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Jun N-terminal kinase (JNK) signaling is a highly con-
served pathway that controls both cytoskeletal remodeling
and transcriptional regulation in response to a wide
variety of signals. Despite the importance of JNK in the
mammalian immune response, and various suggestions
of its importance in Drosophila immunity, the actual con-
tribution of JNK signaling in the Drosophila immune
response has been unclear. Drosophila TAK1 has been
implicated in the NF-kB/Relish-mediated activation
of antimicrobial peptide genes. However, we demonstrate
that Relish activation is intact in dTAKI mutant animals,
and that the immune response in these mutant animals
was rescued by overexpression of a downstream JNKK.
The expression of a JNK inhibitor and induction of
JNK loss-of-function clones in immune responsive tissue
revealed a general requirement for JNK signaling in the
expression of antimicrobial peptides. Our data indicate
that dTAK1 is not required for Relish activation, but
instead is required in JNK signaling for antimicrobial
peptide gene expression.
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Introduction

Innate immune responses are critical for a rapid host defense
against pathogens. The signaling pathways that control these
responses are present in all multicellular organisms, ranging
from humans to flies, and are remarkably well conserved.
Although the innate response lacks the antigen recognition
capacity of vertebrate adaptive immunity, it is nevertheless
complex and crucial for host survival (Medzhitov and
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Janeway, 1998; Dabbagh and Lewis, 2003; Takeda et al,
2003; Vercelli, 2003). Drosophila melanogaster is a proven
genetic model organism for the study of innate immunity and
has provided invaluable insights into the control of responses
to infection.

Toll and Imd are the founding members of two principal
innate immune response signaling pathways in Drosophila.
Toll signals through two NF-kB/Rel family transcription
factors, Dif and Dorsal, and is required for responses to
fungal and Gram™ bacterial infections (Rutschmann et al,
2000a; De Gregorio et al, 2002). Imd signaling controls
primarily Gram™ bacteria-specific responses through the
cleavage and activation of a third Rel family transcrip-
tion factor, Relish, by the Drosophila caspase Dredd (Stoven
et al, 2000, 2003). Relish activation also requires an IxB
kinase (IKK) complex that is itself activated by Imd signaling
(Rutschmann et al, 2000b; Silverman et al, 2000; Lu et al,
2001; Stoven et al, 2003). The transcriptional targets of Dif
and Relish are not entirely distinct. For example, cecropinA
expression requires either Relish or Dif, or both, depending
on the type and strain of infecting microorganism
(Hedengren-Olcott et al, 2004). More than 20 Drosophila
genes have been implicated in these signaling pathways
and nearly all of them have mammalian homologues with
conserved immune functions (Brennan and Anderson, 2004).

Jun N-terminal kinase (JNK) signaling has been linked
to stress responses, cell migration, apoptosis, and immune
responses in both insects and mammals (Sluss et al, 1996;
Leppéa and Bohmann, 1999; Stronach and Perrimon, 1999;
Boutros et al, 2002; Dong et al, 2002). JNK activity can be
induced by infection, lipopolysaccharide, and inflammatory
cytokines such as tumor necrosis factor (TNF) in flies and
mammals (Sluss et al, 1996; Boutros et al, 2002; Dong et al,
2002; Igaki et al, 2002; Moreno et al, 2002). Null mutations in
JNK signaling components are typically embryonic lethal in
flies and thus unlikely to appear as targets of mutagenesis
screens designed to detect immune response genes in living
animals. An exception to this rule is dTAK1. Overexpression
and dominant-negative studies indicated that dTAK1 can act
as a JNK kinase kinase (Mihaly et al, 2001; Igaki et al, 2002;
Moreno et al, 2002).

Previously characterized dTAK1 mutations, however,
showed no apparent JNK-like phenotype, but failed to express
Relish-dependent antimicrobial peptides, suggesting a role
in the Imd pathway (Vidal et al, 2001). Previous epistasis
analysis using the UAS/GAL4 overexpression system (Brand
and Perrimon, 1993) to ectopically express dTAKI placed
dTAK1 downstream of imd and upstream of the IKK complex
in the Relish signaling pathway (Vidal et al, 2001). In vitro
experiments implicated dTAKI in the IKK-dependent phos-
phorylation of Relish in S2 cells (Silverman et al, 2003).

