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Abstract

Regulation of NF-kB nuclear translocation and stability is central to mounting an effective innate 

immune response. Here, we describe a novel molecular mechanism controlling NF-kB-dependent 

innate immune response. We show that a previously unknown protein, termed as Charon, functions 

as a regulator of antibacterial and antifungal immune defense in Drosophila. Charon is an ankyrin 

repeat-containing protein that mediates PARP-1-dependent transcriptional responses downstream 

of the innate immune pathway. Our results demonstrate that Charon interacts with the NF-kB 

orthologue Relish inside perinuclear particles and delivers active Relish to PARP-1-bearing 

promoters, thus triggering NF-kB/PARP-1-dependent transcription of antimicrobial peptides. 

Ablating the expression of Charon prevents Relish from targeting promoters of antimicrobial 

genes and effectively suppresses the innate immune transcriptional response. Together, these 

results implicate Charon as an essential mediator of PARP-1-dependent transcription in the innate 

immune pathway. Thus, our results are the first to describe the molecular mechanism regulating 

translocation of the NF-kB subunit from cytoplasm to chromatin.
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INTRODUCTION

Innate immune response is common throughout the animal kingdom, playing a central role 

in host defense against pathogenic diseases (1). A key function of innate immunity is 

recognition of microbial agents by host cell receptors, such as Toll-like receptors (TLRs). 

This elicits a cascade of signaling pathways to induce the rapid transcription of genes 

encoding antimicrobial peptides and/or proinflammatory cytokines (2, 3). In Drosophila, 

cleaved Spatzle fragments function as cytokine ligands for the Toll receptor. The fly sense 

system then processes the Toll-Spatzle complex, detecting the invading fungi and Gram-

positive bacteria (4, 5). Once activated, the Toll receptor induces phosphorylation of Cactus, 

a homolog of mammalian inhibitors of NF-kB (IKB), further degrading it by 
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polyubiquitination (6). Degradation of IKB then causes the release and translocation of NF-

kB transcriptional factors (Dorsal and DIF) from the cytoplasm to the nucleus where DIF 

and/or Dorsal induce the transcription of antimicrobial peptide genes by binding to the 

promoters of these genes, such as Drosomycin (7, 8). The immune deficiency (IMD) 

pathway is integral to innate immune response against Gram-negative bacteria in Drosophila 
(9). In the IMD pathway, a receptor named peptidoglycan recognition protein (PGRP) 

recognizes peptidoglycan (PGN) present in the cell wall of most Gram-negative bacteria and 

recruits the adaptor protein IMD to initiate signaling (10–13). The IMD pathway culminates 

in the cleavage of Relish (Rel68; orthologous to mammalian NF-κB) and the translocation 

of the transactivating domain of Relish into the nucleus for the transcriptional induction of 

antimicrobial peptide genes, such as Diptericin (14, 15). The existence of crosstalk between 

Immune melanization protease (IMP) and Toll pathways has been reported, and Rel68 

protein is suggested to control both pathways in Drosophila (16). The common theme of 

both Toll and IMP pathways is the rapid transcriptional induction of antimicrobial peptide 

genes through NF-κB transcription factors.

Poly(ADP-ribose) Polymerase 1 (PARP-1) has proven to be integral to NF-κB-mediated 

immune response (17). The failure of mouse PARP-1−/− macrophages to produce TNF-α in 

response to LPS stimulation suggests that PARP-1 is required for NF-κB-dependent 

transcriptional induction (18). In addition to its role in the transcriptional induction of 

mammalian proinflammatory cytokine genes, it has been shown that PARP-1 is required for 

the expression of antimicrobial peptides, such as Diptericin (Dpt) and Drosomycin (Drs), 

after bacterial infection in Drosophila (19). Since Drs expression is induced by the Toll 

pathway and Dpt by the IMD pathway, PARP-1 is involved in NF-κB-mediated transcription 

of antimicrobial peptide genes. However, it is not clear whether PARP-1 induces the 

transcription of antimicrobial peptide genes by direct binding to NF-κB or through the 

regulation of chromatin structure via its enzymatic activity.

