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Transcription factor C/EBP-f3 regulates a number of physiological responses. During an investigation of the
growth-suppressive effects of interferons (IFNs), we noticed that cebpb™'~ cells fail to undergo apoptosis upon
gamma IFN (IFN-v) treatment, compared to wild-type controls. To examine the basis for this response, we have
performed gene expression profiling of isogenic wild-type and cebpb™'~ bone marrow macrophages and
identified a number of IFN-y-regulated genes that are dependent on C/EBP- for their expression. These genes
are distinct from those regulated by the JAK-STAT pathways. Genes identified in this screen appear to
participate in various cellular pathways. Thus, we identify a new pathway through which the IFNs exert their
effects on cellular genes through C/EBP-f3. One of these genes is death-associated protein kinase 1 (dapkl).
DAPKI1 is critical for regulating the cell cycle, apoptosis, and metastasis. Using site-directed mutagenesis, RNA
interference, and chromatin immunoprecipitation assays, we show that C/EBP-f3 binds to the promoter of
dapkl and is required for the regulation of dapkl. Both mouse dapkl and human dapkl exhibited similar
dependences on C/EBP-3 for their expression. The expression of the other members of the DAPK family
occurred independently of C/EBP-3. Members of the C/EBP family of transcription factors other than
C/EBP-f did not significantly affect dapkl expression. We identified two elements in this promoter that respond
to C/EBP-3. One of these is a consensus C/EBP-3-binding site that constitutively binds to C/EBP-f3. The other
element exhibits homology to the cyclic AMP response element/activating transcription factor binding sites.
C/EBP-f binds to this site in an IFN-y-dependent manner. Inhibition of ERK1/2 or mutation of an ERK1/2 site
in the C/EBP-3 protein suppressed the IFN-y-induced response of this promoter. Together, our data show a

critical role for C/EBP-f3 in a novel IFN-induced cell growth-suppressive pathway via DAPK1.

The interferon (IFN) family of cytokines regulates a number
of physiological responses including innate defenses against
viral, bacterial, and parasitic pathogens; the development of
neoplastic growth; and specific immunity (6, 21, 28, 31, 74, 78).
IFN-induced activities are driven largely through an induction
of cellular IFN-stimulated genes (ISGs). IFN-induced signals
regulate the expression of several immediate-early genes in-
volved in innate immunity against infectious pathogens
through a relatively well-defined signaling pathway known as
the JAK-STAT pathway (41). IFN-y-induced activation of the
tyrosine kinases JAK1 and Tyk?2 leads to tyrosyl phosphoryla-
tion of the receptor and the STAT1 and STAT2 proteins,
which causes the nuclear migration of STATs and the forma-
tion of a transcriptionally active DNA-binding complex,
ISGF3, in association with a non-STAT protein, IRF9 (9). In
the IFN-vy-initiated pathways, tyrosine kinases JAK1 and JAK2
cause the tyrosyl phosphorylation of the STAT1 protein, which
migrates to the nucleus and binds the gene promoters that
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possess an IFN-y-activated site (GAS) or GAS-like sites and
stimulates gene expression (77). STATs are rapidly activated
following the engagement of IFNs with their receptors, and
their initial activation is terminated within an hour through the
recruitment of nuclear export mechanisms (46), synthesis of
inhibitors of JAKs (2, 12), and dephosphorylation of activated
STATs (86) despite the presence of IFN in the extracellular
environment. It is also known that IFNs, particularly gamma
IFN (IFN-v), continue to induce the expression of a number of
cellular genes and their biological responses even after the
cessation of the JAK-STAT pathways (10) and even in stat] '~
cells (26, 63). Gene regulatory pathways mediated by the tran-
scription factors IRF1 and IRFS are some examples of STAT-
independent IFN-induced regulation (81, 84). Previously, we
showed that the transcription factor C/EBP-B participates in
an IFN-y response pathway that involves its binding to a novel
IFN-vy-responsive element, GATE, identified in the irf9 pro-
moter (70, 90). GATE-driven transcription, although IFN de-
pendent, does not involve a direct binding of STATS to the irf9
promoter and occurs through C/EBP- in a kinetically delayed
manner in the apparent absence of activated STAT1 and JAK1
(70, 90).

The C/EBPs are a group of transcription factors that belong
to a superfamily constituted of CREB, Fos, Jun/AP-1, activat-
ing transcription factor (ATF), and Maf/Nrf. The C/EBP sub-
family includes C/EBP-o, C/EBP-B, C/EBP-y, C/EBP-3,
C/EBP-¢, and C/EBP-{ (37, 39). These proteins participate in
a number of biological responses including energy metabolism
(17), fat storage, tissue differentiation (18, 73), hematopoiesis
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(59), the immune response (1), antibacterial defense (82), and
female fertility (79). Among these proteins, C/EBP-f uniquely
responds to a variety of extracellular and intracellular signals
to mediate a number of responses (37, 39). Although the effect
of C/EBP-B on irf9 is well characterized (70, 93), it is not clear
whether C/EBP-B has any other gene targets in the IFN-sig-
naling pathways. Recently, we noticed that IFN-vy-induced cell
death is suppressed significantly in cebpb™'~ cells, indicating
the existence of other potential IFN-induced pathways driven
through C/EBP-B. In order to examine the importance of
C/EBP-B in IFN-signaling pathways, we have conducted mi-
croarray-based gene expression profiling in this investigation.
Our data uncovered that a number of genes involved in various
responses are dependent on C/EBP-B for their expression.
Surprisingly, we have found that the basal and IFN-y-induced
expression of DAPKI, a cell death-activating serine/threonine
protein kinase, is critically dependent on C/EBP-B. The loss of
C/EBP-B completely suppressed the basal and IFN-induced
transcription from the dapkl promoter. The expression of
dapkl is not significantly modulated by other members of
C/EBP family. Using RNA interference, promoter mutational
analyses, and chromatin immunoprecipitation (IP) (ChIP) as-
says, we show that C/EBP-B directly binds to the dapkl pro-
moter and regulates its basal and IFN-y-induced expression.
Two elements, a distal consensus C/EBP-B-binding site (CBS)
and a promoter-proximal cyclic AMP response element
(CRE)/ATF binding site, appear to mediate these responses.
We also show that in response to IFN-vy, the ERK1/2 proteins
phosphorylate a critical threonine residue of C/EBP-B for in-
ducing dapkl expression. Thus, C/EBP-B links IFN signal
transduction pathways to the control of cell growth through
DAPKI.

MATERIALS AND METHODS

Cell lines, antibodies, and plasmids. Isogenic wild-type (cebpb™™) and
cebpb™/~ mouse embryonic fibroblasts (MEFs) were grown in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen) supplemented with 8% fetal bovine serum and
1% antibiotic-antimycotic agents as described previously (69). IFN-y (PBL Bio-
medical Labs, Piscataway, NJ) was used at 500 U/ml in these experiments unless
indicated otherwise. hTERT-HMEI, a nononcogenic human mammary epithe-
lial cell line (Clontech), was grown in MCDB 170 medium supplemented with
bovine pituitary extract, hydrocortisone, insulin, gentamicin, human epidermal
growth factor, amphotericin B, and 10% fetal bovine serum (Clonetics, Palo
Alto, CA). This cell line was a gift from George Stark, Cleveland Clinic Foun-
dation, Cleveland, OH. Wild-type and cebpd '~ MEFs were provided by Esta
Sterneck, NCI—Frederick Cancer Research Facility (NCIFCRF), Frederick,
MD. cebpb '~ Jcebpd '~ double-knockout MEFs were provided by Sarah Gaffen,
SUNY—Buffalo, Buffalo, NY. Expression vectors coding for the wild-type and
the kinase-deficient (K42A) mutant of DAPK1 (15) were provided by Adi Kim-
chi, Weizmann Institute of Science, Tel Aviv, Israel. The three different isoforms
of C/EBP-B, LAP1, LAP2, and LIP, seen in some cells, have been suggested to
be products of translational initiation at internal methionines within the same
open reading frame (39). However, they were also shown to be produced during
the extraction of cells (5). We have used full-length murine C/EBP-B (LAP1
isoform that migrates at ~38 kDa on sodium dodecyl sulfate [SDS]-polyacryl-
amide gel electrophoresis gels) throughout this study. This is the major isoform
seen in bone marrow (BM) cells and MEFs under our culture conditions. That
said, there was no significant difference between the LAP1 and LAP2 isoforms in
terms of their abilities to transactivate the dapkl promoter in our experiments
(data not shown). C/EBP- mutants Mutl and Mut2 were described previously
(92), while T'®°A and T''D were generated using PCR-directed mutagenesis
using the primers shown in Table S4 in the supplemental material. Plasmid-based
primers (shown in the third row of Table S4 in the supplemental material) were
used in combination with the mutant primers to generate the PCR products. All
mutants were expressed from the pCDNA 3.1 Neo vector. Sequence-verified
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mutants were used in the experiments. Rabbit antibodies specific for C/EBP-a,
C/EBP-B, C/EBP-3, caspase-8, and caspase-9 (Santa Cruz Biotech) and mouse
monoclonal antibodies specific for DAPK1 and actin (Sigma-Aldrich, Inc.) were
used in these experiments. Total extracellular signal-regulated kinase (ERK) and
diphosphorylated ERK (ppERK) antibodies were obtained from Cell Signaling
Technology, Inc. Rabbit polyclonal antibodies against the phospho-T'*? form of
C/EBP-B were provided by Peter Johnson, NCIFCREF, Frederick, MD. The ERK
pathway inhibitors PD98059 and U0126 (24) and the phosphatidylinositol (PT)
3-kinase inhibitor L'Y294002 were purchased from Calbiochem, Inc. Death-
agonistic Fas antibody was purchased from BD Biosciences, Inc.

Generation of BM cell lines. To better define the impact of IFN-y-stimulated
C/EBP-B on cellular gene expression, we generated BM macrophage cell lines
from wild-type (cebpb*'*) and cebpb™'~ mice (91). The mice used were a
mixture of 129/Sv and C57BL/6 strains maintained by a continuous intercrossing
of heterozygous animals. This is due to the facts that cebpb '~ female mice are
infertile and the homozygous deletion of cebpb causes embryonic lethality, which
yields an extremely low frequency of viable cebpb ™'~ pups (79). The macrophage
cell lines were obtained by infecting freshly isolated plastic-adherent BM mac-
rophage cells with a recombinant J2 retrovirus that expresses v-Myc and v-Raf
(8). These cells were cultured continuously in the presence of recombinant
human macrophage colony-stimulating factor (M-CSF) (100 ng/ml) and were
analyzed for the expression of Mac-1 and F-480 markers. Each cell line was
greater than 90% positive for these markers, and by this criterion, they are
monocyte/macrophage-like cells (data not shown). These cells were genotyped
first to demonstrate their genetic identities. We have used a combination of two
PCR primer sets with genomic DNA as a template, one that detects a wild-type
locus yields a 294-bp product, and the other that detects the disrupted locus, with
the npt gene present, yields a 351-bp product (Peter Johnson, NCIFCRF, Fre-
derick, MD, personal communication). The cebpb-specific primers 5'-AGCCCC
TACCTGGAGCCGCTCGCG (forward) and 5'-GCGCAGGGCGAACGGGA
AACCG (reverse) and the npt gene-specific primers 5'-GTGCTCGACGTTGT
CACTGAAGCGG (forward) and 5'-GATATTCGGCAAGCAGGCATCG
(reverse) were used for genotyping. Tail DNAs from homozygous (+/+ and
—/—) and heterozygous (+/—) mice were used as controls in these experiments.
Cells were grown continuously in the presence of M-CSF. However, during
IFN-y treatment, M-CSF levels were lowered to 1/10 of the original concentra-
tion to minimize excessive mitogenic stimulus. To avoid passage-dependent
cellular changes (induced by the myc-raf oncogenes used for immortalization),
we have used cells in early passages (passages 5 to 8) to perform these experi-
ments.

Apoptosis assays. Cells were grown in chamber slides, treated with the indi-
cated reagents, and fixed with formaldehyde. They were then stained with DAPI
(4',6'-diamidino-2-phenylindole) (250 ng/ml), washed, and observed under a
fluorescent microscope for nuclear condensation and fragmentation. The num-
bers of nuclei undergoing apoptosis from several different fields were counted
and expressed as a percentage of total nuclei. This method of determination of
apoptosis directly correlates with other methods such as annexin V staining and
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(3). We have used annexin V staining as another correlate of apoptosis using a
commercially available tetramethyl rhodamine isocyanate (TRITC)-labeled an-
nexin V cell labeling kit (Trevigen, Inc.). In rescue experiments, expression
vectors carrying the gene of interest or the corresponding empty vector was
electroporated into cebpb ™'~ cells (107 cells) along with vector pEGFP (Clon-
tech, Inc.) using Nucleofector technology (Amaxa Inc.), as recommended by the
manufacturer. After electroporation, the cells were distributed into different
plates and treated with the indicated agents for 16 h. They were stained with
TRITC-annexin V and subjected to fluorescence-activated cell sorter (FACS)
analysis. The percentage of green fluorescent protein (GFP)-positive cells that
became TRITC positive was estimated for determining the magnitude of apop-
tosis. Expression of the transfected gene product was determined using Western
blot analyses. Caspase activities were determined using a commercially available
colorimetric assay kit as recommended by the manufacturer (Biosource Inter-
national, Inc.).

