR of Cebpb is necessary for inducing transcription (21).

A direct role for ATF6 in IFN-induced Dapkl expression was
supported by (i) binding of ATF6 to CRE/ATF in Dapkl pro-
moter (Figs. 1 and 4); (ii) loss of DAPKI induction in the pres-
ence of ATF6-specific sShRNAs (Fig. 1); and (iii) restoration
of DAPKI levels and autophagy after expression of ATF6 in
Atf6™'~ cells (Fig. 5). Because the IFN-induced expression of Irf1
(22) was unaffected by the loss of either ATF6 (Fig. 1) or C/EBP-
B (4), we believe there was no global loss of IFN-y response in
these cells. A number of stress conditions disrupt ER homeo-
stasis and cause the activation of ATF6 (23). Indeed, IFN-y has
been reported to induce ER stress in oligodendrocytes, although
the mechanisms are unclear (24). Thyroid cells undergoing ER
stress stimulate IFN-y production by NK cells (25). Interestingly,
like the ER stress inducers, IFN-y caused a dissociation of ATF6
from BiP and migration to the nucleus (Fig. 2). However, unlike
the classical ER stress response, ATF6 required C/EBP-§ to
drive Dapkl expression (Fig. 4). Although ATF6 exhibits some
DNA-binding activity, it is known to partner with other DNA-
binding proteins, such as NF-Y, YY1, and SRF, to modulate
gene expression in other pathways (26, 27). ATF6/NF-Y and
ESRE interactions are critical for transcriptional induction of
not only ER chaperones but also of CHOP and XBP-1 (13).
Whether IFN-y crosses into these pathways remains unknown.
The IFN-y-induced activation of ATF6 is a mechanism of pro-
teolytic processing of a transcription factor for this cytokine.
Previously, an ER stress pathway that up-regulates CHOP (a
target of ATF6), which plays a key role in nitric oxide-mediated
apoptosis in murine macrophages, was reported (28). These
studies, however, did not identify the mechanism(s) involved.

We have reported the critical dependence of an ERK1/2 phos-
phorylation site of C/EBP- for transcriptional induction of Dapk1
and other genes earlier (4). The disruption of this site abolished
IFN-y-stimulated C/EBP-f interaction with ATF6 (Fig. 3). Con-
sistent with this result, [FN-y—stimulated recruitment of both ATF6
and C/EBP-f to Dapkl promoter is severely ablated in ERK1/2-
depleted cells (Fig. 3). Interestingly, IFN-y stimulated ATF6-C/
EBP-p interactions occurred in cells lacking either STAT1 or JAK1
(Fig. S4 B and C), indicating their independence from these classic
IFN-regulated signaling factors. These interactions were slightly
weaker (1.5-fold less) in the absence of JAK1 (U4A), which did not
recover even after the rescue of JAK1 (U4A/R).

Our studies demonstrated C/EBP-f is critical for IFN-induced
growth-suppressive pathway via DAPK1 (antigrowth pathway),
whereas other studies showed Ras-mediated activation of C/EBP-
f as important for keratinocyte survival (progrowth pathway) and
skin tumorigenesis (20). These diverse effects of C/EBP-f on cell
growth can now be explained in part by our current studies.
ATF6-C/EBP-$ promotes a growth-suppressive pathway, whereas
C/EBP-p homodimers may promote growth response (29) in
a signal and cell type-dependent manner. Importantly, ATF6 and
C/EBP-p recruitment to the Dapkl promoter depends on the
presence of each other (Fig. 4). Such a mechanism is analogous
to STAT1/STAT?2 interaction with the ISREs in response to type
I IFNs (2).

DAPKI is implicated in early steps of autophagy (6, 7, 16).
Indeed, DAPKI1 constitutes a critical integration point in ER
stress signaling and cell death that transmits these signals into
two distinct directions, caspase activation and autophagy (16).
DAPKI requires Ca>*/Calmodulin for its activity and associates
with cytoskeleton during cell death induction (6). It is likely that
although ER membranes support the formation of autophago-
phores, Ca>* derived from ER stores could activate DAPK1 and
promote maturation of autophagosomes. Indeed, a recent study
showed that DAPKI binds to another regulator of autophagy,
microtubule-associated protein 1B (MAP1B), and depletion
of MAPIB attenuated DAPK-1-stimulated autophagy (30).
MAPI1B further recruits LC3 II (also known as ATGS), which
permits the maturation of autophagic vesicles. It is clear that
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a number of steps in this process are signal-dependent. For ex-
ample, Beclinl is phosphorylated by DAPK1 to drive autophagy
(31). Consistent with these observations, we found defective
autophagy in cells lacking either ATF6 or C/EBP-f (Fig. 5 and
Figs. S5 and S6). This notion is further bolstered by our obser-
vations that the A6~ mice are relatively hypersensitive to
bacterial infection-induced death (Fig. 6), even at sublethal
doses. Such defective protection against infection appears in part
due to a significantly poorer execution of autophagy by the A#f6~'~
macrophages than the WT cells. Infection and comparison of
WT and Atf6~'~ MEFs in vitro with Salmonella also yielded very
similar observations. As our paper was being revised, an in-
dependent group reported proteolytic activation of ATF6 and
ER stress after infection with Listeria monocytogenes (32). Cells
infected with Listeria also mount autophagy as a defense mech-
anism (33). Thus, ATF6 appears to be intimately associated with
the autophagy. Interestingly, one of the major phenotypes of the
Cebpb™~ mice is their inability to inhibit the multiplication of
intracellular bacteria and kill heterologous tumors (10). If one
closely observes the electron micrographs reported by Tanaka
et al. (10), they seem more like defects in autophagy rather than
phagosomes as suggested by the authors. Our data showing
C/EBP-B-T'®’ and ERK1/2 requirement for IFN induced auto-
phagosome formation (Fig. 5) consistent with the report of
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Tanaka et al. Importantly, although a connection between ER
stress and autophagy has been suggested (34), how ER stress is
coupled to autophagy is unknown. The participation of ATF6 in
autophagy (this report) establishes this critical missing link.

Autophagy is crucial for a number of diverse physiological
responses, including elimination of intracellular bacteria, viruses
and parasitic pathogens, damaged organelles, antigen presentation,
tumor suppression, and macrophage-dependent clearance of apo-
ptotic cells (35, 36). It is interesting to note that IFNs play a major
role in all these processes. The, IFN-y—-ATF6-C/EBP-p—-DAPK1
axis may explain a route of control for regulating tumor and bac-
terial growth via autophagy.

Materials and Methods

All gene expression, Western blot, RNAI, transfection, ChIP assays, and
quantitiative PCR analyses were performed as described in our earlier reports
(4). ATF6-kncokout mice in the C57BL/6 background were described (37). All
reagents and detailed methods and results are described in S/ Materials and
Methods and S/ Results.
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