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The Interferon Signaling Network and Transcription Factor

C/EBP-B

Hui Li"?, Padmaja Gade', Weihua Xiao® and Dhan V. Kalvakolanu"*

Cytokines like interferons (IFNs) play a central role in regulating innate and specific immunities against the
pathogens and neoplastic cells. A number of signaling pathways are induced in response to IFN in various cells.
One classic mechanism employed by IFNs is the JAK-STAT signaling pathway for inducing cellular responses.
Here we describe the non-STAT pathways that participate in IFN-induced responses. In particular, we will focus
on the role played by transcription factor C/EBP- in mediating these responses. Cellular & Molecular Immunology.
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Introduction

Interferons (IFNs) induce antiviral and antitumor effects; and
promote the development of immune responses (1, 2). They
regulate a broad range of physiologic processes, including
cytokine and chemokine synthesis (3), mRNA translation (4),
RNA and protein stability (5, 6), antigen presentation (7),
nuclear trafficking (8), cell differentiation (9, 10), and cell
division and apoptosis (11, 12). There are three main classes
of interferons: type I (predominantly IFN-a, 8 and «), type II
(IFN-y) (13) and type IIT (IFN-A1 and -A2 also known as
IL-28 and IL-29). They transduce signals through related but
distinct pathways. The Janus tyrosine kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway
(Figure 1) is one of the best characterized IFN-signaling
pathways (2). Most IFN-receptors are heteromers consisting
of at least two different polypeptides. For example, the type I
IFN-receptor is constituted by IFNAR1 and IFNAR2 (14);
the type II IFN-receptor by IFNGR1 and IFNGR?2 (15); and
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the type III-IFN receptor by IFNLR1 and IL-10R2 (16, 17).
In all cases, receptor peptide 1 functions as the ligand
binding protein while the receptor peptide 2 serves as the
signaling chain. The STAT1 and STAT2 proteins have been
reported to be activated by the IFN-a/f via tyrosyl
phosphorylation at critical residues, using tyrosine kinases
Tyk2 and JAK1 (2, 18, 19), although in some cells STAT3 is
also activated (20, 21). After being activated (i.e. tyrosyl
phosphorylated) STAT1 and STAT2 heterodimers associate
with the non-STAT DNA-binding protein, IFN gene
regulatory factor-9 (IRF-9/p48/ISGF3-y) (22). The resultant
trimeric transcription factor, ISGF3, binds to the IFN-stimulated
regulatory elements (ISREs) to induce the expression of
many IFN-o/B-regulated genes. Only the STAT1 protein is
tyrosyl phosphorylated by JAK1 and JAK2 at the ligand-
engaged type II IFN receptor. STAT1 dimers, thus formed,
migrate to the nucleus, bind to the y-IFN-activated sequence
(GAS) to drive y-IFN-induced gene expression (23). The
ligand-bound type III IFN receptor, although activated in a
manner similar to the type I receptor, activates multiple
STATs-STAT1, STAT2, STAT3, STAT4 and STATS5 (24).
However, receptor mutants that fail to activate STAT1 and
STAT2, can still activate STAT3 and STAT4, indicating a
novel aspect of the functioning of this receptor (24). The
STAT proteins are rapidly activated by IFN-treatment usually
in less than 10 sec, and reach a maximum by 15 min. There-
after their nuclear activities decline owing to nuclear export
(25-27), and/or desphosphorylation by TcPTPase (28),
despite the presence of IFNs in the extracellular environment.
Additionally, the suppressor of cytokine signaling-1 protein, a
STAT-regulated inhibitory protein, turns off the activated
JAKs (29). Although the JAK-STAT pathways may explain a
lion’s share of IFN-actions, there might be other signaling
pathways given the observations that some IFNs, particularly
IFN-y, can regulate several genes through non-STAT binding
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Figure 1. IFN-induced JAK-STAT signaling pathways.

promoter elements and at a time when the activated-STAT
levels are barely detected.