We uncovered evidence for a Relish-independent function
of dTAK1 in the control of antimicrobial peptide gene
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expression. Several aspects of Relish activation appeared
normal in infected dTAKI mutant animals, including clea-
vage, nuclear localization, and promoter binding. We there-
fore tested if JNK pathway components mediated dTAK1
function in the immune response. We report here several
lines of evidence for dTAK1 acting through the JNK cascade
in the innate immune response. First, overexpression of
Hemipterous, a JNKK, rescued attacin and diptericin expres-
sion in dTAK1 mutant animals, whereas overexpression of the
downstream Imd component Dredd did not. Second, we found
that expression of the Puckered (Puc) phosphatase, an inhi-
bitor of JNK activity, suppressed the expression of antimicro-
bial peptide genes. To directly test for a JNK requirement in
immune signaling, we induced JNK mutant clones in the fat
body of larvae. Strikingly, diptericin, attacin, Metchnikowin,
and drosomycin expression was lost in the mutant tissue.

We conclude that the JNK pathway is required to mediate
dTAK1 signaling during the Drosophila immune response.
Furthermore, we propose a model where the JNK and
NF-kB signaling are both required to activate antimicrobial
peptide gene expression during the immune response in the
Drosophila fat body.

Results

Identification of a novel allele of dTAK1

We undertook an EMS mutagenesis screen to isolate
adult viable mutations on the X-chromosome that impaired
the expression of diptericin in response to bacterial challenge.
In addition to immune response defects, one muta-
tion, fb(x)179, exhibited a weakly penetrant maternal effect
phenotype that was reminiscent of, and enhanced by, single
maternal alleles of JNK pathway components. Recombination
mapping, complementation testing, and sequencing indicated
that this mutation fell within the Drosophila TGFB-activated
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Figure 1 dTAK1 mutations block the expression of antibacterial
peptide genes. (A) Diagram of genetic lesions in dTAKI alleles used
in this study. Roman numerals represent the kinase subdomains.
(B) Northern blot comparison of dTAKI'” with mutations in Imd
pathway genes. (C) Northern blot analysis of dTAKI mutants and
complementation test. Adult flies of the indicated genotypes were
infected with E. coli and then incubated for 12 h (B) or overnight (C)
at 25°C. RNA was then prepared and analyzed as described in
Materials and methods.
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kinase 1 (dTAKI) gene (Figure 1, and not shown) revealing a
glycine to aspartate missense mutation in the ATP binding
motif in the kinase subdomain I region, which renders the
protein an inactive kinase (Figure 1A). Based on these
results, we henceforth will refer to fb(x)179 as dTAKI'?.

dTAKI'” mutant animals failed to express Relish-depen-
dent peptides in response to Escherichia coli infection
(Figure 1B and C). We compared dTAKI'” with other imd
pathway mutants. dTAKI'” mutants behaved like imd
mutants and showed strongly reduced expression of Gram™
antimicrobial genes like attacin, cecropin, and diptericin and
a more modest reduction in Metchnikowin expression. We
also observed reduced defensin, drosocin, and slightly re-
duced drosomycin expression (data not shown). These ex-
pression profiles are comparable to other dTAK]I alleles (Vidal
et al, 2001) and complementation tests indicated that
dTAKI'” behaves like a null (Figure 1C).

Relish is activated normally in dTAK1 flies and larvae

Ectopic expression of dTAKI, as well as imd and dredd,
constitutively activates diptericin expression (Vidal et al,
2001). Like the mammalian NF-xB proteins p100 and p105,
Relish is a compound protein with an N-terminal DNA-bind-
ing Rel homology domain and a C-terminal inhibitory ankyrin-
repeat domain. Signaling via the IKK complex results in
Dredd-dependent cleavage of full-length Relish, REL-110,
into a nuclear-active N-terminal fragment, REL-68, and a
cytoplasmically stable C-terminal fragment, REL-49 (St6ven
et al, 2000, 2003). In contrast to current models, Western blot
analysis using an antibody specific for the C-terminal domain
of Relish revealed that processing of endogenous Relish
protein was intact in all three dTAKI mutant strains including
the protein null (Figure 2A). Processing did not occur in key’
mutant animals (Supplementary Figure 1; also see Stdven
et al, 2003). We examined the intracellular localization of the
REL-68 fragment in control and dTAKI mutant fat body tissue
using an antibody specific for the Rel homology domain
(Stéven et al, 2000). Consistent with the above results, we
detected an enrichment of REL-68 in the fat body nuclei of
infected dTAKI larvae just as in control animals (Figure 2B).

In further support of the finding that Relish cleavage and
nuclear localization were normal in dTAKI mutant animals,
we tested the binding of Relish to the promoters of anti-
microbial peptide genes. Drosophila kB binding motifs have
been defined that are sufficient for Relish protein binding
(Stoven et al, 2000). Using a cecropinAl kB sequence as
probe, we performed electromobility shift assays (EMSAs) to
determine if binding activity persisted in dTAKI mutant
animals. We found kB binding activity («BA) in protein
extracts from dTAK! mutant animals, just as in control
extracts (Figure 2C). We confirmed that this kBA was Relish
by supershift with Relish-specific antibody and the loss of
KBA in extracts from Relish mutant animals (Figure 2D).