Gene expression profiling. To identify IFN-y-regulated C/EBP-B-dependent
genes, we screened a microarray consisting of 15,000 individual mouse cDNAs
(the NIA mouse 15K collection). Poly(A)* RNA isolated from cebpb*/* and
cebpb~/~ BM macrophage cell lines was stimulated with IFN-y (500 U/ml) for
various lengths of time (1, 2, 4, 8, 12, 16, 20, and 24 h) and used for probe
preparation. Although these cells were normally cultured with M-CSF, they were
moved to a medium with a low M-CSF during IFN-vy treatment to avoid potential
signaling conflicts with M-CSF. Greater than 90% of cells were viable under
these conditions. Pooled poly(A)* RNAs from three independent batches of
cells were used for the microarray profiling. The IFN-treated samples were
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pooled. Control RNAs were prepared from the untreated samples. The resultant
mRNAs were converted to cDNAs and labeled with Cy3 and Cy5 dyes. They
were then hybridized to a mouse 15K ¢cDNA array, washed, and scanned at the
Walter Keck Biotechnology Resource Facility at Yale University, New Haven,
CT, using established protocols (11), and the data were analyzed using the
GENEPIX 3.0 program. For each cell type, untreated samples were compared to
IFN-y-treated samples. Genes induced in cebpb™* cells in response to IFN-y
were first identified. They were then compared to those expressed in cebpb '~
cells. Genes that were expressed in response to IFN-y by more than twofold in
cebpb™'™ but not in cebpb ~'~ cells were considered to be C/EBP-B-dependent
IFN-vy-induced genes. Conversely, genes whose expression was suppressed in
response to IFN-y in cebpb™'* but not in cebpb ~/~ cells were considered to be
C/EBP-B-dependent IFN-y-repressed genes.

Lentiviral shRNAs. Lentiviral vectors carrying short hairpin RNAs (shRNAs)
specific for human and mouse cebpb, mouse cebpa and cebpd, and mouse erk!
and erk2 were purchased from Open Biosystems, Inc. Virus stocks were prepared
as recommended by the supplier (49). Mouse and human cebpb-specific SIRNAs
(nucleotides in boldface type) have the following sequences: 5'-CCGGGCCC
TGAGTAATCACCTTAAACTCGAGTTTAAGGTGATTACTCAGGGCT
TTTT and 5'-TGCTGTTGACAGTGAGCGCTGTGTACAGATGAATGATAAA
TAGTGAAGCCACAGATGTATTTATCATTCATCTGTACACATTGCCTAC
TGCCTCGGA, respectively. Both these shRNAs target the 3’ untranslated
region of the cebpb mRNAs in their respective species. Because their target
sequences are not identical, these sShRNAs could not direct the degradation of
the endogenous mRNAs when infected in cells of another species. Hence, we
used them as scrambled shRNA controls in some experiments. All ShRNAs were
expressed using pLKO1-puro, a lentiviral expression vector in which shRNAs are
generated under the control of the human U6 promoter. This vector also carries
a puromycin resistance marker gene under the control of the human phospho-
glycerate kinase gene promoter, which allows the selection of transfected cells.
To produce infectious lentiviral particles, each shRNA expression plasmid (3 pg)
was mixed with vectors pCMV-dR8.2dvpr (2.7 pg) and pPCMV-VSVg (0.3 ng)
and transfected into HEK-293T cells using Fugene 6 reagent (Roche) as de-
scribed previously (49). Medium from these cultures was collected daily for 5
days, pooled, passed through a 0.45-pm filter, and used as a source for lentiviral
shRNAs. Knockdown of expression of the target gene was assessed by perform-
ing Western blot analyses.

Reverse transcription (RT)-PCR analyses. Cells (70% confluent) were treated
with IFN-y (500 U/ml). After washing with phosphate-buffered saline, they were
lysed, and RNA was extracted using RNAzol reagent (Tel-Test Inc.). Total RNA
was used for cDNA synthesis by using a kit (Invitrogen, Inc.). The resultant
cDNA was used as a template in real-time PCR utilizing Sybr chemistry by using
gene-specific primers (see Table S1 in the supplemental material). Ribosomal
protein L32 (rpl32) transcript abundance was used as an internal control under
these conditions using primers 5'-TTAAGCGTAACTGGCGGAAACC (for-
ward) and 5'-CAGTAAGATTTGTTGCACATCAGC (reverse). The mean rel-
ative abundance of specific transcripts was calculated on the basis of threshold
cycle values as described in our recent studies (36). All reactions were performed
in triplicates. Each experiment was repeated with three separate batches
of RNA.

Northern and Western blot analyses. Northern blot analysis was performed as
described previously (90). After SDS-PAGE, proteins were transferred from the
gel onto a nylon membrane, blocked with 4% milk in Tris-buffered saline con-
taining 1% Triton X-100 for 1 h, and incubated with primary antibodies (1:1,000
dilution) overnight at 4°C. The membranes were washed with Tris-buffered
saline containing 1% Triton X-100 for 5 min twice and incubated with horse-
radish peroxidase-conjugated secondary antibody (Amersham) at a 1:2,000 dilu-
tion for 1 h. The membrane was washed, and the blot was developed using
enhanced chemiluminescence reagents (Pierce, Inc.).

Reporter gene assays. Cells were transfected with the indicated luciferase
reporter constructs (300 ng) along with a B-actin-B-galactosidase reporter plas-
mid (100 ng). In some experiments, the pcDNA3.1 vector or the same vector
coding for various C/EBPs (100 ng) was cotransfected. Luciferase activity was
determined after various treatments and normalized to that of B-galactosidase
(69). Each experiment was repeated at least three times, and triplicate samples
were employed for each sample. Depending on which construct was used for the
experiments, basal luciferase activities observed with vector pGL3-basic or
pGL3-promoter were subtracted from the experimental values.

Isolation of dapkl promoter and generation of its derivatives. Genomic DNA
prepared from C57BL/6 mouse tails was used as a template to amplify a 3-kb
fragment upstream of the mouse dapk! gene using primers 5'-CGACGCGTCG
CTAGTTATATGTTTGTTCAC-3' (forward) and 5'-CCGCTCGAGCGGTCC
GCTGCGCTCGCGGCTCCT-3' (reverse) (based on a mouse sequence in the
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GenBank database). The underlined sequences represent Mlul and Xhol re-
striction sites, respectively. A PCR product was generated using Platinum Pfx
(Invitrogen, Inc.) and cloned into the Mlul and Xhol sites of the pGL3-basic
vector (Promega, Inc.). Various deletion constructs carrying different lengths of
the promoter region were generated using specific primers (see Table S2 in the
supplemental material). To test the promoter independence of specific motifs,
DNA fragments derived from the dapkl promoter were cloned into the pGL3-
promoter vector (Promega, Madison, WT).

The mDAPK 1.2-kb construct was used as a template for introducing point
mutations. Primers used for site-directed mutagenesis are indicated in Table S3
in the supplemental material. Mutants were generated by two rounds of PCR.
The first round of amplification involved a specific mutant primer and a flanking
primer (vector-specific primer RV3 or GL2). The products of the first PCR were
purified and mixed in an equimolar ratio, and a second round of PCR was
performed using the flanking primers (RV3 and GL2). The second-round PCR
product was digested with KpnI and BgIIT and cloned into the pGL3-basic vector
utilizing the same sites. For the generation of double-mutant mDAPK, 1.2-kb
CRE/ATFmut was used as a template in PCR with CBS-specific mutant primers.
The CBS core sequence was mutated from TGGC to GTCT, and the CRE/ATF
core sequence was mutated from GACG to GGTC. These wild-type or mutant
constructs were also used as templates for generating a 649-bp promoter frag-
ment, which included the CBS and CRE/ATF sites but lacked the native dapkl
promoter, and cloned into the pGL3-promoter vector, in which the simian virus
40 (SV40) early promoter drove the basal expression of the luciferase gene.

Wild-type 1.2-kb mDAPK was used as a template in PCR with specific primers
(see Table S4 in the supplemental material) to generate dapkl promoter frag-
ments (200 bp) that contain either CBS or CRE/ATF sites. The promoter
fragments were cloned into the Kpnl and BglII sites of the pGL3-promoter
vector. Sequence-verified constructs were used in the experiments. hDAPKI1-
Luc, where a fragment at positions —1750 to +280 derived from the human
dapkl promoter drives the expression of a luciferase gene (35), was provided by
R. H. Chen, Institute of Molecular Medicine, National Taiwan University,
Taiwan.

ChIP assay. ChIP assays were performed using a commercially available kit
from the Upstate Biotech, Inc., as recommended by the manufacturer, with
minor modifications. After cross-linking the chromatin with 1% formaldehyde
for 5 min, cells were scraped and collected. The cells were sonicated seven times
for 15 s with 30-s intervals under ice by using a Bronson sonicator. The average
fragment size was 500 bp under these conditions. An equal amount of chromatin
was incubated with at least 5ug of either C/EBP-B-specific immunoglobulin G
(IgG) or normal rabbit IgG (Santa Cruz Biotech) at 4°C overnight. IP products
were collected after incubation with protein G-coated magnetic beads (Active
Motif, Inc.). The beads were washed, protein-DNA cross-links were reversed,
and DNA was purified by phenol-chloroform extraction and ethanol precipita-
tion. Purified DNA from the input and IP samples were subjected to real-time
PCR with specific primers (see Table S5 in the supplemental material).

In vitro phosphorylation of C/EBP-B protein. Mouse C/EBP-B cloned in
pQE-31 (Qiagen, Inc.) was expressed as a hexahistidine-tagged protein in Esch-
erichia coli. The recombinant protein was purified to homogeneity after two
rounds of chromatography on Ni-nitrilotriacetic acid agarose columns and was
used as a substrate for in vitro phosphorylation. The ERK1 and ERK2 proteins
were immunoprecipitated using specific antibodies. Normal rabbit IgG was used
as a negative control for these reactions. The immunocomplexes were bound to
protein G/protein A agarose beads (Santa Cruz Biotech) and washed with IP
buffer. The beads were washed twice and incubated in 20 pl of protein kinase
assay buffer (50 mM HEPES, 0.1 mM EDTA, 0.01% Brij 35, 0.1 mg/ml bovine
serum albumin, 0.1% B-mercaptoethanol, 150 mM NaCl) and 2 pg of recombi-
nant C/EBP-B protein. ATP mix (10 wl) was added and incubated for 20 min at
30°C. ATP mix consisted of 930 .l protein kinase assay buffer, 6 wl 50 mM ATP
(pH 7.0), 20 pl 2.0 M MgCl,, and 44 pl of [y-*?P]JATP (10 mCi/ml). Reactions
were terminated by boiling the samples, and the contents were loaded onto a
10% SDS-PAGE gel. The gels were Western blotted onto nylon membranes. The
membranes were washed and autoradiographed. In some experiments, labeled
bands were identified using a Molecular Dynamics PhosphorImager, and band
intensities (arbitrary units) were quantified.