Additional IFN signaling pathways

Several other IFN-regulated signaling elements and pathways
are required for the generation of diverse responses to IFNs.
Some of these signaling pathways are STAT1-dependent and
others are STATI1-independent (30, 31). Some of these
additional IFN signaling cascades play key roles in
optimizing the IFN-induced responses. For example, some
studies have shown p38a is phosphorylated and activated in
a type-I-IFN-dependent manner in several IFN-sensitive cell
lines (32, 33) and a p38-inhibitor blocks IFN-a-dependent
transcription of genes containing ISREs (34). However,
inhibition of p38 activity did not block tyrosyl phosphorylation
of STAT1 or STAT2, or formation of the mature ISGF3
complex and the binding of this complex to ISREs. These
observations indicate that type-I-IFN-induced p38 activity
acts independently of STATI-activation (34). p38 is also
required for type-I-IFN-driven gene transcription through
GAS elements (32). Further studies have identified the
upstream and downstream effectors of type-I-IFN-activated
p38-signaling pathway (31). The biological function of this
pathway accounts for the growth-inhibitory effects and
antiviral responses of type I IFNs (31).

Other studies reported that type I IFNs activated a
phosphatidylinositol 3-kinase (PI3K)-signaling pathway that
occurred independently of STAT1 but was dependent on
JAKs (35-37). The PI3K-signaling pathway can mediate
either pro-apoptotic or anti-apoptotic signals in response to
IFNs. The PI3K-signaling cascade also regulates IFN-
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inducible activation of the mammalian target of rapamycin
(mTOR), via Akt, which mediates the initiation of mRNA
translation (31).

A variety of IFN-y response elements

Promoter analysis of a number of IFN-o/B-regulated genes
and some IFN-y-responsive genes revealed that a conserved
ISRE is critical for IFN response (38). IFN-y-stimulated
genes contain a variety of response elements (39). The
kinetics and requirements for de novo protein synthesis for
the expression of several IFN-y-responsive genes are quite
distinct. Based on the temporal expression, they can be
grouped into “early”- and “late”-induced genes. Most known
early IFN-y-stimulated genes possess a unique element
known as the GAS (40) or the related palindromic IFN
response element (pIRE), which binds a homodimer of
STAT1 in response to IFN-y (41).

As already said, the temporal and functional diversities in
the IFN-y induced responses suggest the activation of several
other IFN-induced signaling pathways. Such regulatory
signaling networks may be controlled by distinct trans-
cription factors and their combinations. Such diversity in the
biological response of IFNs may further be influenced by the
post-translational modification of the transcription factors
and/or by the interaction of these transcription factors with
other transcription factors (42). In this context, IFN-y-
induced gene expression requires diverse regulatory factors
such as the IRFs (43-45), the class II transactivator, and the
X-box binding factor (46, 47). One recent study reported a
novel IFN-y-activated-c-Jun-dependent pathway for the
induction of a subset of ISGs, such as ifi-205 and iNOS (48).
IFN-y activated DNA binding of AP1, constituted by c-Jun,
occurred independently of JAK1 and STATI1. This pathway
engages the MEK1/2-ERK1/2 module of the MAP kinase
cascades. Surprisingly, the JNK1/2 and p38 MAPK pathways
were dispensable for activating AP1 in these studies (48).

The IRF-9 protein plays a central role of IRF-9 in IFN-
regulated pathways. IFN-y augments IFN-a/B-induced gene
expression via an up-regulation of the IRF-9 gene expression
(49, 50). Certain oncogenic viruses down-regulate IRF-9
expression to evade the action of IFNs (51, 52); and its
activity is inhibited in some human tumor cell lines (53-55).
Induction of IRF-9 occurs in a temporally delayed manner, in
contrast to that of other IFN-stimulated genes (ISGs) and
some IRFs (50, 56), indicating that its expression is regulated
via a novel element(s). Therefore, we studied the regulation
of IRF-9 gene by IFN-y and discovered a novel y-IFN-
activated transcriptional element (GATE) in IRF-9 promoter
(57).