We sought to test the association of Relish with endogen-
ous promoters in dTAKI mutants. The analysis of Relish and
association with endogenous promoter elements has been
studied using the technique of chromatin immunoprecipita-
tion (ChIP) in Drosophila S2 cells (Kim et al, 2005). We
applied the ChIP technique to Drosophila larval fat body
cells and compared samples from naive and infected wild
type and immune challenged dTAKI and IKKy mutants
(Figure 2E). Antibodies specific for the N-terminal domain
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Figure 2 Relish activation is normal in dTAKI mutant flies and larvae. (A) Relish is cleaved in dTAK]I larvae. Protein extracts were prepared
from naive (n) or infected (i) wandering third-instar larvae of the wild-type (w.t., Canton S), dTAKI', dTAK1?, and dTAK'”® backgrounds and
analyzed by Western blotting with a monoclonal antibody specific for the C-terminal part of Relish, REL-49 (Stdven et al, 2000). (B) Relish is
translocated to the nucleus in dTAKI? mutant larvae. Fat body from wild-type (Canton S) and dTAKI? third-instar larvae was fixed and the
N-terminal part of Relish was visualized as described in Materials and methods. (C) kBA is present in dTAK1 mutant flies. Flies were challenged
with a mixture of M. luteus and Enterobacter cloacae for the times indicated before preparing nuclear extracts and performing EMSA. A lane
with no protein (np) is included. (D) Relish is a component of the kBA in TAKI mutant flies. The kBA in both wild-type and dTAKI mutant
nuclear extracts is shifted by incubation with Relish-specific antibody and no kBA is observed in extracts from Relish mutant flies. The np lane
contains no added protein extract. (E) Relish binds to target promoters in dTAKI mutant fat body. Chromatin immunopurification was
performed on extracts from fat bodies of naive (n) w.t. (Oregon R) and infected (i) w.t., dTAKI?, and IKKy*® animals using antibodies-specific
for the Relish N-terminus (Rel) or dJun proteins or a blank (&) precipitation as indicated. Primers corresponding to sequences proximal to the
promoters of tRNA”"® (as negative control), cecropinA, and Relish genes were used to detect the presence of these sequences by PCR. Pre-IP
input samples were used at 1000-fold dilution to provide a comparable positive control signal.

of Relish (Rel) or the Drosophila Jun (dJun) protein were used
to IP the endogenous proteins and associated chromosomal
sequences, and primers corresponding to promoters of the
tRNA™™, CecropinA, and Relish genes were used to detect
co-precipitated DNA by PCR. The tRNA”"¢ promoter does not
have any discernable NF-kB or dJun binding sites and thus
served as a negative control (Figure 2E, row 1). In compar-
ison, cecropinA and Relish sequences were detected in both
Rel and dJun IP samples from infected wild-type larvae.
Strikingly, cecropinA and Relish were also detected in infected
dTAKI mutant samples by both Rel and dJun IP (Figure 2E,
column 3). Importantly, cecropinA and Relish were not read-
ily detected in naive, wild type or infected, IKKy*® samples
by Rel IP, but were detected by dJun IP, reflecting
the requirement for infection and IKKy*® function for
Relish activation (Figure 2E, rows 1 and 2). We detected
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cecropinA and Relish in all dJun IP samples, regardless
of experimental conditions, consistent with dJun being
always nuclear and associated with promoters, even in the
absence of signal (Weiss et al, 2003). In summary, these data
indicate that the cleavage, nuclear translocation, and promo-
ter binding activity of Relish persist in dTAKI mutant
animals, but are not sufficient for the expression of the
antimicrobial peptide genes.

JNK but not Relish signaling components mediate
dTAK1 function

As dTAK1 has been implicated in JNK signaling during
developmental patterning and apoptosis (Takatsu et al,
2000; Mihaly et al, 2001; Igaki et al, 2002), we tested down-
stream JNK signaling components in the context of the innate
immune response. The Drosophila gene hemipterous (hep)
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encodes a JNK kinase and can act downstream of dTAK1
function. For example, null mutants in hep suppressed the
planar cell polarity defects of ectopic dTAKI expression in the
Drosophila eye (Mihaly et al, 2001). If dTAK1 acts in JNK
signaling rather than imd signaling during the immune
response, then activated forms of downstream JNK path-
way components might suppress the dTAKI mutant pheno-
type. We expressed an activated form of Hep (Hep.CA) in
dTAKI mutant and control flies in the presence and
absence of infection (Figure 3A). Unlike imd, dredd, and
dTAK1, expression of Hep.CA itself caused no constitutive
expression of diptericin. However, expression of activated
Hep.CA in dTAKI? but not IKKy*® mutant flies resulted in
diptericin expression, but only in response to infection
(Figure 3A).