Here we report the discovery of the CG5118 gene which encodes a previously unknown, 

evolutionarily conserved component of innate immune response. We named the CG5118 

gene product Charon after the boatman in Greek mythology who delivered dead spirits 

across the River Styx to the underworld. Charon encodes an ankyrin domain-containing 

nuclear and perinuclear protein that interacts with Relish and delivers this transcription 

factor to PARP-1-occupied promoters to mediate transcription of antimicrobial genes, 

including Dpt and Drs. In Drosophila, Charon mediates PARP-1-dependent binding of 

Relish to promoters and transcription of Dpt and Drs genes encoding antimicrobial peptides. 

Previously, only two PARP-1-dependent mechanisms of gene expression regulation had been 

reported: 1) pADPr mediation of chromatin loosening (19–22) and 2) pADPr/hnRNPA1 

regulation of RNA fate (23–25). Unlike those two pathways, PARP-1/Relish/Charon-

dependent innate immune response does not require PARP-1 enzymatic activity. Our 

findings thus represent a third mechanism of PARP-1-dependent transcriptional regulation.
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MATERIALS AND METHODS

Drosophila strains and genetics

Genetic markers are described in FlyBase 1999 (26), and stocks were obtained from the 

Bloomington Stock Center, except as indicated. pP{w1, UAST::PARP-1-DsRed}, called 

UAS::PARP-1-DsRed, was described in (19). The following GAL4 driver strains were used: 

69B-GAL4 (27), arm::GAL4 (Bloomington stock no. 1560), da-Gal4 [a gift of A. Veraksa] 

and Act-Gal4 [Bloomington stock no. 4414]. Balancer chromosomes carrying Kr::GFP, i.e., 

TM3, P{w1, Kr-GFP} and FM7i, P{w1, Kr-GFP}, were used to identify heterozygous and 

homozygous parg27.1 and parpC03256 (28). siRNA transgenic Drosophila stocks #106292 

(siRNA1) and #34937 (siRNA2) were obtained from VDRC (29). Transgenic stock 

expressing Diptericine-lacZ and Drosomycin-GFP reporter genes were obtained from Dr. D. 

Ferrandon (30,31).

Construction of transgenic Drosophila

To construct UAS::CG5118-EGFP, we generated full-length genomic fragment of CG5118 

locus (Fig. 1A and Supplemental Fig. 1A) using PCR. We used wild-type Drosophila 
genomic DNA as a template for PCR. The resulting PCR products were cloned through The 

Drosophila Gateway™ Vector Cloning System (Carnegie Institution of Washington) into the 

corresponding vector for Drosophila transformation. Transformation was performed as 

described (32).

Western blot

The following antibodies were used for immunoblotting assays: anti-pADPr (Rabbit 1:4000, 

Calbiochem, #528815), anti-pADPr (Mouse monoclonal, 1:500, Tulip, #1020), anti-B-actin 

(Mouse monoclonal 1:5000, Sigma, #A5441), pAB anti-histone H4 (1:1000; Santa Cruz 

Biotech), mouse anti-Tubulin (1:1000,Sigma, #M1A), rabbit anti-GFP (Torrey Pines 

Biolabs, #TP401, 1:1000), anti-GFP (Mouse monoclonal, BD, #632380, 1:5000), mouse 

anti-Relish (C21F3,DSHB), rabbit anti-Relish (RayBiotech, #RB-14-0004), rabbit anti-

Hrp38/hnRNP A1(1:10000, a gift from Dr. Dr. J. A. Steitz) (33), Rabbit anti-DsRed (1:500, 

Clontech), and mouse anti-LacZ antibody (1:1000, Promega #Z378A). Western blotting was 

done using the detection kit from Amersham/GE Healthcare (#RPN2106), according to 

manufacturer’s instructions.

Polytene chromosome immunostaining

Preparation and immunostaining of polytene chromosome squashes were performed exactly 

as described (19). The primary antibodies used were anti-GFP (Rabbit, Torrey Pines 

Biolabs, #TP401, 1:400), rabbit anti-Relish (RayBiotech, #RB-14-0004, 1:50). The 

secondary antibodies used were goat anti-rabbit Alexa-488, goat anti-rabbit Alexa-633, goat 

anti-mouse Alexa-488, and goat anti-mouse Alexa-633 (Molecular Probes (1:400). Slides 

were mounted in Vectashield (Vector Laboratories, Burlingame, CA) with propidium iodide 

at 0.05 mg/ml for DNA staining.
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Immunohistochemistry

Immunochemistry was performed as described in (34).