GATE was distinct from ISRE or GAS in terms of its
sequence organization and bound to proteins, which were
distinct from those bound to ISRE or GAS. GATE (24 bp)
was also longer than ISRE (15 bp), and it exhibited a poor
homology to ISRE or GAS. Similarly, other studies reported
additional novel IFN response elements. For example, the
MHC class I B gene promoter contains an atypical
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Figure 2. Molecular organization of the C/EBP-f protein. The ERK-phosphorylation site within the RD2 is shown.

IFN-response element distinct from ISRE and GAS (58). The
IFN-induced expression of a chemokine, RANTES, required
an ISRE-like element, but none of the constituent proteins of
the ISGF3 complex was required for gene induction through
this element (59). An IFN response element from the
IFP53/tryptophanyl tRNA synthase gene forms two distinct
IFN-a-inducible complexes in an electrophoretic mobility
shift assay (EMSA), one of which did not appear to be ISGF3
(60). Although an ISRE of MHC class I genes is crucial for
the induction of gene expression, studies have shown that
another distinct element, site o, is also required for their
induction by IFN-y (61, 62). In summary, a number of other
regulatory elements respond to IFN-treatment. Our
subsequent analyses discovered that CAAAT/enhancer
binding protein-f (C/EBP-B) as a GATE-binding factor
played a prominent role in IFN-action (63). This observation
was also verified by another independent study (64).

Biology of C/EBP-3

C/EBPs belong to a superfamily constituted by transcription
factors CREB, Fos, Jun/activator protein-1 (AP1), activating
transcription factor (ATF), and musculoaponeurotic fibro-
sarcoma/nuclear factor E2-related factor (Maf/Nrf) (65).
They participate in a number of physiologic activities,
including energy metabolism, fat storage, tissue differentiation,
hematopoiesis, immune responses, antibacterial defense,
stress response, and the reproductive system (66-72). The
C/EBP subfamily includes structurally similar but genetically
and functionally distinct proteins - C/EBP-a, C/EBP-f,
C/EBP-y, C/EBP-8, C/EBP-¢, and C/EBP-{. Most of these
proteins possess a c-terminal bZIP domain (73, 74), which is
essential for DNA binding; and homo- and hetero-dimeric
interactions occur among various members of this family.
Dimerization between different C/EBPs precisely modulates
transcriptional activity of target genes (75). Their DNA
binding specificity is determined by the DNA contact surface,
the basic region of approximately 20 amino acids upstream
of the leucine zipper (76). A less conserved, bi-partite
transcription activation domain (TAD), located at the N-
terminus, controls their transcriptional response. A
constitutively high expression of C/EBP proteins is observed
in human liver, intestine, lung, and adipose tissues. The
pleiotropic transcriptional effects of C/EBP result from

different mechanisms, such as their tissue and embryonic
developmental stage-specific expression, leaky ribosomal
reading, posttranscriptional modifications, and variable DNA
binding specificities (77).

Unlike the other members of its family, C/EBP-f3 (also
known as - nuclear factor induced by IL-6 (NF-IL-6)/IL-6
induced DNA binding protein (IL-6-DBP)/C-EBP related
protein 2 (CRP2)/nuclear factor-myeloid (NF-M)) exhibits
remarkable plasticity with respect to the range of
transcriptional activities it takes part in. C/EBP-B has two
central regulatory domains RD1 and RD2, which harbor sites
that can be phosphorylated by several protein kinases (Figure
2). C/EBP-P also regulates IL-6 and IL-6-induced expression
of the cytokines IL-1, IL-8, tumor necrosis factor-a. (TNF-a),
and granulocyte colony-stimulating factor (G-CSF), as well
acute phase response proteins such as al-acid glycoprotein,
a2-microglobulin, and C-reactive protein (69).