RESULTS

C/EBP-f3-defective macrophage cells fail to undergo apop-
tosis. Since IFNs cause cell growth arrest and death to exert
their tumor-suppressive actions, we first examined if the loss of
C/EBP-B affected cellular sensitivity to IFN-y treatment. We
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FIG. 1. Loss of cebpb down-regulates IFN-y-induced apoptosis. (A) Genotyping of macrophage cells was performed using PCR. MT, mouse
tail DNA; KO, knockout allele; WT, wild-type allele. (B) Western blot (WB) analysis of C/EBP-f protein expression in BM cells. About 80 pg
of total protein was used for Western blot analysis. Blots were probed with the indicated antibodies. (C) Photomicrograph showing IFN-y-induced
nuclear damage in wild-type BM cells after staining with DAPI. Magnification, X60. White bar, 5 wm. Note the condensation of chromatin after
IFN treatment. (D) Quantification of cell death as monitored by nuclear damage. Baseline cell death values of 1.7% and 1.9% were subtracted
from the experimental values in the cebpb®'* and cebpb ™'~ cells, respectively. vy, IFN-y (500 U/ml); T, TNF-a (100 ng/ml); y/T, IFN-y/TNF-«
combination. Treatments were performed for 18 h. Each bar represents the mean * standard error (SE) for three separate experiments.
(E) IFN-vy-induced cell death as measured by TRITC-annexin V staining. Annexin V staining was performed using a commercially available kit
(Trevigen, Inc.) as recommended by the supplier. FACS analysis was performed to quantify positively stained cells. Baseline values of 1.9% and
2.1% were subtracted from the experimental values in the cebpb ™" and cebpb '~ cells, respectively. Each bar represents the mean = SE for three
separate experiments. (F) Western blot analysis of the expression of apoptotic caspases in cebpb™* and cebpb ™'~ cells. Sixty micrograms of total
protein was used for Western blot analysis with the indicated antibodies. (G) Activation of caspase-8 (after ligation with Fas antibody [3 pg/ml]
for 8 h) and caspase-9 (after UV irradiation [254 nm and 40 mJ/cm?] for 10 min) in cebpb™'* and cebpb '~ BM cells. Caspase activity was assayed
using a commercially available colorimetric assay kit that employs enzyme-specific substrates (Biosource International, Inc.). Filled bars, BM-
cebpb™'™; open bars, BM-cebpb~'~. (H) Induction of apoptosis by adriamycin (A) (100 pg/ml for 8 h) and UV radiation (254 nm and 40 mJ/cm?
for 10 min) and with no treatment (N). Apoptosis was quantified as described above (E). Each bar represents the mean * SE of five separate
samples. (I) Restoration of IFN-y-induced apoptosis following transfection of C/EBP-B. cebpb™'~ BM cells were electroporated with 4 pg each
of either the pcDNA3.1 vector or the same vector coding for the mouse C/EBP- cDNA along with 2 g of the pEGFP expression vector using
Amaxa Nucleofector technology. Cells were grown for 36 h prior to stimulation with IFN-y, TNF-o, and their combination, as described above,
and stained with TRITC-annexin V. GFP-positive and TRITC-positive/GFP-positive cells were quantified after FACS analysis. TRITC-positive/
GFP-positive cells were expressed as a percentage of total GFP-positive cells. Each bar represents the mean + SE (n = 5/sample). The blots below
this graph show a Western blot analysis of the cells used in I with the indicated antibodies. Total protein (68 wg) was used for the analysis.

used two isogenic BM macrophage cell lines generated from
cebpb™'* and cebpb™'~ mice. These genotypes of cells were
ensured first using PCR (Fig. 1A). As expected, wild-type and
cebpb~'~ loci yielded 294- and 351-bp PCR products, respec-
tively. Tail snip DNAs prepared from mice of different
cebpb™'~ genotypes were used as positive controls in these
experiments. Protein extracts from cebpb™’* and cebpb ™/~
cells were also subjected to Western blot analysis with
C/EBP-a- and C/EBP-B-specific antibodies (Fig. 1B). As an-
ticipated, only C/EBP-B was absent in the mutant cells. Impor-
tantly, the loss of C/EBP-B did not affect the expression of
C/EBP-a. Levels of actin protein were comparable between
these cells, indicating equal loading of the protein.

We next tested the effect of IFN-y on these cells. IFN-y is

known to cause growth suppression via apoptosis. We have
also used tumor necrosis factor alpha (TNF-«) as a control in
these experiments because it is known to induce apoptosis in
many cell types. Apoptosis was monitored using two methods:
(i) DAPI staining for nuclear damage and (ii) annexin V bind-
ing for cell surface changes. A typical nuclear damage pattern
observed with DAPI staining after IFN-y treatment of
cebpb™'* cells is shown in Fig. 1C. Diffused chromatin was
found in the nuclei of untreated cells. IFN-y treatment caused
nuclear DNA condensation and fragmentation in these cells.
The number of nuclei with condensed/fragmented chromatin
(dead cells) was quantified from multiple fields (» = 30) in
each case and expressed as a percentage of total nuclei (Fig.
1D). Treatment of cebpb™*’* cells with IFN-y caused a signif-
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icant rise in apoptosis (15-fold) as measured by nuclear dam-
age. Although TNF-a alone did not cause any significant cell
death in these cells, it significantly (P > 0.001) augmented
IFN-vy-induced cell death. In contrast, neither IFN-y nor IFN-
v/TNF-« caused such robust apoptosis in cebpb™'~ cells. A
similar profile was observed upon annexin V staining of the
cells (Fig. 1E). IFN-vy caused a sharp increase in the number of
annexin V-positive cells (dead cells) in cebpb™™ but not in
cebpb™'~ cells. TNF-a treatment augmented it further. The
lack of apoptosis in cebpb ™'~ cells was not due to a reduction
in the levels of caspase-8 and caspase-9 in these cells, as
cebpb™'* and cebpb'~ cells had comparable levels of these
proteins (Fig. 1F). More importantly, caspase-8 activity was
stimulated equivalently upon ligation with a death-agonistic
Fas antibody in both cell types. Similarly, caspase-9 activity was
induced comparably following UV irradiation of cebpb™* and
cebpb™'~ cells (Fig. 1G). Thus, IFN-induced cell death is de-
fective in cebpb '~ cells. Consistent with these observations,
both these cell types were equally sensitive to adriamycin- and
UV-induced apoptosis (Fig. 1H), indicating that there was no
generalized loss of apoptotic response in cebpb™'~ cells. We
next examined if the restoration of C/EBP- would promote
IFN-v-induced cell death in cebpb ™'~ cells. Cells were electro-
porated with empty pCDNA3.1 expression vector or the same
vector carrying C/EBP-B along with a pEGFP expression vec-
tor (for tracking the transfected cells). After 24 to 36 h of
transfection, cells were treated with IFN-y for 24 h and then
stained with TRITC-labeled annexin V. GFP-TRITC double-
positive cells (dead) were expressed as a percentage of the
total GFP-positive cells after FACS analysis (Fig. 1I). Indeed,
the restoration of C/EBP-B, but not the control vector, rees-
tablished the IFN-vy-induced apoptotic program. Expression of
C/EBP-B was confirmed by performing a Western blot analysis
of the transfected cell extracts with C/EBP-3- and GFP-specific
antibodies (Fig. 11, bottom). As expected, C/EBP-B was de-
tected only in cells transfected with the expression vector car-
rying it. The GFP blot shows comparable loading in these
lanes. No such augmentation of IFN-y-induced cell death oc-
curred following the transfection of expression vectors coding
for either C/EBP-a or C/EBP-3 into cebpb™'~ cells (data not
shown). Thus, C/EBP-B is critical for the IFN-y-induced cell
death response(s). Although not shown here, similar apoptotic
effects were observed with IFN-a in these cells (data not
shown).

Identification of C/EBP-f-dependent IFN-y-stimulated
genes. Since IFN-vy failed to induce apoptosis, we next exam-
ined a molecular basis for it by profiling the differences in gene
expression between wild-type and cebpb ™/~ cells. The NIA
mouse 15K cDNA microarray was screened with RNA isolated
from wild-type and cebpb '~ cells. In these experiments, three
independent batches of RNAs from cells treated with IFN-y
for various times (2, 4, 6, 12, 16, and 24 h) were pooled.
Similarly, three independent batches of RNAs from untreated
cells were prepared and pooled. Poly(A)" RNA from each
sample (cebpb™’* untreated and IFN-y treated and cebpb ~/~
untreated and IFN-y treated) was prepared. Labeled cDNA
probes generated from these mRNAs were hybridized to the
c¢DNA microarrays, and changes in gene expression were de-
termined. Genes differentially expressed (induced or re-
pressed) in response to IFN-y by about twofold were identified
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TABLE 1. C/EBP-B-dependent IFN-y-induced genes

Transcript

Fold change

ADP ribosylation-like factor 6-interacting protein.................... 2.973

Alkaline phosphatase ..........cccocoeeevenerererenenerenenerenene 2471
ATP-dependent DNA helicase II.... 2.724
Cold-induced RNA-binding protein... 2.437
Collagen a2(v) chain precursor .......... .2.654
Cyclic AMP phosphoprotein 19 kDa. ....2.086
Cytochrome BS5 ...t 2.667
Dead box polypeptide 5.t 2.250
Death-associated protein kinase 1...... ...4.258
Degenerative spermatocyte homologue............ccou...... .2.606
Dystrophia myotonica protein containing WD repeat .............2.601
Estradiol-17-B dehydrogenase 4 .......c.coocoveeevenererenenenenenenencneneene 2.636
Eukaryotic translation initiation factor 4A .........cccccevvivininnnnne 2.573
Extracellular protease inhibitor .................. .2.662
Ferritin light chain 1 ................. .2.716
Fibulin 1.....cccoovvnvinnnns .2.416
FK506-binding protein 6 ....2.410
Heterogenous nuclear ribonucleoprotein A3... ....2.478
HSPS8O ... 3.234
IRFY/ISGF3g/p48........covvue. 3.276
Limb-expressing 1 homologue . .4.505
Lymphocyte antigen 57............. .3.170
Lymphocyte cytosolic protein 2 ... ..2.651
Membrane protein C21 orf4 ............... .2.831
Microsomal signal peptidase 18 kDa. ..2.867
Na-K-Cl cotransporter ...........cceeueueee. 3.466
NDRGH4 protein....... .2.630
Nuclear protein 220. .2.616
PL30 s .4.578
Phosphatidyl-choline transfer protein.... ....2.443
Phosphoprotein enriched in astrocytes 15.........cooovevinivinirinenne 2.870
Proliferation-associated protein 2G4 ........coeeveeeverenenenenenenenenenene 3.099
Proline-rich protein MP-2 ................... .3.175
Protein p8......cocovveverenee. 4.336
Proteasome psMAG6. 3.482
RAC-2...ns .6.984
RAD-18 homologue..........ccceuuuee .2.710
Retinoblastoma-binding protein 7... .2.564
RNA-dependent helicase p68S...... ..2.493
Septin-3 ....ccovvvrrenrrenireeene .2.907
Serine protease inhibitor ... .2.403

Serine protease stubble..........ccco.... L2721

Signal recognition particle 54 kDa.. 2.305
Skeletal muscle LIM protein 3........ 3.036
Tumor-related protein .............. 3.300
Tyrosine protein kinase Lyn..... .2.170
Ubiquitin-activating enzyme II ..2.589
Zinc finger protein 36............... 3.702
SERPL ..o 8.035

by comparing the gene expression patterns observed with un-
treated and IFN-y-treated cebpb™'" cells. A similar analysis
was performed with cebpb ™'~ cells. The differences in IFN-y-
regulated expression patterns were then compared between
wild-type and cebpb ™'~ cells to finally identify IFN-regulated
genes whose expression was dependent on C/EBP-B. Genes
whose expressions were induced and repressed by IFN-v in a
C/EBP-B-dependent manner are listed in Tables 1 and 2, re-
spectively. About 50 genes were dependent on C/EBP-B for
their IFN-y-induced expression. Twelve genes were suppressed
by IFN-vy in the presence of C/EBP-8.

Some of these genes are known to be regulated by IFNs. The
inducible genes appear to have many different functions such
as signal transduction (e.g., the Lyn tyrosine kinase, RAC-2,



VoL. 28, 2008

TABLE 2. C/EBP-B-dependent IFN-y-repressed genes

Transcript

Fold change

Cathepsin C ...
Nuclear factor erythroid derivative 2a

Urokinase plasminogen activator reCeptor ..........cvveueuvueueunee —1.509
Expressed sequence ¢77180 —0.509
Fe receptor IgG.. ..o —0.500
S-Lipooxygenase-activating protein... ..—2.491
Cytochrome 8-245 ........cocuviviiiniviciicincnicienns —1.433
Ectonucleoside triphosphate diphosphohydrolase. ..—2424
CYClin D2 —3.315
X-1-specific transcript -1.313
Zyxin, binds alpha actinin and CRP..........cccccouviinininnnnnnne. —1.305
Hypothetical protein spx19 —1.228

and fibulin-1). Several protease inhibitors such as extracellular
proteinase inhibitor and serine protease inhibitor were also
induced in response to IFN treatment. Ubiquitylating enzymes,
proteasome subunits, were also found in these genes. In most
cases, the critical transcription factor mediating the IFN effects
had not been identified. Some of these gene products, such as
RAC-2 and p130 (RbD related), are modulated by type I IFNs
(60, 87). The p8 protein codes for a homologue of a bovine
chemokine (85). Some genes like estradiol-173-dehydrogenase
4 are involved in estrogen biosynthesis and may control cell
growth (89). Interestingly, none of the previously defined
STAT1-dependent genes were identified in this screen. Thus, it
appears that very little overlap exists between IFN-regulated
STAT1-driven genes and IFN-induced C/EBP-B-driven ISGs.