Mononucleosome Chromatin Immunoprecipitation

Nuclei were isolated from ~200 adult flies as described in (35) with some modifications. In 

one 1.5ml Eppendorf tube, 50 larvae were homogenized with 300ul A1(60mM KCI,15mM 

NaCI, 5mM MgCI2, 15mM Tris-HCI (pH 7.5), 0.5% Triton X-100, 0.1mM EGTA, 0.5mM 

DTT and 25X complete protease inhibitors (Roche) EDTA-free/0.3M sucrose). The 

homogenates were passed over two layers of Miracloth tissue (Calbiochem) and centrifuged 

for 5 minutes at 8000g at 4°C. The pellet resuspended in 300ul A1 (0.5% Triton X-100)/

0.3M sucrose) was loaded into a sucrose gradient (800ul A1 (0.5% Triton X-100)/0.8M 

sucrose + 150ul A1 (0.5% Triton X-100)/0.3M sucrose)) and further centrifuged for 6 

minutes at 8000g at 4°C. The nuclei pellet resuspended in 100 ul micrococcal nuclease 

digestion buffer (60mM KCI, 15mM NaCI, 5mM MgCI2, 15mM Tris-HCI (pH 7.5), 1mM 

CaCI2, 0.5mM DTT, 0.34M sucrose and 25X complete protease inhibitors (Roche)) was 

pooled together, and the chromatin DNA concentration was measured in 0.1% SDS buffer. 

The nuclei were digested with micrococcal nuclease (NEB) with 2 gel units per 1 ug of 

chromatin for 6 minutes at 37°C in MNase digestion buffer (NEB). 5mM EDTA were added 

to stop the reaction. Immunoprecipitation was performed as described by Umlauf et al. 

(http://www.epigenomenoe.net/researchtools/protocol.php?protid=22).

After MNase digestion, the nuclei reactions were centrifuged for 10 minutes at 10K at 4°C. 

The supernatant fraction containing about 40 ug mononucleosome chromatin DNA was 

precleared with 60 ul protein A agarose (Invitrogen) for 1 hour at 4°C and then incubated 

with 10 ug anti-GFP rabbit polyclonal antibody (Torrey Pines Biolabs) or rabbit anti-Relish 

antibody (RayBiotech) overnight at 4°C and further incubated with 60 ul protein A agarose 

(Invitrogen) for 2 hours at 4°C. The IP complexes were washed with buffer A once, buffer B 

twice and buffer C twice, and then eluted with 500 ul elution buffer. The eluate and 10% 

input were digested with 5 ul of proteinase K (20 ug/ul) (Invitrogen) for 4 hours at 50°C, and 

DNA was extracted using the phenol:chloroform:iso-amylalcohol (25:24:1) method and 

precipitated by Ethanol with 2 ul Paintpellet (Novagen) for better visualization. The DNA 

pellet was resuspended in 40 ul of water and then treated with 1ul RNAse (2ug/ul) 

(Invitrogen) for 20 minutes at room temperature.

To detect Drosomycin or Diptericin DNA in ChIP experiments, we used 2 pairs of primers, 

as shown below, distributed along the promoter regions of Drosomycin and Diptericin genes, 

which have been demonstrated to bear NF-KB binding sites (36; 37). The primer sequences 

were as follows: 5′ TTTCGCTTACGCTTTTCGAT′ (forward) and 5′ 
ATAGTGCACCGATCCCTCAG 3′ (reverse) for Drosomycin promoter; 5′ 
GATCCCCTGGTGGTATTTG 3′ (forward) and 5′ CTTTCCAAAAGGAATCCCCG 3′ 
(reverse) for Diptericin promoter. Real-time PCR assays were performed using Power Sybr® 

Green PCR master mix and the StepOnePlus Real Time PCR System (Applied Biosystems). 

Cycling conditions were 95°C, 10 min, followed by 40 (3-step) cycles (95°C, 15 sec; 63°C, 

30 sec; 72°C, 30 sec). Reactions were done in triplicate. All the experiments were repeated 

twice, and standard deviation was calculated.
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SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Figures S1 – S4.