Deletion of the C/EBP-3 gene in mice causes death in
utero, largely due to defective gluconeogenesis and
adipogenesis (66). Rarely, some live pups are born, which
develop severe defects in their immune system (70, 78).
C/EBP-B”" mice are highly susceptible to Candida albicans,
Listeria monocytogenes, and Salmonella typhimurium
infections (70, 78). These pathogens escape from the
phagosome to the cytoplasm in C/EBP-B”~ macrophages (70,
78). The Thl immune deficiencies include low IL-12 levels
and a loss of delayed-type hypersensitivity in C/EBP-B”
mice (78). Elevated serum IL-6 levels in C/EBP-B” mice
coincide with splenomegaly, peripheral lymphadenopathy,
plasmacytosis, and extramedullary hematopoiesis, as seen in
Castleman’s disease in humans (78). A number of defects in
cytokine synthesis were also observed in C/EBP-B”
macrophages (79). In the B cell lineage, C/EBP-y is the
predominant isoform in early cells, and it decreases with
cellular maturation. C/EBP-f is highly expressed in mature B
cells and induced further by LPS stimulation and regulates
the expression of a number of genes involved in B-cell
function (80). The other long-term effects of C/EBP-§
deficiency in mice include the development of a
lymphoproliferative disorder (78) and female infertility (72).
Loss of C/EBP- in mice also causes defective development
and differentiation of hepatocytes (81), myelomonocytes (82),
adipocytes (67), and neurons (83). Given the diverse effects
of C/EBP-B, it is conceivable that its association with
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Figure 3. A simplified view of the mitogen-activated protein kinase (MAPK) pathways. Three of the best studied modules, the ERK, JINK
and p38 pathways are indicated. Each of them targets several cellular proteins including some transcription factors.

different cellular factors in a gene context and signal-specific
manner may regulate its activity. Indeed, C/EBP-B can
interact with transcription factors outside its family, such as
NF-kB (84), retinoblastoma (pRb) tumor suppressor protein
(85), Sp1 (86), STAT3 (87) to regulate cellular functions.

Regulation of C/EBP-3

Two C/EBP-B isoforms are expressed physiologically. They
are generated from a single mRNA by a leaky ribosomal
scanning mechanism. While the full-length C/EBP-f protein
(Figure 2) has a complete modular organization (88), the
truncated isoform, LIP, contains only the DNA-binding and
leucine zipper domains (89). LIP dominantly inhibits the
transcriptional activity of the full-length C/EBP-B by
dimerizing with it (89). C/EBP-( is inducible only under the
conditions of stress. It can form heterodimers with C/EBP-a
and C/EBP-B, and attenuate their transcriptional activity (90).
LPS, IL-6, IL-1, dexamethasone, and glucagon can strongly
up-regulate the expression of C/EBP-B (91). We have shown
that IFN-y not only induces the expression of C/EBP-f but
also enhances its transcriptional activity (63). Cytokine
treatment further increases the transcriptional activity of
C/EBP via enhanced DNA binding (92). Posttranscriptional
modifications of C/EBP by protein kinases PKA, PKC,

ribosomal S6 kinase (RSK), and extracellular signal-related
kinase (ERK) appear to modulate its activity in different cells
(93-96).

C/EBP-B binds to a variety of response elements and
forms heteromeric complexes with other transcription factors,
such as pRb, NF-kB, Spl, Myb and PU.1 (85, 86, 97, 98).
Indeed, synergistic activation by C/EBP-B and NF-«B
members has been demonstrated for the genes encoding the
acute-phase response proteins, serum amyloid Al, A2, A3,
and o-acid glycoprotein, as well as the cytokines IL-6, IL-8,
and IL-12 and G-CSF (99-101). A cooperation between
C/EBP-B and NF-«kB has also been demonstrated in
regulating transcription from the human immunodeficiency
virus (HIV) long terminal repeat (102). In some instances,
C/EBP-f§ and NF-kB interactions lead to antagonistic effects
(84, 103), indicating that promoter organization and cell type
specificities are likely to play a major role.

C/EBP-B-dependent transcription in response to
IFN-y

We have shown that C/EBP-B binds to GATE and stimulates
transcription (63, 64). The b-Zip domain of C/EBP- binds to
a submotif within GATE. This motif exhibited homology
with six of the eight conserved nucleotides of the consensus
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C/EBP binding sites, found in a number of C/EBP-regulated
genes (63, 64). C/EBP-f not only induces the basal
transcription from GATE but also stimulates it further
following IFN-y treatment. In contrast, the other members of
the C/EBP family, such as C/EBP-a, -6 and -, fail to
stimulate GATE-dependent transcription (63). In fact,
C/EBP-6 and -C suppressed IFN-y-induced transcription
through GATE probably by forming heteromeric complexes
with C/EBP-f to inhibit transcription.