As noted previously, overexpression of the Drosophila
caspase Dredd can induce the expression of diptericin
in the absence of infection (Vidal et al, 2001), presumably
owing to ectopic cleavage of Relish. We confirmed that over-
expression of Dredd could induce expression of diptericin and
attacin in a wild-type background, but that this expression
was suppressed in both dTAK? and dTAK'”? mutant animals
(Figure 3B) consistent with a model that places dTAK1 down-
stream or parallel to Dredd. Overexpressed Dredd only
weakly induced drosomycin expression. However, this low
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Figure 3 JNK but not Relish signaling components mediate dTAK1
function. (A) Flies of the indicated genotypes were either untreated
(=) or subjected to heat shock (+) to active HS-GAL4-driven UAS-
Hep.CA expression, and infected with a mixture of M. luteus and E.
coli(+). (B) Wild-type Oregon R flies were infected overnight and
RNA was prepared. HS-GAL4 and UAS-Dredd transgenes were
crossed into dTAKI? and dTAK'”’ mutant backgrounds. Flies of
the indicated genotypes were either untreated (—) or heat shocked
(+) and analyzed by Northern blot (see Materials and methods).
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level of expression was still sensitive to loss of dTAKI
(Figure 3B). Given that Dredd has been shown to play a
crucial role in Relish processing (Stoven et al, 2000, 2003)
and that Relish cleavage is normal in dTAKI mutant animals
(Figure 2), dTAK1 does not act downstream of Dredd to
activate Relish. An alternative role for Dredd has been
proposed in the ubiquitin-mediated activation of dTAK1 and
the dIKK complex (Zhou et al, 2005). Our data are consistent
with this alternate Dredd function and do not exclude the
possibility of either function. Nevertheless, we favor a model
in which dTAK1 acts in the JNK signaling pathway in parallel
to IKK signaling and Relish cleavage to control diptericin
induction.

puc, an inhibitor of JNK signaling, suppresses
antimicrobial peptide expression

As an independent test of the role of JNK signaling in the
Drosophila immune response, we overexpressed the phos-
phatase Puc in the fat body. Puc is a negative feedback
regulator of the JNK pathway that inactivates JNK function
(Martin-Blanco et al, 1998). Strikingly, Puc overexpression
in the fat body reduced antimicrobial gene expression upon
infection by as much as 90% (Figure 4A). Interestingly, Puc
suppressed more than strictly Relish-dependent peptides as
both metchnikowin and drosomycin expression was also
reduced in these animals (see also Discussion).

Puc phosphatase activity is specific for JNKs and expres-
sion of Puc has no known effect on other kinases or path-
ways, and thus is not anticipated to have any inhibitory effect
on IKK signaling (Martin-Blanco et al, 1998). To test this
directly, we overexpressed Puc in the fat body of flies and
examined Relish cleavage by Western analysis. Relish
cleavage was normal in Puc-expressing flies as compared
with siblings that lacked the YP1-Gal4 driver (Figure 4B). For
comparison, no Relish cleavage was detected in flies mutant
for the Dredd caspase (Figure 4B). This corroborates that the
function of dTAK1 is independent of, and parallel to, Relish,
and that together they have a combinatorial influence on
downstream events. Together, these data suggest that JNK
signaling is required in the fat body for the normal expression
of antimicrobial genes and dTAK1 function.