We have confirmed the IFN-y-induced C/EBP-B-driven ex-
pression of some of these genes using real-time PCR (Fig. 2).
Transcripts of the RNA-dependent helicase, RAC-2, and sep-
tin-3 were induced by 4.25-, 3-, and 4-fold, respectively, in
wild-type cells in the presence of IFN-y. These genes are in-
volved in cell division, signaling, and transcription. Consistent
with gene expression profiling data, IFN-vy did not induce the
expression of these transcripts in cebpb '~ cells. We showed
that the expression of the IRF9/ISGF3vy/p48 gene was
C/EBP-B and IFN dependent in previous studies (70). A sim-
ilar observation was made with another gene, dapk! (see below
for details). We also tested the effect of IFN-y on the expres-
sion of cyclin D2, given its potential role in cell growth control.
Its expression in cebpb™'* cells was repressed in the presence
of IFN-y but not in cebpb '~ cells. Since the biological signif-
icance of many of these genes in IFN-y-induced actions is
unclear at this stage, we focused the rest of the study on dapkl,
which is known to participate in IFN-y-induced cell death
pathways (19). A similar profile of IFN-y-induced C/EBP-B-
dependent expression of these genes (data not shown) was
observed in MEFs. Therefore, we used MEFs in further
studies.

Expression of dapkl is dependent on C/EBP-B. Since dapkl
was identified as an IFN-y-regulated gene in gene expression
profiling, we next examined if its expression is affected by the
loss of C/EBP-B. In cebpb™’* macrophage cells, IFN-y caused
a time-dependent induction of dapkl (Fig. 3A). Notably, by
12 h, a significant rise in dapkl mRNA occurred, which re-
mained high until 36 h and declined thereafter. By 24 h, there
was a fourfold-higher expression of dapkl mRNA in cebpb™*'*
macrophage cells. In contrast, neither basal nor IFN-y-induced
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expression of dapkl mRNA was observed in cebpb ™'~ cells. All
lanes had equal amounts of mRNA as determined by a rep-
robing of these blots with gapdh. We next investigated if the
lack of dapkl expression in cebpb ™'~ cells was due to a gen-
eralized loss of the IFN-y response in these cells by taking two
approaches: (i) measuring the expression patterns of two other
IFN-induced mRNAs corresponding to irf] and irf8 genes and
(i) monitoring IFN-y-induced tyrosyl phosphorylation of
STATI, a critical regulator of these mRNAs. The expression
levels of irfl and irf§ mRNAs were induced equivalently by
IFN-vy in cebpb™*'* and cebpb '~ cells (Fig. 3A, middle). There
was no significant difference between cebpb*’* and cebpb™'~
cells with respect to the kinetics of induction and the down-
regulation of these mRNAs. As reported previously in other
studies, both these mRNAs are induced by IFN-y treatment
within 3 h and began to decline by 12 h. In a similar manner,
IFN-y caused a rapid activation and a decline of the tyrosyl
phosphorylation of STAT1a and STATI1R in both cell types
(Fig. 3B). There was no difference in the levels of total STAT1
in these cells. Thus, the STAT1-dependent arm of IFN signal-
ing was unaffected by the loss of C/EBP-f. Lastly, we examined
if dapkl was induced at the transcriptional level by C/EBP-B
after IFN treatment in these cells by using a nuclear runoff
transcription assay (Fig. 3D). IFN-y induced the transcription
of dapkl mRNA robustly in cebpb™* but not in cebpb '~ cells.
Even the basal transcription of this was absent in cebpb ™/~
cells.

To rule out a possibility that it is a cell type-specific effect, we
employed isogenic MEFs derived from cebpb ™" and cebpb™/~
mice. Based on the information from Fig. 3A, we chose 12 h of
IFN treatment for examining these aspects. RT-PCR analyses
showed a clear induction of dapkl mRNA (about three- to
fourfold based on various experiments) in cebpb™™ MEFs
(Fig. 3C). The basal and IFN-induced expressions of dapkl
were undetectable in cebpb™'~ MEFs, while irfl mRNA was
readily induced equivalently in both cell types, as noted with
macrophages. The expression of the irfl transcript was moni-
tored at 6 h post-IFN treatment, given its early inductive pat-
tern. Consistent with these data, Western blot analyses re-

0.025
I [ cebpb**
8 0.02 W cebpb
s
g
_§g 0.015
<c
o
2 E 0010
£&
]
o
0.005 H H
IFNy -+ -+ -+ -+ - + -+ -+ - +
> —> >
RNA-dep RAC2 Septin 3 Cyclin D2
Helicase

FIG. 2. Quantitative RT-PCR analysis of the expression of some
transcripts identified in gene expression profiling experiments. Tran-
script-specific primers listed in Table S1 in the supplemental material
were used with cDNA prepared from cebpb*'* and cebpb ™'~ BM cells
after 12 h of IFN-y treatment. The transcripts coding for ribosomal
protein L32 were used as an internal control. Relative transcript abun-
dance was calculated based on the threshold cycle values. Each bar
shows the mean *= SE of five samples. RNA dep helicase, RNA-
dependent helicase.
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FIG. 3. Basal and IFN-y-induced expression of dapk! is C/EBP-B dependent. (A) cebpb™* and cebpb ™'~ cells were stimulated with IFN-y for
various hours, and poly(A)* RNA was prepared. About 3 g of RNA was used for Northern blot (NB) analysis with the indicated gene probes
labeled with 32P. The blots were washed and exposed to X-ray films to detect the bands. Blot regions corresponding to the specific bands are shown.
(B) Activation of STAT1 via phosphorylation at tyrosine 701 by IFN-y treatment. The upper and lower bands correspond to the STAT1a and
STATI1B proteins, respectively. (C) Expression of endogenous dapkl mRNA and protein in cebpb*'" and cebpb™/~ MEFs. RT-PCR with
gene-specific primers was used to detect the specific transcripts indicated on the right. RT-PCR for irf] and dapkl was performed with RNA
isolated after 6 and 12 h of IFN treatment, respectively. Western blot (WB) analysis was performed with specific antibodies after separating 85 pg
of total protein by SDS-PAGE and Western transfer. (D) Nuclear runoff transcription. Nuclei were isolated after stimulating the BM cells with
IFN-v for 8 h and incubated with 3?P-lableled UTP for 45 min. The labeled RNAs were extracted and hybridized to specific DNAs affixed on a
nylon filter. pcDNA3.1 and gapdh were used as negative and positive controls, respectively, in this experiment. (E) RT-PCR analysis of the
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vealed basal and IFN-y-induced expression of the DAPKI1
protein in cebpb™™ but not in cebpb~’~ MEFs. Together,
these experiments establish an important role for C/EBP- in
regulating the expression of dapkl. Since experiments with
MEFs and BM cells yielded very similar results, we used MEFs
for the rest of the promoter analyses.

Lastly, we also examined if dapkl expression was affected in
MEFs lacking cebpd, a member of the C/EBP family of tran-
scription factors (Fig. 3E). No significant difference in the
magnitudes of the basal and IFN-y-induced expression of
dapkl mRNA was observed between cebpd™'* and cebpd '~
MEFs. The expression of irf/l mRNA (an internal control for
IFN-y-induced activity) was unaffected by the lack of C/EBP-8
in the cells. To verify these observations further, we knocked
down the expression of cebpa and cebpd mRNAs using lenti-
viral shRNA vectors (Fig. 3F and G). shRNA-mediated knock-
down of expression of these transcription factors did not sig-
nificantly affect the basal and IFN-induced expression of the
dapkl transcript as measured by real-time PCR. These results
are consistent with those obtained with cebpd '~ MEFs. The
scrambled shRNA controls for these experiments yielded re-
sults similar to those for the vector control (data not shown).

To further validate the data observed with cebpb ™'~ cells, we
used shRNAs capable of targeting cebpb mRNA to degrada-
tion via RNA interference. Human and mouse shRNAs capa-
ble of targeting endogenous mRNA for destruction in a spe-
cies-specific manner (because of sequence differences) were
used in these experiments. Based on this specificity, human
shRNA, which targets endogenous cebpb mRNA in human
cells, serves as a negative control (scramble) in mouse cells. A
similar relationship exists between mouse cebpb-specific
shRNA and human cebpb mRNA. We used a nononcogenic
mammary epithelial cell line and MEFs for these studies. We
first tested the abilities of these shRNAs to target C/EBP-
expression. Both shRNAs suppressed the expression of the
endogenous C/EBP-B protein in cells of their respective spe-
cies (Fig. 3H and K). They failed to act as specific ShRNAs
when cells of another species were infected. As expected, the
empty lentiviral vectors and mock infection did not affect the
expression of C/EBP-B in both species. Western blot analysis
with actin served to demonstrate equal loading in these cells.
The effect of these shRNAs on the expression of endogenous
dapkl mRNA was tested. Real-time PCR analysis of dapkl
transcript showed that human and mouse cebpb-specific shR-
NAs suppressed the basal and IFN-induced expression of
dapkl mRNAs in cells of their respective species (Fig. 31 and
L). They failed to inhibit dapkl expression upon transfection
into cells derived from a heterologous species. In contrast, the
IFN-y-induced expression of the irfl transcript was unaffected
by cebpb-specific sSiRNAs. These data show a specific require-
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ment of C/EBP-B for the expression of dapkl in an IFN-
regulated pathway. The knockdown of C/EBP-B also resulted
in a loss of basal and IFN-y-induced expression of the DAPK1
protein (Fig. 3J and M).

Other members of the DAPK family do not require C/EBP-3
for their expression. There are four additional members of the
DAPK family, each of which is involved in various biological
processes including apoptosis. These are DAPK2, DRK2,
DAPK3, and ZIP kinase. We next examined if the expression
of other members of the DAPK family is also similarly regu-
lated by IFN-y by using real-time PCR (see Fig. S1 in the
supplemental material). All these mRNAs were constitutively
expressed in cells, and IFN-vy did not significantly up-regulate
them. More importantly, a loss of C/EBP-B did not affect the
expression of any of these genes. Thus, the IFN-y-induced
expression of dapkl is exclusively dependent on C/EBP-B.

C/EBP-f3 promotes IFN-y-dependent gene expression from
the dapkl promoter. Since the above-described studies provide
indirect evidence for the role of C/EBP-B in regulating dapkl,
we wanted to examine if C/EBP- directly regulated transcrip-
tion from the dapkl promoter. We isolated a 3-kb DNA frag-
ment corresponding to the promoter of dapkl from the
C57BL/6 mouse background. This fragment was cloned up-
stream of the firefly luciferase gene in the promoterless pGL3-
basic vector and used for transient transfection assays in
cebpb™™ and cebpb~'~ MEFs. Basal and IFN-y-induced ex-
pressions of the reporter gene were seen only in wild-type and
not in cebpb~'~ MEFs (Fig. 4A). Approximately 3.5-fold-
greater luciferase activity was seen after IFN-y treatment.
These observations suggest that the transcriptional induction
of dapkl by IFN-y was dependent on C/EBP-$3. We next tested
if similar effects could be seen in presence of lentiviral shRNAs
in wild-type MEFs (Fig. 4B). Mu-cebpb-shRNA but not Hu-
cebpb-shRNA or/and the empty expression vector suppressed
the basal and IFN-y-induced expression of the reporter gene.

In the next experiment, we examined if a restoration of
C/EBP-B could reinstate the basal and IFN-y-induced re-
sponse of the promoter. cebpb '~ MEFs were transfected with
mDAPKI1-Luc along with increasing amounts of a C/EBP-f
expression vector, and luciferase reporter activity was mea-
sured. Empty expression vector was used as a control. The
C/EBP-B expression vector, but not the empty expression vec-
tor, rescued the basal and the IFN-y-induced expression of the
reporter (Fig. 4C). The lack of dapkl expression in cebpb ™/~
cells was not due to differential transfectability of these cells.
To demonstrate this aspect, we transfected cebpb™* and
cebpb™'~ cells with an IFN-y-inducible STAT1-dependent lu-
ciferase vector, pIRE-Luc, and a constitutively active vector,
CMV-Luc (see Fig. S2A and S2B in the supplemental mate-
rial). Both these reporters expressed equivalently in cebpb™/™*

expression of dapkl, irfl, and gapdh transcripts using RNA extracted form IFN-y-treated cebpd '™ and cebpd '~ MEFs. (F and G) Effect of
shRNA-mediated knocking down of cebpa and cebpd on the IFN-induced expression of dapkl. Wild-type BM cells were infected with lentiviral
vectors coding for cebpa- and cebpd-specific sShRNAs or the control empty vector (pLKO-1). Real-time PCR was carried out using dapkI-specific
primers. (G) Western blot analysis of cell extracts (80 g from each sample). (H and K) Effect of cebpb-specific siRNAs on the expression of
endogenous C/EBP-B in MEFs (H) and hTERT-HME1 (K) cells. Lentiviral vector (pLKO-1)-encoded species-specific sSiRNAs against C/EBP-f
transcript were used for knocking down the expression of endogenous C/EBP-B. (I and L) Real-time PCR analysis of IFN-induced expression of
dapkl and irf] transcripts in MEFs (I) and hTERT-HME1 (L) cells. (J and M) Western blot analyses of the DAPK1 and actin proteins in MEFs