Similarly, IL-6 induces IRF-9 gene expression through
GATE using C/EBP-f (104). Pretreatment with IL-6
potnetiated IFN-a induced responses. This is consistent with
previous reports that IL-6 induces the expression of 2-5A
synthetase and MHC class 1 genes (105). Neutralization of
endogenous IFN-o using specific antibodies blocked the
gene stimulatory effects of IL-6. IFN-y and IL-6 have also
been shown to synergistically up-regulate the expression of
HLA class I and carcinoembryonic antigen in certain
colorectal carcinomas (106). The HLA inductive effects of
IL-6 are mediated indirectly because antibodies against type I
IFNs neutralize them. Such cooperative effects of IL-6 and
IFN on the tumor cells may allow the expression of tumor
specific antigens or HLA simultaneously. Such synergy may
be one underlying reason for an effective rejection of the
tumor in vivo. These studies show that C/EBP-B may
function as a bridge between IFN and IL-6 signaling.

Previous studies showed that mitogen-activated protein
kinases (MAPKSs) are activated by IFNs (107-109). The
MAPK pathways (Figure 3) can be grossly grouped into two:
one used by growth factors and the other by stress-activating
signals (110, 111). In the growth factor-stimulated pathways,
the Ras/Raf/MEK1/ERK cascade plays a key role in driving
the responses. Ras activation is dependent on the recruitment
of the adaptor proteins Grb and Sos to the growth factor
receptors (112). Raf, a serine-threonine kinase, responds to
Ras and phosphorylates MAP kinase kinase 1 (MEKI).
MEKI1, a dual specificity kinase, phosphorylates at the
conserved threonine and tyrosine residues present in the
activation loop of ERKs: ERKI1 (p44) and ERK2 (p42).
ERKs1/2 are known to phosphorylate members of the AP1
family, such as Elkl, Egrl, Fos, and Jun. The second type of
MAPK pathway is initiated by stress-activating stimuli, such
as IL-1, TNF-a, UV radiation and others. Rho and Rac, the G
proteins similar to Ras, are activated first (113). These
G-proteins then activate MAP kinase kinase kinases (MEKKs)
1-4. MEKKSs then activate stress responsive kinases, such as
the various isoforms of p38 MAPK (a, f3, y, 8) and c-Jun
N-terminal kinases (JNK), using the intermediate enzymes
SEK1/2. In these pathways, MEKKs and SEKs are
equivalent to Raf and MEK1 of the growth factor induced
pathways, respectively.

Although Raf activation by IFN-y and IFN-f has been
reported (107, 109), neither the catalytically inactive
dominant negative Ras or Raf mutant, nor the loss of Raf in
cells failed to block GATE-dependent transcription (114,
115). However, the inhibitors of ERKI1/2 activation,
PD98059 and U0126 (116); dominant negative forms of
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ERK1/2; and a catalytically inactive MEK1 potently ablated
GATE-driven expression. C/EBP-3 bears a consensus ERK
phosphorylation site, GTPS, in its RD2 domain. A C/EBP-3
mutant lacking the critical threonine residue (in the GTPS
sequence) failed to promote GATE-dependent gene
expression. These data indicate that C/EBP-f is regulated by
ERK1/2, through MEK1, in response to IFN-y.

Instead of Raf, MEKK1 was required for IFN-y-induced
ERK activation and the induction IRF-9 gene (115).
Interestingly, IFN-y-induced GAS-driven transcription was
also inhibited in MEKK1” cells. Further analyses showed
that GATE-driven transcription was inhibited by U0126 (an
inhibitor of ERKI1/2 pathway), whereas GAS-driven
transcription was suppressed by SB202190 (an inhibitor of
p38 MAPKS). These data indicate that MEKKI1 acts as a
common upstream effector for GAS- and GATE-dependent
transcriptional responses. However, these signals seem to
diverge thereafter. These results clearly differ from the
existing paradigms wherein Rafl is considered to be the
upstream regulator of MEK 1 and, therefore, ERK1/2.