Antimicrobial peptide gene expression is blocked in
JNK mutant clones in vivo

JNKs as a kinase family are well conserved in both structure
and in choice of phosphorylation targets. JNK signaling
components are also expressed in most tissues. We detected
by, RT-PCR, expression of bsk (d/NK) and hep in the larval
fat body (data not shown). We also detected dJun and Bsk
proteins in the larval fat body, confirming that JNK propo-
nents are present in this tissue (data not shown). As JNK
mutations are embryonic lethal, we examined the immune
response in FLP/FRT-induced JNK mutant clones (using the
null bsk? and bsk'’ alleles) in the fat body of infected
larvae (Theodosiou and Xu, 1998; Manfruelli et al, 1999).
We probed for the endogenous gene expression of antimicro-
bial peptides directly by in situ hybridization. Consistent with
our hypothesis, we found that JNK " clones failed to express
diptericin and attacin in response to infection (Figure 5A and
data not shown). Consistent with the Puc expression data
(Figure 4), JNK mutant tissue also showed reduced expres-
sion of metchnikowin and drosomycin (Figure 5B and C).
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Figure 4 Overexpression of puc, an inhibitor of JNK signaling,
suppresses antimicrobial peptide expression. (A) YPI-GAL4, an
adult fat body driver, and UAS-puc transgenic lines were crossed.
Control flies (solid lines) that carried only the YPI-GAL4 transgene
or YPI > puc female flies that carried both transgenes (dashed lines)
were analyzed for expression levels of antimicrobial peptide genes
after bacterial infection using Northern hybridization. All data were
normalized to rp49 signal and presented as percent signal intensity
relative to the signal at 6 h, arbitrarily set to 100% . Almost complete
elimination of diptericin was observed, and Metchnikowin and
drosomycin were also reduced. (B) Overexpression of puc does
not block Relish cleavage. Flies were crossed as in (A) and females
that carried either the UAS-puc transgene alone or both the YPI-
GAL4 and UAS-puc (YPI>puc) were infected as indicated. For
comparison, extracts from naive and infected Dredd®"’® flies were
included that show no Relish cleavage.

We also performed similar clonal analyses with alleles
of djun and misshapen (msn, encoding a Drosophila
MAPKKKK). Using either the msn'® or msn'” allele,
we could only recover very few largely single cell clones.
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Although diptericin expression was absent in these cells, the
mutant cells did not quite appear normal and in some cases
were partially excluded from the surrounding tissue, render-
ing interpretation difficult (Figure 5D). Drosomycin expres-
sion was also reduced in mutant cells (not shown). Similarly
for dJun, we could not recover mutant tissue for some alleles
(dJun? or dJun®, although we could identify GFP-bright twin
spots). We recovered rare clones of the djun’ allele and found
that attacin and drosomycin expression was reduced (Figure
SE and F). In contrast to dTAK1 and bsk, we infer from these
results that dJun and msn may be essential for viability of
fat body tissue. Nevertheless, these results are consistent with
a role for dJun and msn in the immune response in the fat
body. In agreement with these data, RNA interference (RNAi)
knockdown of kayak/dFos, msn, or hep in S2 cells can also
block attacin and drosomycin expression (Kallio et al, 2005).

To control for the health and responsiveness of the mutant
fat body cells, we looked at 7p49 RNA expression levels and
Drosophila STAT (dSTAT) protein levels and nuclear localiza-
tion in response to infection (Agaisse et al, 2003). Unlike the
antimicrobial genes, rp49 expression was not altered in bsk
mutant tissue (Figure 5G). Basal dSTAT protein levels were
unaltered across bsk mutant clone borders (Figure SH). Upon
infection, dSTAT protein localized normally to the nuclei in
bsk mutant tissue (Figure 5I).

Based on the suppression of the immune response by puc
overexpression and in bsk mutant clones, we conclude that
JNK signaling is an essential component of the Drosophila
immune response in the fat body (see also below). Taken
together with the rescue of dTAKI mutants by transgenic
JNKK expression, our data indicate that dTAK1 signals
through JNK in the immune response.