RESULTS

Charon encodes an evolutionarily conserved protein

Drosophila CG5118 gene (Fig. 1A and Supplemental Fig. 1A) encodes a putative protein 

containing 524 amino acids and four Ankyrin repeats (Supplemental Fig. 1B). It has close 

homologues broadly represented in the many genomes of the animal kingdom (Fig. 1B). The 

most conserved homologs are found in other insects (Supplemental Fig. 2). As shown in 

FlyBase (1999), the Charon protein is ubiquitously expressed in all tissues of D. 
melanogaster. Previous studies (38,39) reported that Charon interacts with components of 

the IMD pathway, including Kenny, Ird5 and Relish (Fig. 1C), suggesting that Charon is an 

as-yet uncharacterized component of this pathway. To study the functions of Drosophila 
Charon protein, we fused the genomic fragment, including four exons and three introns of 

Drosophila Charon gene, to a GFP tag under control of UASt promoter (Fig. 1A) and 

generated transgenic flies expressing Charon-GFP. We also used knockdown transgenic 

constructs to produce different nonoverlapping siRNAs directed against Charon mRNA. The 

expression of these siRNAs effectively eliminated Charon protein (Fig. 1D) and induced 

identical defects in Drosophila development (Fig. 1E). The ubiquitous expression of 

knocked down transgenes arrests the fly’s development at late third instar or pupal stages, 

while tissue-specific expression suggests organ-specific defects. These observations indicate 

that Charon is vital to Drosophila development. Besides developmental defects, Charon 
knockdowns demonstrate high sensitivity to bacterial and fungal invasion (Fig. 1F), hinting 

at the involvement of Charon in IMD signaling.

Charon is a nuclear, chromatin-associated protein that is regulated by PARP-1

The sequence analysis of Charon and its close homologues predicted conserved nuclear 

localization signals (NLS) located at 155–161aa and 191–197aa positions (Fig. 1A and 

Supplemental Fig. 1AB). To monitor the subcellular localization of Charon protein, we 

expressed UAS-Charon-GFP reporter using ubiquitous GAL4 driver. An immunoblot 

analysis using the antibody to a GFP tag (αGFP) showed that the transgene produces a 

single 79 kDa protein (Fig. 1C and Supplemental Fig. 3). This expression is well tolerated 

by flies and has no effects on development, viability or health. Confocal microscopy of 

dissected Drosophila tissue identified Charon as a nuclear, chromatin-associated protein 

(Fig. 2A). Quantification revealed that Charon occupies approximately 400 loci in the 

euchromatic fractions of polytene chromosomes in Drosophila salivary gland tissue 

(Supplemental Fig. 3A). Additionally, significant amounts of Charon protein are located in 

soluble nucleoplasm (Fig. 2A, arrow) and in perinuclear bodies (Fig. 2A, arrowheads).

We found that mutating the components of poly(ADP-ribosyl)ating pathways completely 

disrupts the localization of Charon. Drosophila that lack the Poly(ADP-ribose) 

glycohydrolase (PARG) gene (parg27.1) accumulate Charon in dispersed nucleoplasmic 

bodies (Fig. 2B), while mutants in the PARP-1 encoding gene (parpC03256) retain Charon 

Ji et al. Page 5

J Immunol. Author manuscript; available in PMC 2017 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



only in soluble nucleoplasm (Fig. 2C). These data establish that the distribution of cellular 

Charon is dependent on PARP-1. Unlike other PARP-1-dependent proteins, Charon does not 

localize to Cajal bodies in parg27.1 mutants (Fig. 2B, arrows) and is not covalently bound 

with pADPr (Supplemental Fig. 3B). Charon does not colocalize to components of the 

previously described PARP-1-dependent hnRNP pathway (Supplemental Fig. 4A) and does 

not demonstrate any effect on PARP-1-dependent heat shock transcriptional response 

(Supplemental Fig. 4B). Co-immunoprecipitation experiments revealed that Charon interacts 

with PARP-1 in chromatin, but not in soluble nucleoplasm (Fig. 2D). Taken together, these 

data strongly support the hypothesis that Charon is an integral part of a novel PARP-1-

dependent pathway based on the vitality it affords Drosophila development and 

antimicrobial response. The Charon/PARP-1 axis also demonstrates the dependency of 

PARP-1 protein interactions in chromatin.

Charon protein is required for Relish-dependent transcriptional response

To study the roles of Charon in antimicrobial response, we first needed to establish its 

interaction with Relish protein. To accomplish this, we compared Charon/Relish interaction 

in unchallenged animals and Drosophila larvae exposed to E. coli. Co-immunoprecipitation 

experiments show that Charon interacts with full-length Relish, as well as with C-terminal 

transactivation domain (Fig. 3A). Immunostaining of dissected Drosophila tissues 

established that the interaction with full-length Relish protein only occurred in the 

cytoplasm of perinuclear bodies (Fig. 3B, Inset) in a manner that precedes the activation of 

signaling pathways and cleaving of Relish (14, 15) into its Rel68 fragment, which appears 

only after signal pathway activation (14, 15). These observations suggest that the interaction 

of Charon and Relish occurs in perinuclear bodies prior to pathway activation and that 

subsequent to such activation, Charon accompanies Rel68 into nucleoplasm and chromatin. 