Although the N-terminal half (367 amino acids) of the
MEKKI1 protein is dispensable for its catalytic activity
(117-119), its deletion converts it into a constitutive enzyme.
This domain acts as a scaffold for the binding of MEK1 and
ERK1/2 (120), which permits the juxtaposition of the kinases
and their activation. In fact, MEKK1 phosphorylates MEK1
on the same residue as does Raf (121). Thus, IFN-y is the
first known ligand to employ the MEKK1-MEK1-ERK1/2
signaling pathway to stimulate transcription using C/EBP-p.
MEKKI is also required for the activation of NF-kB (122,
123) and c-Jun N-terminal kinases (124). It also plays a
major role in IFN-B gene induction (125), and double-
stranded RNA-dependent responses (124). Thus, MEKK1
appears to play a broader role in innate immune responses
that involve IFNs.

One consequence of ERK-induced phosphorylation at the
GTPS motif of C/EBP-B is a conformational change that
permits its interaction with other cellular proteins. One recent
study showed that Ras induces phosphorylation of C/EBP-3
and activated C/EBP-B interacts with the transcriptional
mediator complex (126). GATE also binds another
transcriptional activator, GBF1, in response to IFN-y (127).
However, it is an extremely poor DNA-binding protein. Our
subsequent studies have shown that GBF1 recruitment to the
IRF-9 promoter is dependent on C/EBP-f3 (128). Specifically,
ERK 1/2-dependent phosphorylation at T'® residue in the
GTPS motif played a critical role. Mutation of this motif
and/or interference with the ERK1/2 activation prevented the
IFN-y-induced association between GBF1 and C/EBP-f.

STAT1 is another important factor that controls
IFN-y-induced activation of ERKs. In the absence of STAT1,
IFN-y failed to promote activation of ERKs (114).
Restoration of STATI1 into STAT1” cells rescued ERK1/2
activation. It is unlikely that STAT1 directly controls ERK
activation. Rather, an unknown STAT1-dependent factor may
regulate such a process. Although another study showed that
Rafl activation was JAK1-dependent (implying that ERK1/2
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activation was also JAK1 dependent) and Ras-independent
(108), we found that ERK1/2 were activated normally by
IFN-y in the absence of JAK1 (114). At present, we do not
know the significance of Raf activation by IFNs. It is likely
that such activation may be important for the stimulation of
another transcription factor(s). It may also represent a cell
type-specific effect of IFN-y. With respect to GATE-
dependent C/EBP-f-driven transcription, Ras and Raf are not
required.

So, the question comes up what are the upstream
effectors of this pathway? One of the effectors could possibly
be Ras GTPase-activating protein 1 (RAP1), a ras like small
GTPase (129). It is known that activation of MEKKI or
MEKI1 usually occurs downstream of small GTPases (31).
The function of small GTPases is regulated by guanine-
nucleotide-exchange factors (GEFs). The GEF for RAP1, a
G-protein-linked signaling molecules C3G, is linked by an
adaptor protein CrkL (130). Studies showed that CRKL is
tyrosine phosphorylated during IFN-treatment (131). It also
has been shown that RAPI regulates the activation of
MAPK-signaling cascades (129, 132) in response to IFN.
However, the precise mechanism that CrkL-RAP1 mediates
IFN responses remains to be determined.

The role of mixed lineage kinases (MLK) in
IFN-y-induced C/EBP-$-dependent
transcriptional response

Our recent studies show that mixed-lineage kinases (MLKs),
a group of orphan MAPKs, also control another aspect of
GATE-dependent gene regulation. MLKs are a subgroup of
upstream kinases that regulate the MAPK signaling (133).
The MLK family includes MLKs 1-4, the dual leucine
zipper-bearing kinase (DLK), and the leucine zipper kinase

(LZK). These kinases are sub-grouped based on the spacer
motifs that divide two characteristic leucine zippers (Figure
4). Kinases in the MLK and DLK have a 13- and 31-amino
acid spacers, respectively. The other difference between these
proteins is the location of their catalytic domains.