Discussion

The function of TAK1 in vertebrates has remained enigmatic.
It was originally identified as a TGFB-activated kinase, hence
the name, in mammalian cell culture assays (Shibuya
et al, 1996; Behrens, 2000). However, follow-up work in
multicellular contexts and in vivo analyses in vertebrates,
Caenorhabditis elegans, and Drosophila have shown no clear
link to TGFP signaling, but rather suggest a role for TAK
family kinases in JNK activation or as upstream activators of
Nemo-like kinases (Behrens, 2000). In mammalian systems,
TAK1 is one of a number of kinases that can activate
IKK complexes and, consequently, NF-kB signaling in vitro.
In vitro studies of human cells have shown that targeting
of TAK1 by RNAIi reduces NF-kB activation by TNFa and IL-1
stimulation (Takaesu et al, 2003). Recent studies using fibro-
blasts derived from TAKI mutant mouse embryos and mice
with a B-cell-specific deletion of TAKI showed that JNK
activation was impaired in response to all stimuli tested
in TAKI mutant cells (Sato et al, 2005; Shim et al, 2005).
Although NF-kB activation was impaired in response to
stimulation by IL-1B, TNF, and TLR3 and TLR4 ligands,
NF-xB activation by B-cell receptor or LT-f stimulation
remained intact, suggesting a specific role for TAK1 upstream
of IKKB and JNK, but not IKKa (Sato et al, 2005; Shim et al,
2005). Interestingly, IKKao activation leads to the phosphor-
ylation and processing of NF-kB2 from the pl00 to the
active p52 form (Hayden and Ghosh, 2004), reminiscent of
Relish activation in Drosophila.
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Figure 5 JNK pathway mutations block antimicrobial peptide gene expression in larval fat body tissue. Mosaic bsk?, msn'”%, and jun' mutant
larval fat body clones were each generated individually and analyzed as described (see Materials and methods). Nuclear Hoechst staining is in
blue. Mutant clonal tissue is marked by the absence of GFP in green. Genotypes are noted in the lower right of three-color panels. (A) diptericin
expression (red) is absent in bsk? clones (all clones analyzed, >15, showed the same effect). (A’) diptericin expression shown in single
channel. (B) Metchnikowin is lost in bsk? mutant clones (16 clones analyzed, all showing the same effect) and (C) drosomycin expression (red)
is lost in bsk? mutant clones (again all out of 10 clones analyzed). (D) diptericin expression (red) is absent in msn'”? clones (all of five clones
analyzed, out of over 300 dissected larvae). Note in this example how the two mutant cells seem to be excluded from the fat body (red arrows).
(E) attacin (red) and (F) drosomycin expression (red) is reduced in dJun! mutant cells (two clones analyzed). (G) rp49 expression (red) is
unimpaired in bsk? mutant clones (seven clones analyzed). (H) dSTAT protein expression is normal in naive bsk? mutant clones. (I) dSTAT
protein is nuclear in infected bsk? mutant fat body cells (red arrows in (I'), five clones analyzed). Red channels are shown in (B, C’, D', E/, F,

G,H,T).

Biochemical analyses in mammalian systems have demon-
strated that TAK1 functions in multimeric protein complexes
that can include TAB1, TAB2, and different TRAF proteins.
The exact composition of these complexes seems to deter-
mine TAK1 responsiveness and downstream effects (Takaesu
et al, 2003; Hayden and Ghosh, 2004, and references therein).
In the fly, genetic studies found an interaction between
dTRAFI and dTAKI in the activation of JNK signaling and
apoptosis (Cha et al, 2003). Gain- and loss-of-function ana-
lyses indicate that dTRAF2, but not dTRAF1, is necessary for
the activation of Relish-dependent gene expression; however,
no interaction between dTRAF2 and dTAK]1 in the activation
of antimicrobial peptides was reported (Cha et al, 2003).

In vivo versus in vitro studies

Genome-wide analyses that examined in vivo responses in
Drosophila identified dJun and puc as genes potentially
regulated by Toll and Imd signaling, suggesting a cross-
regulation between these pathways and the JNK signaling
pathway (De Gregorio et al, 2002). A study recently reported
that RNAi knockdown of kayak, msn, hep, or aop blocked
E. coli-induced attacin and drosomycin expression in S2 cells
(Kallio et al, 2005). Furthermore, in related studies, they also
observed that, although dTAK1 RNAi-treated S2 cells failed to
express an attacin reporter gene, Relish cleavage and nuclear
localization remained intact in these cells (Kleino et al, 2005).
Other RNAI analyses in S2 cells concluded that JNK signaling
did not have a significant role in antimicrobial peptide gene
expression (Boutros et al, 2002; Silverman et al, 2003;
Park et al, 2004). However, RNAI against hep or bsk seemed
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to partially block antimicrobial peptide induction, especially
of attacin and cecropinA (Silverman et al, 2003) and, accord-
ingly, attacinD levels were lower in microarrays when the
JNK pathway was blocked (Boutros et al, 2002). Our results
confirm a positive role for JNK signaling in the antimicrobial
peptide response in vivo.

Integration of JNK and NF-«B signaling

The placement of dTAK1 function upstream of JNK, rather
than IKK, requires a remodeling of the signaling pathways
that activate the antimicrobial peptide genes (Figure 6).
Earlier models were based on studies that showed that
dTAKI mutations blocked the constitutive activation of dip-
tericin by Imd overexpression (Vidal et al, 2001). In turn, IKK
mutations blocked dTAKIl-induced diptericin expression.
One interpretation of these data places IKK directly down-
stream of dTAK1. However, if the activation of both JNK
and IKK signaling pathways is required, then a disruption
in either branch would be sufficient to suppress any upstream
activation.