Relish protein controls the transcription of antimicrobial peptides by binding promoters and 

inducing transcription (40, 41). We then investigated the effect of parp-1 or Charon mutation 

on Relish protein binding. As expected, chromatin immunoprecipitation (ChIP) assay, using 

anti-Relish antibody, shows that Relish protein binds to the promoters of Dpt and Drs genes 

following bacterial infection in wild-type animals (Fig. 3C). Mutation of parp-1 or Charon 
removes Relish from the Dpt and Drs promoter (Fig. 3C) and, hence, impairs the expression 

of antibacterial and fungal peptides following infection (Fig. 3D and Supplemental 

Fig.S4C).

We next examined the co-occupancy of Charon and Relish in Drosophila chromatin. For 

this, we performed immunostaining of polytene chromosomes in Drosophila salivary gland 

tissue for Relish and Charon-GFP. Notably, about 60% of Charon-positive sites are occupied 

by Relish (Fig. 4A). In wild-type salivary glands, Relish bound approximately 100 sites 

following infection (Fig. 4B). However, when we disrupted the expression of Charon 

protein, we found that the binding of Relish was disrupted on a genome-wide scale (Fig. 

4C). This is compelling evidence that Charon controls Relish protein targeting to promoters.
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DISCUSSION

Here we demonstrated that Charon is an essential component of IMD signaling and 

necessary for Relish translocation to nucleoplasm and to PARP-1-bound promoters 

following cleavage of Relish protein. Our data reveal that Charon is required for Rel68 

binding to promoters and the expression of Relish-dependent antimicrobial peptides after 

bacterial infection.

Relish is a key transcription factor in the induction of antimicrobial peptides, and our data 

suggest that Charon is a critical partner of Rel68 in the nucleus for transcription activation of 

antimicrobial peptide (AMP) genes. Full-length Relish undergoes endoproteolytic cleavage 

by the caspase-8 Dredd to generate two isoforms (Rel68 and Rel49) (14, 15). Once Rel68 

translocates into the nucleus, it serves as a transcription activator by binding to promoters of 

many antimicrobial genes, such as Drosomycin (36, 41). In addition, phosphorylation of 

Rel68 at Ser-528 and -529 by the IKK complex comprised of IRD5, a catalytic kinase 

subunit, and Kenny, a regulatory subunit, is also critical for Rel68 transcription activation 

(42). Our findings suggest that Charon interacts and colocalizes with Rel68 in the promoters 

of AMP genes. Previous studies showed that a nuclear protein, Akirin, is required for Rel68-

dependent immune response (43). However, it appeared that Akirin did not interact directly 

with Relish in the nucleus (43). Recent studies showed that Akirin regulates chromatin 

structure by recruiting the Osa-containing SWI/SNF-like Brahma complex (BAP) to AMP 

genes (44). In future studies, we will investigate how Charon works with Akirin in a 

concerted manner to regulate the expression of AMP genes.

Our study further reveals the role of PARP-1 in innate immune response. Previous studies 

showed that PARP-1 is essential for NF-kB-dependent immune response genes in 

Drosophila (19) and in mammals (17). However, no consensus has been reached on the 

mechanism underlying the control of PARP-1 over immune response, especially from the 

perspective of its enzymatic activity. The earlier study suggested that PARP-1 may directly 

bind to both p50 and p65 subunits of NF-κB for transcription activation, even though its 

enzymatic activity and DNA-binding domain had no effect on this process (45). A recent 

study showed that the cleavage of PARP-1 by Caspase-7 releases it from the promoters of 

some NF-κB-dependent genes, permitting transcription upon LPS stimulation (46). 