MLKs contain several conserved structural motifs that
are important for their function. These include a Src
homology 3 (SH3) domain, two leucine zipper motifs, and a
Cdc42/Rac interactive binding domain (CRIB). Signal-
induced binding of Cdc42/Rac to the CRIB causes MLK
dimerization, leading to their autophosphorylation (134). In
the case of MLK3, autophosphorylation occurs at amino
acids 277 and 281 of the activation loop, located in its
catalytic domain (135). MLKs function as MKKKs and have
been implicated in the activation of JNK and SEKI and
transcription factor NF-xB (136, 137). Some MLKs also
activate p38-MAPK (133). One well-recognized function for
the MLKs is regulation of apoptotic pathways in neuronal
cells (138, 139). MLKs are expressed in a tissue-specific
manner, with the exception of MLK3. Their role in regulation
of neurodegeneration has been indicated by the observation
that K252a, a metabolite found in the spent broths of the
bacterium Narcodiopsis sp., can inhibit these kinases and
prevent experimentally induced neurodegeneration in animal
models (140).

We investigated the role of MLKs in IFN-y-driven
transcriptional responses through GATE/C/EBP-f (141). We
observed that co-expression of MLK3, but not MLK2,
significantly stimulated the IFN-y-induced expression of
IRF-9. Inhibition of MLKs did not significantly affect
STAT1-driven and AP1-driven transcription. The fact that
MLK-inhibitor CEP-11004 (an analog of K252a) inhibited
neither the IFN-induced activation of ERKI1/2 nor the
phosphorylation of C/EBP-B at T' indicated that MLK
effects are exerted elsewhere on C/EBP-B. Indeed,

Volume 4 Number 6 December 2007



Cellular & Molecular Immunology

IFN-y

SO S S S S S S5

~ N

MLK3

l RK1/2
G I
{50

Nucleus
C/EBP-
Dephosphorylation i Ph osph orylation
p300 CEBP-B

Recruitment
of p300

Recruitment

4. of GBF1

'°3°°C/EBP -B
GATE

Figure S. The IFN-y-induced MAPK-signaling pathways regulate
C/EBP-p.

constitutively phosphorylated serine residue (S**) in the
transactivation domain of C/EBP-B was the target of MLK3-
induced signals. IFN-y treatment decreased S* phosphorylation.
Surprisingly, MLK3 caused a decrease in phosphorylation of
C/EBP-f instead of its stimulation in an IFN-y dependent
manner. This observation suggests the requirement for a
ligand-induced dephosphorylating activity to regulate GATE-
driven transcription. Such dephosphorylation was required
for the IFN-y-induced recruitment of the transcriptional
coactivator p300 to the IRF-9 promoter. Thus, IFN-induced
GATE-driven transcription is dependent on MLK3 activity,
which promotes a decrease in S* phosphorylation on
C/EBP-B.

Dephosphorylation plays a major role in other
transcriptional events. For example, dephosphorylation of
transcription factor NFAT by calcineurin (142) and
homeodomain transcription factor Arix (143) have been
shown to promote their transcription-activating function. The
nature of the MLK3-driven dephosphorylating activity is
unclear at present. Although we suggest a role for
phosphatase in this process, our observations can also be
explained by a MLK3-driven inactivation of a kinase that
constitutively phosphorylates S*. One likely candidate is
Cdk2, which phosphorylates C/EBP-B in vitro at S** and T'®

413

(144). IFN-y treatment has been shown to cause a decrease in
Cdk2 activity (145). One study showed that protein
phosphatase PP2A activity was required for the IFN-y-
induced expression of the Cl inhibitor mRNA (146). It is
unclear whether this phosphatase has any effect on S*
phosphorylation. Thus, further studies are needed to identify
the relevant activity in this response.