Overexpression of dTAK]1 is sufficient to induce antimicro-
bial peptide expression (Vidal et al, 2001). However, dTAK1 is
an extremely potent activator of JNK signaling and apoptosis
(Takatsu et al, 2000; Mihaly et al, 2001), and overexpression
of dTAKI1 could activate proteins that are not normal phos-
phorylation targets. Based on RNAI studies in S2 cells, dTAK1
is required for dIKK complex-dependent phosphorylation
of Relish in vitro (Silverman et al, 2003). This could reflect
a stringent requirement for dTAK1 in blood cell-derived S2
cells that is different in fat body tissue.
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Figure 6 Integration of our data into current models, initially based
on Brennan and Anderson (2004). Dotted arrows represent poten-
tially pleiotropic signaling that may occur owing to overexpression.
Dashed arrows represent hypothetical signaling events that could
initially activate JNK signaling during infection or mediate signaling
independently of dTAK1, such as during Dif-controlled drosomycin
expression. The question mark (?) represents our speculation that
other receptor signaling events, such as TNFR activation, also
modulate the innate immune response in the Drosophila fat body.

The new model (Figure 6) would predict that overexpres-
sion of the Dredd caspase would be insufficient to activate
fully the antimicrobial peptides in dTAKI mutant animals and
this is indeed the case (Figure 3B). Overexpression of Dredd
may be sufficient to induce antimicrobial peptide gene
expression in a wild-type background because of inadvertent
JNK pathway activation by ectopic caspase activity or by the
heat-shock protocol itself (Gibson and Perrimon, 2005).
Alternatively, an additional role for Dredd has been proposed
in the ubiquitin-mediated activation of dTAK1 and the
dIKK complex (Zhou et al, 2005). The suppression by
dTAKI mutants of ectopic Dredd expression is consistent
with this model as well, and does not distinguish between
the two potential functions of Dredd. Our data are consistent
with a model that places dTAK1 activity in a pathway parallel
to the functions of IKK and Relish and in which both these
pathways are required for the activation of antibacterial
peptide genes such as diptericin and attacin.

Promoter analyses of most antimicrobial peptide genes
have not revealed any obvious binding sites for activator
protein-1 (AP-1) complexes, the Jun/Fos heterodimer, and
transcriptional mediator of JNK signaling (Kadalayil et al,
1997; Petersen et al, 1999; Senger et al, 2004). However, AP-1
binding sites can be quite diverse and are not always pre-
dictable directly from DNA sequence. Nevertheless, a recent
study identified a functional AP-1 binding site in the attacinA
promoter (Kim et al, 2005). Their data suggest that AP-1
binding represses attacinA transcription by recruiting histone
deacetylase 1 (dHDAC1) to the promoter. In contrast, in
mammalian studies, c-Jun function is itself repressed
by association with HDAC3. This repression is relieved
upon JNK signaling (Weiss et al, 2003). A similar mechanism
may be employed in the Drosophila fat body. Accordingly, the
sustained expression of attacin and other antimicrobial pep-
tide genes in vivo would require an activation (or de-repres-
sion) of AP-1 function at the onset of the immune response.
Such positive cooperation between AP-1 and NF-kB transcrip-
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tion factors was also seen in molecular studies of the human
B-defensin-2 promoter (Wehkamp et al, 2004).

AP-1-dependent gene expression is normally rapid. Thus,
if AP-1 activity is not directly required for diptericin expres-
sion, it could act indirectly through the activation of other
genes. Alternatively, JNK could phosphorylate some targets
other than the AP-1 complex proteins Jun and Fos. In
mammalian studies, it has been shown that JNK can phos-
phorylate, and thereby inhibit, Insulin Receptor Substrate-1
(Lee et al, 2003). However, the recent finding that RNAi
against kayak/dFos can block antimicrobial peptide expres-
sion and our dJun loss-of-function studies in vivo suggest that
JNK does indeed signal through AP-1 to control expression
of these genes (Kallio et al, 2005).

It is intriguing that overexpressed Puc not only blocked
Relish-dependent antimicrobial peptide gene expression, but
it also strongly blocked drosomycin expression, which is
not true in dTAKI mutants (Vidal et al, 2001). This suggests
that JNK or JNK-related proteins, for example, p38a, p38b,
and MPK2, may also be important for other aspects of
the immune response, for example, the Toll/Dif-dependent
antimicrobial genes (Sluss et al, 1996; Han et al, 1998). Our
clonal analysis of JNK mutant tissue confirms that JNK is
required not only for the expression of Gram™-specific pep-
tides diptericin and attacin, but also for Metchnikowin
(Gram " /fungal specific) (Levashina et al, 1995) and droso-
mycin (fungal specific) (Fehlbaum et al, 1994). Mutations in
dTAK1 had less of an impact on Metchnikowin or drosomycin
expression than on attacin, for example. Furthermore,
reduced dJun activation occurred in dTAK1 mutant animals,
indicating that other upstream kinases may be involved in the
control of these genes. JNK is a member of a large family
of mitogen-activated protein kinases (MAPKs). In the fly,
there are at least five MAPKKKs, four MAPKKs, and five
MAPKSs, and so the potential redundancies are many. If these
other proteins contribute to the immune response, how they
do so has yet to be tested in genetic loss-of-function in vivo
studies in the fat body.