(J) and hTERT-HMEI1 (M) cells.
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FIG. 4. Basal and IFN-y-induced gene expression from the dapkl promoter is dependent on C/EBP-B. MEFs were transfected with the
mdapk1-3K-Luc construct (300 ng) along with a B-actin—-f-galactosidase reporter (100 ng) (A to C and F). (C) Increasing amounts of C/EBP-f
(0 to 0.3 pg) were cotransfected into the cells. In the case of the control, 0.3 g of empty vector was used. Total transfected DNA was kept constant
(usually less than 700 ng) by adding pCDNA3.1 vector DNA as required. Lentiviral shRNA vectors are described in the legend of Fig. 3.
(D) Mutant C/EBP-B containing only the b-ZIP domain fails to support the IFN-induced transcription of dapki-luc. (E) A luciferase construct
driven by the human dapkl promoter (region at positions —1.75 to +280) was used for the analysis. The cell types used in each case are indicated.
(F) Effects of C/EBP-B and C/EBP-3 on the expression of mDAPKI1-Luc in cebpb™'~/cebpd™'~ double-knockout cells. Luciferase activity was
normalized to that of B-galactosidase in each experiment. Normalized luciferase activity was plotted as relative light units. Each bar represents the

mean * SE of triplicates. Each experiment was repeated three times.

and cebpb '~ cells. To further support the role of C/EBP-B in
regulating the dapkl promoter, we expressed only the DNA
binding domain (b-ZIP) of the C/EBP-B protein. Only the
wild-type C/EBP-@ protein, but not b-ZIP, promoted the basal
and IFN-vy-induced expression of dapk! (Fig. 4D). A similar
effect of C/EBP-B was observed with hDAPKI1-Luc, driven by
the promoter of human dapk! (Fig. 4E). In cebpb '~ cells, the
coexpression of wild-type C/EBP-3, but not an empty expression
vector, significantly up-regulated the basal and IFN-vy-induced
expression of luciferase. Thus, both the human and mouse
dapkl promoters are similarly responsive to C/EBP-B and
IFN-y. Since both human and mouse promoters responded
similarly to C/EBP-B and IFN-v, we used the mouse promoter
for the rest of the study.

Other members of the C/EBP family do not significantly
induce dapkl expression. Next, we also checked the expression
of DAPK1-Luc in cebpb and cebpd double-knockout cells (Fig.
4F). The expression of only C/EBP-3, but not C/EBP-3, pro-
moted basal and IFN-y-induced expression from the dapkl
promoter. Additionally, in cebpb '~ BM cells, the expression
of C/EBP-a or C/EBP-3 did not restore basal and IFN-induced
expression from the dapkl promoter (data not shown). The
coexpression of only C/EBP-B significantly induced the basal
and IFN-y-induced expression of luciferase. Lastly, consistent
with these observations, the IFN-induced expression of the
dapkl-luc reporter was not significantly augmented by other
members of this family (see Fig. S2C in the supplemental
material). Thus, C/EBP-B appears to be the major transcrip-
tional inducer of dapkl, and other members of the C/EBP-
family do not appear to substitute for C/EBP-B in regulating
dapkl vis-a-vis promoter-binding activity. Like IFN-y, IFN-a/

B-induced expression of dapkl-luc was also dependent on
C/EBP-B (data not shown).

Two independent C/EBP-f3-responsive elements mediate the
IFN response. Given the C/EBP- responsiveness of the dapk1
promoter, we sought to identify these elements. Therefore, we
first performed a serial deletion analysis of the promoter.
These studies revealed that progressive deletions leading from
the 5’ end of the promoter to the —1.2-kb region sustained
maximal transcription of the basal and IFN-y-induced expres-
sion of the luciferase reporter (Fig. SA). Further deletions
caused a significant decline (P > 0.001) in basal and IFN-y-
induced expression from the dapkl promoter. For example, the
mDAPK1 -0.5-kb construct, which contained only the up-
stream 500 bp of the dapkl promoter, was not as efficient as the
mDAPK1 1.2-kb construct. Further deletions caused a total
loss of promoter activity. Thus, a 1-kb fragment located be-
tween —0.2 and —1.2 kb of the dapkl promoter contains ele-
ments required for basal and IFN-y-induced expression.

Since the mDAPK1 1.2-kb construct provided maximal in-
duction of the promoter, we analyzed the promoter fragment
for potential C/EBP-B-responsive and/or transcription factor
binding sites. Sequence analysis with the MatInspector pro-
gram (http://www.genomatix.de), which not only analyzes the
transcription factor binding motifs but also provides statistical
probabilities for the likelihood of a potential binding site in a
given DNA sequence, predicted several theoretical transcrip-
tion factor binding sites. Among these was a potential CBS in
the distal region of the promoter (Fig. 5B). Henceforth, this
site will be referred to as the “distal CBS.” We introduced
point mutations into the core sequence that will disrupt its
ability to respond to C/EBP-B. A comparison of the IFN re-
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FIG. 5. Identification and analysis of the critical elements required for C/EBP-B-dependent IFN-y-driven responses of the dapk! promoter.
Open bars, no treatment; filled bars, IFN-y. (A) Deletion analysis of the mouse dapkl promoter. Deletion constructs were generated using specific
primers listed in Table S2 in the supplemental material. (B) The potential response elements were subjected to site-directed mutagenesis using
the primers described in Table S4 in the supplemental material. (C) Mutant and wild-type (WT) constructs within a 649-bp fragment of the dapk!
promoter were PCR amplified using the primers listed in row 3 of Table S3 in the supplemental material and cloned upstream of the SV40 early
promoter in the pGL3-promoter vector. Mutants and wild-type constructs shown in B were used as templates for generating these mutants.
(D) Promoter subfragments corresponding to the distal CBS and proximal CRE/ATF sites were amplified separately and cloned into the
pGL3-promoter vector using the primers shown in Table S3 in the supplemental material. Transfection and luciferase activities were determined

and quantified as described in the legend of Fig. 4.

sponsiveness of this mutant to that of the wild-type dapkl
promoter revealed no significant differences in terms of their
basal and IFN-y-induced responses. In light of this observa-
tion, we searched for other C/EBP-B-responsive elements. In
the promoter-proximal region, there was a CREB/ATF-like
binding site (proximal CRE/ATF). We mutated this element
and tested its sensitivity to C/EBP-B and IFN-y. Although the
basal transcription driven by this mutant promoter was weakly

affected, the IFN-y-induced response was significantly blunted.
Since mutations in both elements did not completely suppress
the promoter response, we mutated both elements and tested
the promoter response to C/EBP-B and IFN-y. The double
mutant completely lost its response to both C/EBP-B8 and
IFN-vy, compared to the wild-type and single mutants. Thus,
two independent response elements mediate the basal and
IFN-vy-induced responses from the dapkl promoter. The CRE/
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ATF site appears to be the most critical for the IFN-y-induced
response.

A 649-bp region of the dapkl promoter is sufficient for driv-
ing the IFN-y response mediated by C/EBP-f3 on a heterolo-
gous promoter. In order to define if the promoter fragment
containing the distal CBS and proximal CRE/ATF site was
sufficient to confer C/EBP-B and IFN-y responsiveness to a
heterologous promoter, we generated the following constructs.
A 649-bp promoter fragment containing wild-type and mutant
binding sites was PCR amplified using the primers shown in
row 3 of Table S3 in the supplemental material. Wild-type and
mutant promoters shown in Fig. 5B were used as templates to
generate the PCR products. These products lack the native
dapkl promoter. They were placed upstream of the SV40 pro-
moter in the pGL3-promoter vector. The wild-type and indi-
vidual mutants were transfected into cebpb™'~ cells along with
a C/EBP-B expression vector, and luciferase activity was mea-
sured (Fig. 5C). The pGL3-promoter vector itself did not re-
spond to IFN-y treatment. The wild type and CBS mutants
responded to C/EBP-B and IFN-y as observed in the case of
the native promoter. The CRE/ATF mutant significantly lost
its IFN response and was still inducible by C/EBP-B at the
basal level. However, inactivation of both CBS and CRE/ATF
elements completely suppressed the basal and IFN-y-induced
response, dependent on C/EBP-B. This mutant behaved like
the parental pGL3-promoter vector. Thus, although the CBS
mutation does not affect the promoter responses, in the ab-
sence of the CRE/ATTF site, it seems to provide a weak IFN
response.

The individual response elements derived from the dapkl
promoter respond to C/EBP-{3 in the absence of the other but
are insufficient for generating the full promoter response. To
determine if either of these response elements is sufficient for
inducing transcription, we have used ~200-bp fragments de-
rived from the dapkl promoter bearing the distal CBS or the
proximal CRE/ATF sites. These fragments were cloned up-
stream of the SV40 early promoter and used for transient
transfection analyses in the presence and absence of C/EBP-B
in cebpb~'~ cells (Fig. 5D). The magnitude of gene expression
that occurred with these constructs was compared to that of a
control construct in which a 649-bp element (containing both
elements) drove the expression of the luciferase reporter under
the control of the SV40 early promoter.

The CBS and CRE/ATF reporters are expressed poorly in
the absence of C/EBP-B. The construct carrying the distal CBS
responded to C/EBP-B but failed to promote an IFN-y re-
sponse on its own. The construct bearing the proximal CRE/
ATF was induced by C/EBP-B and responded to IFN-y treat-
ment. Its basal response was weaker than that observed with a
construct bearing the distal CBS. Although the proximal CRE/
ATF construct responded significantly to IFN-y, it was not as
efficient as the 649-bp construct, which contained both these
elements. The 649-bp construct responded to IFN-y and
C/EBP-B a significantly (P > 0.001) higher levels than both the
distal CBS and the proximal CRE/ATF constructs. Thus, the
proximal CRE/ATF site can act as an IFN-y-inducible element
on its own but is not sufficient to generate the maximal basal
and IFN-y response in the absence of the distal CBS. This
result is consistent with observations made with the mDAPK1
0.5-kb construct (which lacked the distal CBS), whose basal
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and IFN-y-induced expression was lower than that of the
mDAPK 1.2-kb construct, which harbors both distal CBS and
proximal CRE/ATF elements (Fig. 5D).

IFN-dependent recruitment of C/EBP-3 to the dapkl pro-
moter. We next investigated whether C/EBP-B bound to the
elements defined in the mutational analyses using ChIP assays
with promoter region-specific primers (see Table S5, row 1, in
the supplemental material). cebpb™™ and cebpb™'~ MEFs
were first stimulated with IFN-y for 12 h, chromatin was cross-
linked, and soluble chromatin was prepared. ChIP assays were
performed using dapk1 distal promoter-specific primers. A typ-
ical ChIP assay is shown in Fig. 6A. As expected, no ChIP
products were observed with cebpb™/~ MEFs. In cebpb™'*
MEFs, C/EBP-B was recruited to this site constitutively, and
IFN-y treatment did not significantly affect it. The normal IgG
and no-IgG control reactions did not yield any PCR products,
showing the specificity of these ChIP reactions. The input
chromatin levels were comparable between the cell lines and
treatments. A similar profile of C/EBP- binding was noted in
a real-time PCR analysis of ChIP products (Fig. 6B). No sig-
nificant increase in C/EBP-B binding to the distal CBS of the
dapkl promoter occurred following IFN-y treatment for sev-
eral hours.

We next examined if an IFN-y-inducible recruitment of
C/EBP-B to the proximal CRE/ATF site occurred using ChIP
assays with the primers listed in row 2 of Table S5 in the
supplemental material. A typical PCR profile is shown in Fig.
6C. In cebpb~'~ MEFs, no PCR products were detected, al-
though the control reactions indicated sufficient DNA input. In
cebpb™'* MEFs, no detectable binding of C/EBP- occurred in
the unstimulated sate. However, IFN-y treatment induced
C/EBP-B recruitment to the promoter in a time-dependent
manner, which persisted up to 16 h (Fig. 6D). No PCR prod-
ucts were observed in the control ChIP reactions performed
with no IgG and normal IgG. Thus, the recruitment of
C/EBP-B to the proximal CRE/ATF site of the dapkl pro-
moter was induced in an IFN-y-dependent manner.