One implication from these results is that signal-
dependent phosphorylation (for growth promoters, such as
Ras) and dephosphorylation (for growth inhibitors, such as
IFN-y) at S* may act as a regulatory switch for routing
C/EBP-f into specific promoter complexes. A post-induction
re-phosphorylation at S* following IFN-y treatment may
then reset this transcriptional switch. Consistent with our
interpretation, cell cycle-dependent dual phosphorylation of
C/EBP-B at S and T'™ by Cdc2 or Cdk2 controls its
activation by Ras signaling (144). In contrast, MEKK1 and
MLK3 control the phosphorylation at these sites in response
to IFN-y. These results may also explain why IFN-y
circumvents Ras to activate ERK1/2 and, therefore, C/EBP-3
(115).  Otherwise, S* might remain constitutively
phosphorylated and would be unable to activate GATE-
dependent transcription.

The IFN-y-induced decrease in phosphorylation of S*
seems to occur independently of the ERK consensus motif
present in RD2 of C/EBP-B. This conclusion is supported by
three observations: (1) in cells lacking MEKK]1, a normal
dephosphorylation of S* occurred in response to IFN-y; (2) a
C/EBP-B mutant lacking the ERK phosphorylation motif was
dephosphorylated following IFN-y treatment; and (3) CEP
did not block the IFN-induced phosphorylation at T'® of
C/EBP-B. These observations also rule out a potential
IFN-y-induced cascade-like relationship between MEKKI1
and MLK3-driven signals. However, it is possible that these
events can be coordinately regulated. Based on these results,
we suggest that C/EBP-f is controlled by at least two
independent IFN-y-driven signaling pathways: one that
promotes the phosphorylation at T'* through an MEKKI-
MEKI1-ERK1/2 cascade and the other that decreases
phosphorylation at the S** residue of the N-terminus through
MLK3 (Figure 5).

Conclusions

IFN-induced transcriptional control involves a multilayered
and cross-regulating network. There is accumulating
evidence that these signaling pathways may extend beyond
the classical JAK-STAT pathways. The identification of
GATE and C/EBP- as its regulatory factor has uncovered
hitherto undefined new regulatory processes controlled by
IFNs. Such a highly synergistic and coordinate system
provides an effective host defense against different pathogens
and tumors. IFN-y, using C/EBP-B, induces IRF-9 (63).
IRF-9, in turn, promotes IFN-a/p responses (147). IFN-o/
and IFN-y induce C/EBP-f (148). Some of this C/EBP-B is
used for increasing IRF-9 synthesis in a positive feedback
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loop. A fraction of the C/EBP-B also participates in IL-6-,
IL-1- and TNF-oa-induced responses (68, 69). IL-6 also
promotes IFN-a/B-inducible responses through C/EBP-§
(104). IL-1 and TNF-a induce the synthesis of type I IFN,
potentially amplifying this loop. IRF-9 also participates in
IFN-B synthesis (149) in response to TNF-a (150). Thus,
C/EBP-f connects multiple cytokine signaling pathways.

We have identified two C/EBP-B-dependent signaling
pathways in response to IFN-y. Both of them control the
phosphorylation of C/EBP-B. At present, we only have a
partial picture of the regulation of C/EBP-f by IFN-y. It is
unclear as to what and how specific regulatory proteins get
recruited into the promoter complexes in response to IFN-y
and whether these factors are also subject to regulation by
IFNs. IFN-induced control of C/EBP-f by more than one
signal may recruit multi-proteins into specific transcriptional
complexes. For example, the transcription coactivator,
CBP/p300, is known to undergo phosphorylation at multiple
sites (151-153) following its engagement with C/EBP-f3 (154,
155). Some proteins in the transcriptional mediator complex
themselves appear to be targets for phosphorylation (126,
156). Whether IFNs or other cytokines control these events
need further studies. Another important question is whether
other genes are controlled by the IFN-y-C/EBP-f regulatory
pathways. In this connection, we have recently identified that
~30 genes are dependent on this pathway for their expression
(Gade P, et al., manuscript submitted). One such gene is the
death-associated protein kinase, a protein required for
suppressing metastasis (157, 158). The answers to these
questions will provide us further insights about IFNs induced
anti-tumor, antiviral and immunomodulatory effects.
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