How JNK and NF-kB signals integrate to positively control
gene expression is a critical question. Here, we have demon-
strated that both are required for the expression of a parti-
cular set of immune responsive genes in vivo. Through the
use of Drosophila genetics, we should be able to identify
novel immune response genes that are controlled coopera-
tively by JNK and NF-kB signaling. From promoter analysis of
these genes, we may be able to predict additional genes that
are important for other biological processes. Both the JNK
and NF-xB signaling pathways have been implicated
many times in many different contexts. Continued analysis
in Drosophila may lead to a general understanding of their
roles in normal biological processes and developmental
malignancies.

Materials and methods

Drosophila strains

Oregon R, Canton S, or diptericin-lacZ(X) (Reichhart et al, 1992),
the parental strain of the EMS-induced dTAKI'”® mutation, was
used as a wild-type control. dTAKI' and dTAKI? were described
previously (Vidal et al, 2001) as were irdS' (Lu et al, 2001), key’
(Silverman et al, 2000), imd' (Lemaitre et al, 1995), Dredd®"®
(Leulier et al, 2000), bsk?, bsk'™ (Sluss et al, 1996), msn'%,
msn'”? (Treisman et al, 1997), djun’, dJun® (Kockel et al, 1997),
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and dJun® (Nusslein-Volhard et al, 1984). For ectopic expression of
hemipterous, puckered, and dredd, we employed the UAS/GAL4
system by crossing UAS-Hep.CA (Adachi-Yamada et al, 1999), UAS-
puc (Martin-Blanco et al, 1998), and UAS-dredd (Vidal et al, 2001) to
either YP1-GAL4, specific for female fat body (Vidal et al, 2001), or
to Heat Shock-GAL4 and analyzed the offspring.

Northern analysis

To test antimicrobial gene expression, wandering third-instar larvae
and adults were infected overnight with E. coli as described (Wu
and Anderson, 1998) and total RNA extracted using Trizol Reagent
(Invitrogen). A 5-10 pg portion of RNA was loaded per lane and
then transferred to Hybond nylon membrane. Random prime
labeled probes (Boehringer) were made for each of the antimicro-
bial peptides and rp49. For HS>dredd experiments, flies of the
indicated genotypes were either untreated (—) or heat shocked (+)
at 37°C for 1h, rested overnight, heat shocked a second time, and
rested 6h. For HS>Hep.CA experiments, flies of the indicated
genotypes were either untreated (—) or subjected to heat shock
and/or infection with E. coli(+ ). Infection was just prior to a single
1h heat shock at 37°C. RNA was prepared after an overnight
incubation.

Western analysis and immunohistochemistry

Analysis of endogenous Relish protein was performed as described
(Stoven et al, 2000). Preparation of larval fat body and immuno-
histochemical detection of Relish were carried out as previously
described (Stoven et al, 2000) using an affinity-purified rabbit
polyclonal antibody specific for the Rel homology domain and anti-
rabbit 1gG/Cy2 conjugate (Jackson ImmunoResearch). A rabbit
polyclonal antibody specific for dSTAT was likewise used to detect
dSTAT protein in larval fat body (Chen et al, 2002). Preparations
of nuclear extracts were carried out as described (Uvell and
Engstrom, 2003).

EMSA

EMSAs were carried out as described (Uvell and Engstrom, 2003)
using the Cecropin Al kB sequence as probe: tcgagacacGGGGA
TTTTTgcac. For supershift experiments, extracts were incubated
with 1 pl of relish antiserum (Stéven et al, 2000) before the addition
of probe.

ChiP

ChIP was carried largely as described for S2 cells (Kim et al, 2005).
For a given experiment, 80-100 larvae were collected for direct
processing or infected with a Micrococcus luteus/E. coli mixture for
10-15min. Larvae were then dissected and fixed in 1% formalde-
hyde/PBS for 10 min, washed, and then fat body was dissected
away from gut and integument and placed directly into lysis
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incubated for 2h, and then heat shocked for 1h at 37°C and
allowed to develop to third instar at 25°C. GFP* larvae were sorted
by fluorescence microscopy, infected with E. coli, and then allowed
to rest for 3h before dissection and overnight fixation in 8%
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