The differential recruitment of C/EBP-B to the promoter-
proximal CRE/ATF and distal CBS was studied using another
approach. The luciferase plasmids bearing the individual
~200-bp promoter fragments (shown in Fig. 5D) were trans-
fected into cebpb*’* cells. Cells were treated with IFN-y for
12 h, DNA-protein complexes were fixed in vivo with formal-
dehyde treatment, and soluble chromatin was prepared and
immunoprecipitated with the indicated antibodies. PCR was
performed with plasmid (RV3 or GL2) and promoter frag-
ment-specific primer pairs (see Table S3 in the supplemental
material). These primers pairs distinguish the endogenous pro-
moter from the plasmid-based one. For the distal CBS con-
struct, we used primers 180mDAPK-R and RV3 for PCR. In
the case of the proximal CRE/ATF construct, primers
200mDAPKF and GL2 were used for PCR. As shown in Fig.
6E, the binding of C/EBP-B to the distal promoter fragment
bearing the CBS was constitutive, and IFN-y did not change
such binding. In contrast, the binding of C/EBP-p to the prox-
imal promoter fragment bearing the CRE/ATF site was in-
duced following IFN-v treatment. Its binding was barely de-
tected in the absence of IFN-vy treatment. The control ChIP
reactions performed with no IgG and normal rabbit IgG did
not yield any products.
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FIG. 6. Effect of IFN-y on the binding of C/EBP- to the distal CBS and proximal CRE/ATF sites of the dapk! promoter in MEFs. ChIP assays
were performed using a commercially available kit (Upstate Biotech, Inc.). (A and C) Typical PCR patterns obtained in ChIP assays with distal
CBS-specific (A) and proximal CRE/ATF-specific (C) primers (see Table S5 in the supplemental material). For input control reactions, one-fifth
of the soluble chromatin used for the ChIP analysis was employed. Twenty-six cycles of PCR were performed in each case. NR IgG, normal rabbit
IgG. C/EBP and IgG were used at 10 pg each/reaction. (B and D) Real-time PCR analysis of dapkl promoter fragments recovered in ChIP assays
performed with the indicated antibodies using chromatin prepared from wild-type and cebpb ™'~ MEFs. Each bar represents the mean abundance
of dapkl promoter fragments + SE of six separate reactions from two independent experiments. (E) Wild-type MEFs were transfected with
constructs carrying only the distal CBS or the proximal CRE/ATF (shown at the bottom of D) for 36 h. After stimulation with IFN-y, chromatin
was prepared and used for ChIP assays. For the distal CBS construct, primers 180mDAPK-R and RV3 were used for PCR. For the proximal CRE,
primers 200mDAPK-F and GL2 were used for PCR. The rest of the controls for this experiment were essentially similar to those described above
(A). (F) ChIP analysis of cells transfected with the single- and double-mutant constructs shown at bottom of panel C. The plasmid-specific primers
RV3 and GL2 were used for PCR analysis of the ChIP products. (G) Comparison of the sequences of CBS and CRE/ATF elements of the dapk!
promoter. Core sequences are shown in boldface, italicized type. Vertical lines show the homologous nucleotides.

Lastly, we used promoter constructs bearing mutations in
individual CBS and CRE/ATF sites (shown in Fig. 5C) and the
double mutant for ChIP assays for demonstrating a differential
recruitment of C/EBP-f to the promoter. Thirty-six hours after
transfection of the plasmids into wild-type MEFs, cells were
treated with IFN-y for 12 h, and soluble chromatin was pre-
pared after cross-linking with formaldehyde. Chromatin was
immunoprecipitated with the indicated antibodies, and PCR
was performed using plasmid-specific GL2 and RV3 primer
pairs (Fig. 6F). As expected, PCR products were not detected
in the control ChIP reactions with control IgG or no IgG. ChIP
assays with the distal CBS mutant, which contained a normal

CRE/ATF site, showed IFN-y-inducible binding of C/EBP-3
to the promoter. In contrast, ChIP assays with the CRE/ATF
mutant, which contained a normal distal CBS, showed basal
binding of C/EBP-B to the promoter, which was not further
stimulated by IFN-y. The ChIP assay with the double mutant,
consistent with a loss of its IFN-y response, did not produce
any PCR products. The chromatin inputs were comparable
between treated and untreated conditions. Thus, C/EBP-8 re-
cruitment to proximal CRE/ATF, but not to the distal CBS, is
IFN-vy induced. Importantly, C/EBP-@ binding to the CBS and
CRE/ATF occurred independently of each other. Notably, de-
spite its ability to bind C/EBP-B, the CRE/ATF site exhibited
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a weak homology to distal CBS (Fig. 6G). Only 3 of the 11
nucleotides were conserved between these motifs. Electro-
phoretic mobility shift assays with CBS and CRE/ATF oligo-
nucleotides also showed a similar pattern of binding of
C/EBP-B in response to IFN-y (see Fig. S3 in the supplemental
material).

IFN-vy-induced recruitment of C/EBP-f3 to the CRE/ATF
site is dependent on the ERK signaling pathway. Since IFN-y
treatment causes an inducible recruitment of C/EBP- to the
dapkl promoter, we examined if this action requires previously
reported IFN-induced ERK signaling pathways (32). We have
used two inhibitors, PD98059 and UO0126, that specifically
block ERK1/2 activation via MEK1/2. As a control, we used an
unrelated inhibitor, LY294002, which blocks the PI3-kinase
pathways. We first tested the effects of these inhibitors on the
expression of endogenous dapkl mRNA in wild-type MEFs
using real-time PCR (Fig. 7A). Results from a Western blot
analysis of the DAPKI protein also correlated with the RNA
expression profile (Fig. 7A, bottom). Only the ERK pathway
inhibitors, but not the control inhibitor LY294002 or dimethyl
sulfoxide (DMSO), blocked the IFN-y-induced expression of
dapkl mRNA and protein. These inhibitors did not affect the
basal expression of dapkl. In the next experiment, cebpb ™/~
MEFs were transfected with the mDAPK-1.2K-Luc construct
in the absence and presence of C/EBP-B and then stimulated
with IFN-y in the absence and presence of these inhibitors
(Fig. 7B). PD98059 and U0126, but not LY294002, blocked the
IFN-vy-induced C/EBP-B-dependent expression of luciferase.
We next examined if this effect could be related to the IFN-
induced binding of C/EBP-B to the distal CBS and proximal
CRE/ATF sites of the dapkl promoter using quantitative ChIP
assays. Since the LY294002 inhibitor was no different from

FIG. 7. Mitogen-activated protein kinases, ERK1 and ERK2, are
required for IFN-induced expression of dapkl and DNA binding of
C/EBP-B to the dapkl promoter. (A) Effect of various inhibitors (10
wM) on the IFN-y-induced expression of dapk1. Wild-type MEFs were
treated with IFN-y in the absence and presence of various inhibitors.
The inhibitors were added to the cells 30 min prior to IFN treatment
for 12 h. Real-time PCR was carried out. The inset images show typical
induction profiles of dapkl and rpl32 (control) transcripts as analyzed
by RT-PCR. The Western blot (WB) at the bottom shows effects of
inhibitors on DAPK1 protein expression. (B) Effects of ERK pathway
inhibitors on the C/EBP-B-dependent induction of the dapkl pro-
moter. Luciferase assays were performed in cebpb™'~ MEFs as de-
scribed in the legend of Fig. 5. (C and D) Quantification of the
IFN-induced binding of C/EBP- to the dapkl promoter. ChIP prod-
ucts obtained with the indicated antibodies were subjected to real-time
analysis with promoter-region-specific primers. IFN-y and U(0126
treatments of wild-type MEFs were performed as described above.
(E) ERK1/2 knockdown in normal MEFs. Cells were infected with a
mixture of lentiviral vectors coding for shRNAs that can target murine
ERKI1/2. Lysates were prepared, and a Western blot analysis of
ERKI1/2 was performed using specific antibodies. EV, empty vector
(pLKO1); SC, pLKO1 vector carrying scrambled shRNA sequences;
sh-E1+E2, shRNAs that can target ERK1 and ERK2 expressed from
the pLKOT1 vector. (F) Effect of ERK1/2b knockdown on the expres-
sion of dapkl mRNA in normal MEFs. After infecting cells with
lentiviral vectors carrying the indicated shRNAs (as in panel E) for 3
days, cells were stimulated with IFN-y for 12 h. RNA was prepared,
and a real-time PCR analysis of dapkl transcripts was performed.
(G) Quantitative ChIP assay for the binding of C/EBP- to the CRE/
ATF of dapkl in MEFs after the knockdown of erkl/erk?2.
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DMSO and PD98059 was not so different from U0126 in terms
of their effects on the dapkl promoter, we compared the effects
of DMSO to those of U0126 on the IFN-induced recruitment of
C/EBP-B to the dapkl promoter in MEFs. C/EBP-B binding to
the distal CBS was unaffected by IFN-y, and U0126 did not
affect it (Fig. 7C). However, the IFN-y-inducible binding of
C/EBP-B to the CRE/ATF site that was noted in the controls
was blocked in the U0126-treated cells (Fig. 7D).

The importance of ERK1/2 in the IFN-y-induced regulation
of the dapkl promoter was further assessed using the following
corroborative experiments. In the first experiment, wild-type
MEFs were infected with lentiviral vectors coding for control
RNAs or shRNAs coding for erkl/2. The knockdown of en-
dogenous ERK1/2 was ensured with a Western blot analysis of
cellular lysates. Only the erk1/2 shRNAs, but not the scrambled
control shRNA, knocked down greater than 90% of protein
expression (Fig. 7E). These cells were then treated with IFN-y
for 16 h, and the expression of endogenous dapkl mRNA was
monitored. dapkl mRNA was not significantly induced by
IFN-v in the presence of erkl/2-specific sShRNAs (Fig. 7F). As
expected, its induction was unaffected by empty vector and
scrambled shRNA. Similarly, these erk1/2 shRNAs, but not the
controls, knocked down the IFN-y-induced expression of en-
dogenous dapkl expression in wild-type BM cells (data not
shown). Thus, the ERK1/2 requirement for the IFN-induced
expression of dapkl was not a cell type-specific effect. Lastly,
we examined the recruitment of C/EBP-3 to the CRE/ATF site
of the dapkl promoter using quantitative ChIP assays. Normal
IFN-vy-induced recruitment of C/EBP-B to the CRE/ATF site
of dapkl occurred in the control cells. However, it was blunted
in cells expressing the erk1/2 shRNAs (Fig. 7G). The control
ChIP reactions with normal rabbit antibody were negative for
PCR products (data not shown).

Since these two kinases function redundantly, we used
MEFs from erkl '~ mice for the next experiment. The use of
these cells also permitted a rescue of ERKI to confirm the
specificity of the ERKs in regulating dapkl (see below). We
first ensured the IFN-dependent activation of ERK1/2 using
phospho-specific antibodies (Fig. 8A). Since erkl '~ MEFs
expressed ERK2, in contrast to the wild-type cells, a single
ppERK band was seen in these extracts. We next measured the
endogenous dapkl mRNA in these cells following IFN treat-
ment. Although only ERK2 was expressed in erkl '~ cells, it
was able to sustain a level of IFN-induced expression of dapkl
comparable to that found in wild-type cells (Fig. 8B).

Next, we knocked down the expression of ERK2 using len-
tiviral expression vectors and measured the IFN-y-induced
expression of dapk! using real-time PCR (Fig. 8B). As antici-
pated, only erk2-specific shRNA, but not the control shRNAs,
suppressed the IFN-induced expression of dapkl mRNA. The
steady-state expression of dapkl mRNA was unaffected under
these conditions. The suppression of ERK2 expression was
confirmed by Western blot analysis. Only the erk2-specific
shRNA but not the scrambled shRNA or the empty vector
knocked down >95% of ERK2 expression (Fig. 8C). In a
follow-up experiment, we verified the specificity of ERK sig-
naling. Since erk2 shRNAs target the mRNA within the coding
region, it was difficult to generate mutant versions of the ERK2
protein that would restore the ERK activity in these cells.
Since these cells lacked erkl, we chose to restore ERK1 in cells
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already expressing erk2 shRNAs. Indeed, upon the restoration
of ERK1, but not empty vector, the IFN-y-induced expression
of dapkl was observed (Fig. 8B). The restoration of ERK1 in
the cells was confirmed with a Western blot analysis of the
cellular lysates with an ERK1-specific antibody (Fig. 8D).

We next determined if activated ERK1/2 could directly
phosphorylate purified recombinant C/EBP-B protein. Wild-
type MEFs were stimulated with IFN-y for 2 h, and activated
ERK1/2 was immunoprecipitated using ERK1/2-specific anti-
bodies. The IP products were incubated with bacterially ex-
pressed, purified C/EBP-B protein in the presence of
[y->*P]ATP. The reaction products were separated by SDS-
PAGE and then transferred onto a nylon membrane. The
membranes were washed and exposed to X-ray films to detect
the phosphorylated bands. Figure 8E shows a typical profile.
ERK1/2 from IFN-vy-treated cells strongly induced the phos-
phorylation of C/EBP-B protein compared to the control. A
basal level of ERK1/2 activity was seen in the uninduced ly-
sates (probably because of serum in the medium). The activa-
tion of ERK1/2 in the IFN-stimulated cell lysates was con-
firmed by Western blot analysis using ppERK-specific
antibodies. Total ERK levels and C/EBP input into the reac-
tions were comparable between these samples. Figure 8F
shows a quantitative view of the reactions. In these experi-
ments, the incorporation of 32P  was quantified after
PhosphorImager analysis of the blots. Only the IP products of
ERK1/2-specific IgG, but not those of control IgG, were able
to induce the phosphorylation of the C/EBP-B protein. A nine-
fold increase in the ERK-induced phosphorylation of C/EBP-B
occurred following IFN-y treatment.

Since the above-described experiment did not indicate
whether phosphorylation occurred at a specific residue on the
C/EBP-B protein, we performed a Western blot analysis of the
in vitro reaction products with specific antibodies that could
detect phosphorylation at the T'®*° residue of the C/EBP-B
protein. We have used these antibodies in the past to demon-
strate phosphorylation at the T'® residue of the endogenous
C/EBP-B protein. Consistent with our previous observations,
phospho-T*# C/EBP-B protein was detected by these antibod-
ies upon incubation of the in vitro reaction mixtures with
ERKI1/2 (Fig. 8G). No phosphorylated C/EBP-B protein was
detected when recombinant C/EBP-B protein was incubated
with the IP products of a control antibody. Thus, ERK1/2
directly phosphorylated C/EBP-B at the T'® residue.

To further prove an important role for the T'* residue of
C/EBP-B in regulating dapkl expression, we transfected
cebpb™'~ MEFs with expression vectors coding for wild-type
C/EBP-B and its mutant lacking the ERKI1/2-targeted sites
(Fig. 9A), along with the mDAPK-1.2K-Luc reporter (Fig. 9B).
A control mutant, Mutl, in which the adjacent serine residues
were mutated to alanines, was also used in these studies. The
ERK-activated site in Mutl was kept intact. Mut2 lacked the
critical TPSP motif of the C/EBP-B protein. In Mut T'5%A,
the critical threonine was converted to an alanine. The use of
cebpb~'~ MEFs for this study permitted an unequivocal dem-
onstration of the effect of the mutations on gene expression. In
the absence of any C/EBP-B, the reporter gene was not in-
duced by IFN-vy. Both the wild-type and Mutl1 constructs sup-
ported IFN-y-inducible expression of the reporter equiva-
lently. The Mut2 and Mut T'®°A constructs did not support



2542 GADE ET AL. MoL. CELL. BIOL.
A £ L E 5 -
£ § ey = Autoradiogram:
° 32P_Jableled
<> <> -
IFNy - + - + pPERK1 CIEBP-B
" R et BT
WB: ERK2. o e e —]
B 42kDa : WB: ppERK1/2
, 015 kDa —
(%]
ga 0.12 42kDa <l__.| WB: ERK2
52 0.09
s
.gg 0.06 F 5
5 0.03 2 4
[ e
0.00 ;g:’—
IFNy - 4+ -4+ -+ -4+ -+ -+ - + & x
shRNA - . - - EV SC shE2 shE2 shE2 £=21
Rescue vector EV E1 =
H & ) 1.
Cells erkl #+ erk1” shRNA erk1”-
knockdown rescue with 0 4
of erk2 in erk1"- erk1 IFN«y - + - + - +
123 4 5 6
c EV SC shE2 G o
o -
IFNy - % - - IPwith = b
2KDa | - |B: ERK2 3 &
= > >
> =
«—> —> 34 kDa
IFNy - + - +
42kDa « | WB: ERK1

42kDa _|eswessessems | WB: Actin

FIG. 8. ERK-dependent regulation and phosphorylation of C/EBP-B in response to IFN-y. (A) Activation of ERKs in wild-type and erkl /'~
MEFs. Cells were stimulated with IFN-y for 1 h, and lysates (30 ng) were subjected to Western blot (WB) analysis with phospho-ERK-specific
(activated form) and native ERK2-specific antibodies. (B) ERK1 and ERK2 are critical for the IFN-y-induced expression of dapkl mRNA.
Real-time PCR analysis of the dapkl transcript is shown. The middle part of this graph shows the effect of ERK2 knockdown in erkl '~ MEFs
on DAPKI1 expression. The last four bars show the results of a rescue experiment. Following the knockdown of erk2 expression in ekl ~/~ MEFs
with shRNAs, cells were transfected with an expression vector coding for murine ERK1. shE2, erk2-specific sShRNA; SC, scrambled shRNA; EV,
empty vector. (C) Effects of lentivirus-encoded erk2 shRNAs on ERK2 expression in erkl '~ MEFs. Western blot analysis of the cell lysates (45
ng) is shown. (D) Cells infected with lentiviral vector erk2-specific sShRNAs (see panel C) were electroporated with empty vector (p)CDNA3.1) or
the same vector coding for ERK1. Western blot analysis of the lysates was performed with the indicated antibodies. (E) Phosphorylation of
recombinant C/EBP-@ protein by ERK1/2. Wild-type MEFs were stimulated with IFN-y for 2 h, and ERK1 and ERK2 were immunoprecipitated
using protein G/protein A agarose beads (Santa Cruz Biotech). The bead-bound IP products were washed twice with the reaction buffer prior to
incubation with recombinant C/EBP- (2 ug) in the presence of [**P]JATP. The beads were spun down, and supernatants were collected, separated
by SDS-PAGE, and transferred onto a nylon membrane prior to autoradiography. A typical profile is shown. These reactions were also probed
with ERK2-, ppERK1-, and C/EBP-B-specific antibodies. (F) Quantification of ERK1/2-induced C/EBP-f phosphorylation. Lysates were immu-
noprecipitated with ERK1/2 antibodies (lanes 1 and 2), normal rabbit antibody (lanes 3 and 4), and no antibody (lanes 5 and 6), and in vitro
phosphorylation was performed as described below (G). The reaction products were separated by SDS-PAGE and transferred onto a nylon
membrane prior to phosphorimaging. Radioactive signals (arbitrary units) in the C/EBP-B band were quantified and presented. Each bar shows
the mean * SE (n = 3). (G) In vitro phosphorylation of C/EBP-f was performed as described above (E), except that cold ATP was used for
phosphorylation. Following this, the reaction products were subjected to a Western blot analysis with native and C/EBP-B-phospho-T'*-specific
antibodies.

IFN-induced transcription from the promoter. All mutants
equivalently supported the basal transcription of the dapkl
promoter. To further demonstrate the importance of phosphor-
ylation at the T'®° residue, we engineered a phosphomimetic
mutation at this site by replacing the T'®" with an aspartic acid
(Mut T'®°D). This mutant robustly stimulated transcription
without IFN-y treatment. A very similar effect of the mutants
on the endogenous dapk!l mRNA was noted (Fig. 9C). The
differences in the expression levels of the reporter genes could
not be attributed to different levels of expression of wild-type

and mutant constructs. All mutants expressed equivalently
(Fig. 9D). These blots were also probed with antibodies spe-
cific for the C/EBP-B—phospho-T'®® form. As expected, these
antibodies detected only the wild-type and Mut 1 proteins from
the IFN-y-stimulated lysates. Although it functioned normally,
the T'®°D mutant was not detected by these antibodies be-
cause it lacked the pT*®° residue. Lastly, we checked the ability
of the mutant forms of C/EBP-B to be recruited to the CRE/
ATF site of dapkl using ChIP assays (Fig. 9E). Although
C/EBP-B proteins coded by the wild-type and Mut1 constructs
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FIG. 9. The T" residue within RD2 of C/EBP-B is required for the IFN-y-inducible expression of DAPKI. (A) Mutations introduced into
C/EBP-B cDNA. TAD, transcription activation domain; Basic, domain rich in basic amino acids; LZ, leucine zipper domain. The mutated amino
acids are indicated in each case. (B and C) Effect of cebpb mutations on the IFN-induced expression of dapk1. cebpb~'~ MEFs were electroporated
with the indicated mutants along with mdapk1.2K-Luc. A portion of the transfected cells was used for the luciferase assay, and the remainder was
used for real-time PCR analysis of the dapkl transcript. (D) Expression of mutant and wild-type (Wt) versions of C/EBP-B in the lysates of
transfected cells. Western blot (WB) analysis with indicated antibodies was conducted using 100 pg of total protein. (E) Quantitative ChIP assay
for the recruitment of C/EBP-B to the CRE/ATF site. IFN-y treatment was done for 12 h.

bound to the CRE/ATF element in an IFN-y-dependent man-
ner, the proteins encoded by Mut 2 and Mut T'®°A failed to do
so. The T'**D mutant was recruited to the CRE-ATF site
independently of IFN-y treatment. The basal bindings of these
mutants to the distal CBS were comparable and were unaf-
fected by IFN-vy treatment (data not shown). Thus, an ERK1-
controlled pathway through the GTPS motif of regulatory do-
main 2 (RD2) of C/EBP-B is critical for the inducible binding
and promotion of IFN-regulated transcription through the
CRE/ATEF site of the dapkl promoter.

Reexpression of dapkl into cebpb™'~ BM cells restores IFN-
v-induced apoptosis. Since our studies showed a dependence
of dapkl on C/EBP-B for its expression, and cebpb '~ macro-
phages behaved like dapkI-deficient cells, we examined if the
restoration of dapkl expression into these cells would reestab-
lish the IFN-y-induced apoptotic program (Fig. 10A). Cells
were electroporated with expression vectors coding for wild-
type and kinase-deficient mutants along with the pEGFP vec-
tor. They were then treated with IFN-y for 24 h and subjected
to FACS analysis after staining with TRITC-labeled annexin
V. Neither the empty expression vector nor the kinase-defi-
cient mutant supported IFN-y-induced apoptosis in these cells.
However, wild-type DAPK1 not only promoted a higher basal
level of apoptosis than the controls but also augmented it
further in the presence of IFN-y. The differential effects of
mutant and wild-type DAPK1 on these cells could not be
attributed to differences in the levels of their expression (Fig.
10B).
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FIG. 10. Restoration of dapkl expression reestablishes IFN-y-in-
duced apoptosis in cebpb™/~ BM cells. (A) Cells were electroporated
with 4 pg of an empty pcDNA3.1 vector or the same vector expressing
either the wild-type or the kinase-deficient (KD) mutant (K42A) of
DAPK]1 along with the pEGFP expression vector (2 pg) for tracking
the transfected cells. The cells were then treated with IFN-y (500
U/ml) for 24 h and stained with TRITC-annexin V (red fluorescence).
Cells were subjected to FACS analysis. Green-positive (GFP-positive)
and green/red-positive (GFP-positive/TRITC-positive) cells were esti-
mated. The double-positive cells were estimated as a percentage of
total GFP-positive cells to determine the magnitude of cell death.
(B) Western blot (WB) analysis of the DAPK1 expression. A portion
of transfected and IFN-treated cells was lysed, and the expression
levels of DAPK1 and GFP were monitored with specific antibodies.
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DISCUSSION

The transcription factor C/EBP-$ is a major regulator of
metabolic homeostasis (17). Apart from this, C/EBP-B also
participates in disparate processes such as cell differentiation,
growth, immune responses, neoplastic growth, development of
the reproductive system, and pro- and antigrowth pathways
(38, 50, 72, 73, 79, 82). For example, it is necessary for medi-
ating ras-induced carcinogenesis in skin keratinocytes (96).
Other studies showed that C/EBP-B autoregulates through
IGF-1 expression for providing survival signals (91) in macro-
phage tumor cells. In the stellate cells of the liver, the phos-
phorylation of C/EBP- at T**” by CCl,-induced ribosomal S6
kinase (RSK) creates an inhibitory site that prevents the acti-
vation of caspase-1 and caspase-8 to protect cells (13).
C/EBP-B has also been identified as a survival factor in certain
anaplastic lymphomas (57) and in relapsing Wilms’ tumors
(42). In contrast, the loss of C/EBP-B results in the develop-
ment of a lymphoproliferative disorder in mice and a loss of
Th1 immune responses (72). The cebpb ™/~ macrophages fail to
inhibit intracellular bacterial and fungal infections and lack the
ability to kill heterologous tumors (82). It is unclear exactly
how these apparently diverse effects are mediated by a single
transcription factor. The regulatory spectrum of this protein
has been further expanded with the availability of gene knock-
out mice and expression profiling technologies.

In this report, we have uncovered a new IFN-vy-induced
growth regulatory pathway that is dependent on C/EBP-B. The
loss of cebpb resulted in an inhibition of IFN-y-induced cell
death. The differential IFN sensitivity of the cebpb /'~ cells
could not be due to a loss of the primary response from the
IFN-vy receptor, given the normal activation of STAT1 and the
STAT1-dependent genes irfl and irf8 in cebpb '~ cells (Fig. 3)
and the expression and activation of a number of apoptosis-
associated factors such as caspase-8 and caspase-9. Since the
apoptotic response can be rescued following the transfection of
C/EBP- into cebpb™'~ cells, it cannot be attributed to some
secondary changes resulting from the loss of C/EBP-B. Thus,
some C/EBP-B-regulated gene product(s) is critical for induc-
ing IFN-vy-stimulated cell death.

Indeed, the expression of a number of IFN-y-stimulated
genes was affected by the loss of C/EBP-B. These C/EBP-3-
dependent ISGs participate in a wide variety of biological
activities. Although we have not exhaustively examined every
gene, we have confirmed a select few to be IFN-induced
C/EBP-B-regulated genes (Fig. 2 and 3). These include the
signaling molecule RAC-2, the transcriptional regulator RNA-
dependent helicase, and the cytoskeletal assembly protein sep-
tin-3. We have also shown that some genes are repressed by
C/EBP-B in the presence of IFN-vy, e.g., cyclin D2. Thus,
C/EBP-B may play a broader role in IFN-y-signaling pathways,
which were not appreciated previously. More importantly, the
absence of previously described STAT-inducible ISGs in
the group of C/EBP-B-regulated ISGs reported here shows the
specificity of this regulatory pathway. We recognize that the
pooling strategy employed for array analysis may result in some
differentially expressed genes being undetected (e.g., if gene
induction in one of the pooled samples is offset by repression
at another), and we do not suggest that our analysis represents
a comprehensive description of all C/EBP-B-dependent IFN-
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inducible genes. Because six samples were pooled, if a change
in gene expression is observed at only one of the time points,
the detection of that change is predicted to be reduced by
sixfold based on the dilution of the target mRNA. This as-
sumes that such genes are expressed at only one time point but
not at others. However, most IFN-induced genes are induced
across a window of 4 to 6 h (from our past experiences).
Accordingly, during a 24-h period of treatment, there would be
at least six overlapping points. When this factor is taken into
consideration, it would lower the chances of dilution of tran-
scripts by sixfold. This would still allow for a sufficient repre-
sentation of most transcripts in the IFN-induced sample above
the basal level. Our experimental values showed that about
0.33% of the total genes screened are C/EBP-B-dependent
IFN-inducible genes. These numbers agree with most array
studies with single-agent inducers, which show an induction of
anywhere from 0.1 to 2% of the genes depending on the stim-
ulus. Thus, we believe that if a dilution of transcripts occurred,
because of pooling, it would have a moderate effect on the
detection of some genes in this array.

Interestingly, the cell death-associated gene dapkl and the
previously reported irf9 gene were also present in this set of
IFN-vy-induced C/EBP-B-dependent genes. DAPKI1 is a calcium-
calmodulin-dependent serine/threonine protein kinase,
which suppresses tumor growth and metastasis via the induc-
tion of apoptosis (15, 19, 34). It was originally isolated as a
regulator of IFN-v-activated cell death using a genetic screen
(19), whose down-regulation inhibited IFN-y-induced cell
death in several cell types. The catalytic activity of DAPK1 is
stimulated following the dephosphorylation of a critical serine
residue located at position 308 and by association with calmod-
ulin (75, 76). Although DAPKI1 was originally described as
being an IFN-y-dependent cell death regulator, the overex-
pression of catalytically inactive mutants of DAPKI1 interfered
with TNF-o- and Fas-induced cell death in some human cell
lines (16). However, the BM cells used in our study were
sensitive to Fas-induced apoptosis (Fig. 1F) despite the lack of
DAPKI expression. Thus, the requirement of DAPKI1 for in-
ducing apoptosis may be cell type dependent. One recent study
reported that TNF induces cell death in MEFs lacking
C/EBP-B (64). In our hands, cebpb™’* and cebpb~'~ BM cells
and MEFs (data not shown) were resistant to TNF-induced
cell death. It is likely that these cells harbor some unknown
inhibitors of TNF-induced cell death. Lastly, death induction
by TNF-a is extremely slow in cebpb™'~ MEFs (64), which
suggests the involvement of some secondary factors in that
process. Additionally, there could be differences in the passage
and immortalization status of MEFs used between these two
studies. In our report, all studies were conducted with primary
MEFs or BM cells in early passages. Since our primary aim is
to understand IFN-induced cell death, we have not investi-
gated the differences in TNF action further. Other death stim-
uli such as Cé6-ceramide (56), inhibition of mitochondrial res-
piration, unliganded UNCS5H2 (44), transforming growth
factor B (35), and DNA damage also require DAPK for induc-
ing cell death (7). DAPKs modulate cytoskeletal remodeling,
membrane blebbing, and autophagy (7, 33). Indeed, a loss of
dapkl expression was reported previously for a number of
human cancers (7). Although methylation appears to be one
major mechanism, in several cases, dapkl expression is si-
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lenced without apparent methylation (23, 27, 30, 52, 67, 97).
Mutational inactivation of dapkl! is almost rare in most cancers
(7), except in some familial chronic lymphocytic leukemias,
where its expression down-regulated by a unique polymor-
phism (65). dapkl '~ MEFs are immortalized at a higher rate
than their wild-type counterparts, indicating a major role for it
in cellular senescence (7). Lastly, the loss of dapkl results in a
reduced expression of p53 and p19”*R¥ (66). Given the central
role of DAPKI1 in multiple growth regulatory processes, it is
conceivable that its expression and activity are tightly regu-
lated.

We have shown a cell-independent requirement of C/EBP-
for dapkl expression. A direct role for C/EBP-B in IFN-in-
duced dapkl expression was supported by the following: (i) the
restoration of its expression following the expression of
C/EBP-B in cebpb™'~ cells (Fig. 1 and 4), (ii) a loss of its
induction in the presence of C/EBP-B-specific shRNAs (Fig.
3), and (iii) the binding of C/EBP-B to specific elements in the
dapkl promoter (Fig. 5 and 6). Remarkably, among the mem-
bers of the dapk family, only the expression of dapkl required
C/EBP-B (see Fig. S1 in the supplemental material). On the
other hand, none of the other members of C/EBP family,
except C/EBP-B, appear to induce its expression even when
overexpressed (see Fig. S2 in the supplemental material). Con-
sistent with this, the shRNA-induced loss of either C/EBP-a or
C/EBP-5 expression did not affect the IFN-induced expression
of dapkl in wild-type BM cells (Fig. 3F). Neither C/EBP-a nor
C/EBP-$ up-regulated dapkl expression in cebpb™'~ BM cells
and MEFs (data not shown). Similarly, dapkl expression was
unaffected in cebpd '~ cells, and the restoration of C/EBP-B
alone was sufficient for inducing it in cebpb ™'~ /cebpd '~ dou-
ble-knockout cells (Fig. 4). Thus, C/EBP-B exclusively regu-
lates dapkl in response to IFN-vy.

Mutational analysis revealed two motifs, a promoter-proxi-
mal CRE/ATF-binding site and a distal CBS, through which
C/EBP-B may regulate dapkl. The inactivation of both these
elements completely suppressed basal and IFN-induced gene
expression from the dapkl promoter. Surprisingly, mutation in
the CRE/ATF but not the CBS significantly reduced both basal
and IFN-induced expression of DAPKI. This mutant was still
weakly induced by IFN-y. This result indicates that in the
absence of a functional CRE/ATF site, the distal CBS may
substitute for it either on its own or in association with other
elements in the promoter for promoting a weaker IFN-induced
response. Thus, CRE/ATF can now be added to the list of
IFN-responsive elements. Although CRE/ATF was able to re-
spond to IFN-y, it was not as efficient as the 649-bp promoter
fragment in terms of its magnitude. The requirement of two
sites of engagement with the promoter suggests that contacts
between proteins binding at these locations collaborate in the
formation of the enhanceosome during gene induction. ChIP
assays demonstrated an IFN-vy-stimulated binding of C/EBP-8
to the CRE/ATF site but not to the CBS. One explanation for
this differential binding is the lack of homology between CRE/
ATF and the CBS (Fig. 8C). It is also possible that in addition
to C/EBP-B, other proteins bind at the CRE/ATF in an IFN-
dependent manner. This issue is being investigated. Previous
studies reported that CREs may act as C/EBP-binding sites in
some instances (25, 55, 80, 94). Remarkably, the recruitment of
C/EBP-B to the CRE/ATF site of the dapkl promoter is ki-
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netically slower. These observations suggest that other events
such as the removal of an inhibitory factor and/or the induction
or activation of the other positive-acting factors that cooperate
with C/EBP-B may be necessary for IFN-induced dapkl ex-
pression to occur. One recent study showed that an increased
binding of HoxB7 to a variant version of human dapk! found
in certain familial chronic lymphocytic leukemias suppressed
its basal expression (65). However, this mutant site (exon 16) is
outside the dapkl promoter reported here. Transforming
growth factor B regulates the expression of dapkl through
SMADs (35). The mouse and human dapk! promoters have
SMAD binding sites. It is unclear whether the SMAD binding
sites have a role in regulating dapk! transcription in response
to IFN-y. We are currently investigating the roles of these and
other transcription factor binding sites in regulating dapklI.

Lastly, we have examined a mechanism by which IFN-vy-
induced C/EBP-B stimulates the expression of the dapkl pro-
moter. The inhibition of ERK1/2 using shRNAs and chemical
inhibitors suppressed IFN-y-driven dapkl expression because
they interfered with the IFN-y-induced binding of C/EBP- to
CRE/ATF (Fig. 7 and 8). The transfection of ERK1 back into
cells lacking ERK1/2 rescued the IFN-induced expression of
dapkl, indicating the specificity of ERKSs in regulating dapk].
Activated ERK1/2 proteins directly phosphorylated recombi-
nant C/EBP-B protein at the T'® site. Consistent with these
observations, the T'®°A mutant failed to drive IFN-induced
transcription from the dapkl promoter. In contrast, the T'**D
mutant, bearing a phosphomimetic amino acid, activated
dapkl transcription independently of IFN treatment. The
T'D mutant bound to the dapkl promoter without requiring
IFN treatment. Thus, IFN-y-induced ERK-dependent phos-
phorylation of C/EBP- may permit its association with CRE/
ATF. Indeed, other studies have shown an important role for
the phosphorylation of this site in regulating C/EBP-B-medi-
ated transcriptional regulation in the context of other genes in
different cell types (54, 58, 83). ERKSs readily phosphorylated a
synthetic peptide containing the ERK phosphorylation site of
human C/EBP-B in vitro (51). It appears that a conformational
change in the C/EBP-B protein caused by cytokine-induced
phosphorylation at T'®® may allow its recruitment to some
promoters and its association with other proteins (47). A re-
cent report showed that the phosphorylation of the DAPKI1
protein by RSK, a downstream enzyme of the ERK pathway,
leads to an inhibition of its apoptotic activity (4). This phos-
phorylation occurs independently of the PI3-kinase—AKT/PKB
pathway. The $** of the DAPK1 protein was phosphorylated
by RSK. Thus, the ERK signaling pathways may control the
DAPKI at two levels: (i) at the level of transcription through
the activation of C/EBP-B in the current study and (ii) at a
posttranslational level by acting as an attenuator of apoptosis
(4). Conversely, DAPK1 in turn inactivates ERK activity (14).
Thus, DAPK1 may act as an off switch to terminate the ERK-
C/EBP-B pathway.

The biological connection between DAPK1, C/EBP-B, and
IFNs can be reconciled in the light of several recent and past
observations. Autophagy is a major intracellular catabolic pro-
cess that conserves energy resources under conditions of stress
by digesting damaged cellular organelles (45, 48). It is also
crucial for limiting the spread of intracellular pathogens (40).
Although viewed as separate processes until recently, apopto-
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sis and autophagy have significant overlaps (45, 88). In addi-
tion, autophagy appears to play a central role in antigen pre-
sentation, survival and death of T cells, and the development of
adaptive immunity (71). Macrophages play central role in
many of these processes.

Among the several mechanisms of innate immunity is the
targeting of intracellular pathogens to lysosome-mediated de-
struction (20). Some bacteria escape the phagosome and enter
the cytosol to multiply or in some cases modify the phagosome
to prevent fusion with the lysosome, allowing them to replicate
within the phagosomal compartment (53). However, in re-
sponse to these escapees, the immune system activates au-
tophagy, which targets intracellular bacteria for sequestration
within autophagosomes, ultimately delivering them to the ly-
sosomes, where they are destroyed. IFN-y induces autophagy
(22, 61), which inhibits the growth of intracellular bacterial
pathogens and some viruses (29, 43, 62, 68). Interestingly, one
of the major defects in cebpb™'~ mice is the inability of mac-
rophages to kill intracellular bacterial and fungal pathogens
(72, 82, 95) and heterologous tumors due to defective phago-
cytic activity. As mentioned above, DAPK1 participates in both
apoptosis and autophagic vesicle formation (7, 33). These
events may suppress tumor and bacterial proliferation in vivo.
In the event of excessive bacterial loads, the default mecha-
nism would be suicide of infected macrophages. Since DAPK1
controls both autophagy and apoptosis, we hypothesize that
the IFN-vy-regulated C/EBP-B-dependent expression of dapkl
may control host defenses against bacterial infection and tu-
mor growth in vivo. Another long-term effect of the loss of
C/EBP-B in mice is the development of a lymphoproliferative
disorder (72), which may also be relevant to DAPKI, given the
loss of its expression in several human lymphoid and myeloid
leukemias (7). Thus, the IFN-y—-ERK-C/EBP-B-DAPK axis
may play a major role in regulating pathogens and tumor
growth.
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