However, several studies have also demonstrated that PARP-1 enzymatic activity is very 

important for transcription of NF-κB-dependent genes (46–48). It has been demonstrated 

that LPS can activate PARP-1 to modify histones through poly(ADP-ribosyl)ation, 

destabilizing chromatin structure and inducing NF-κB-dependent promotion of 

proinflammatory cytokines such as IL-1 (47, 48). Data presented herein show that PARP-1 is 

required for proper Charon localization in chromatin and Relish binding to the promoter 

region of Drosomycin gene after infection. However, it appears that PARP-1 enzymatic 

activity is not required for Charon localization in chromatin. Therefore, our results support 

the model in which PARP-1 directly interacts with Relish and Charon to recruit these two 

proteins to the promoter region of the AMP gene (Fig. 5). The IKK kinase complex, 

comprised of Kenny and Ird5, is a key regulator of NF-κB. Proteomics studies have revealed 

that it forms a complex with Relish and Charon in the unchallenged state (38; 39). 

Interestingly, structural studies have shown that the IKK complex binds to Relish through six 
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Ankyrin repeats of its C-terminus (49). It turns out that Charon also contains four Ankyrin 

repeats. Therefore, it is possible that the IKK complex also binds to Charon through its 

Ankyin repeats. These findings allow us to propose that Charon is a component of the IKK 

complex with inactive Relish in the cytoplasm in the unchallenged state (Fig. 5A). However, 

once challenged by Gram-negative bacteria, the IKK complex helps to cleave Relish to 

produce the Rel68 fragment. Then, as a partner of Rel68, Charon binds with PARP-1 to 

recruit Rel68 to the promoter region of AMP genes for transcription activation (Fig. 5B).

PARP-1 has been linked to several human inflammatory diseases, such as Rheumatoid 

arthritis (RA), inflammatory bowel disease and asthma (50). PARP-1−/− mice had lower 

expression level of IL-1β and the chemokine MCP-1 in a model of arthritis induced by anti-

collagen antibodies (CAIA) (51). Indeed, PARP-1 inhibition significantly reduced the 

production of TNF-induced cytokine and chemokine expression in fibroblast-like 

synoviocytes (FLS) derived from patients with RA (52). A recent study has demonstrated 

that PARP-1 knockout mice were resistant to dextran-sulfate sodium (DSS)-induced colitis, 

which is associated with changing transcriptional profiles, colonic microbiota and the 

frequency of mucosal CD4(+)CD25(+) Foxp3(+) regulatory T cells in the colon (53). It has 

also been reported that PARP-1−/− mice and PARP-1 inhibition by Olaparib obstruct 

development of asthma-like traits in mice in response to house dust mite (HDM) as a result 

of reduced production of T helper 2 (Th2) cytokine (54). Our finding that Charon controls 

the production of PARP-1-mediated AMP implies that the contribution of PARP-1 to these 

inflammatory diseases should be examined to determine if decreased expression of AMP 

from PARP-1 knockout could affect the pathogenesis of inflammatory diseases. Moreover, 

in human cells, our previous study has shown that PARP-1 binding sites in chromatin often 

coincide with NFATC2 transcriptional factor binding sites on a genome-wide scale (55). 

NFATC2 function is linked to the NF-κB pathway and controls the expression of IL2 in T 

cells (56). These data suggest that PARP-1/NF-κB-dependent transcriptional control is 

broadly conserved across evolution.

Besides its role in the induction of the innate immunity response, Charon is also required for 

development in Drosophila because RNAi knockdown of Charon causes developmental 

defects or total lethality, depending on the use of GAL4 drivers. Even in the unchallenged 

condition, Charon is localized in many transcriptional activation puffs (Supplemental Fig. 3), 

suggesting a developmental role in transcription control. Besides ankyrin repeats, Charon is 

lack of the conserved function domains although it was identified as a component in the 

transcription network (24). Therefore, future work should investigate how Charon behaves 

as a transcription factor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Charon (CG5118) gene encodes new component of IMD pathway
A. Structure of Charon gene and protein and transgenic construct. ANK RPTS – Ankyrin 

repeats. NLS – nuclear localization signal. B. Evolutional tree of Charon homologs. Only 

representative sequences or known protein families are shown. Two first letters represent an 

organism, followed by sequence ID. Xl – Xenopus laevis; Af - Aspergillus fumigatus; Lc - 
Lucilia cuprina; Hc - Haemonchus contortus; Dm - Drosophila melanogaster; Rr - 
Rhinopithecus roxellana; Md - Musca domestica; Lk - Leptospira kirschneri; Cc - Ceratitis 
capitata; Bc - Bactrocera cucurbitae; Ob - Octopus bimaculoides; Ov - Opisthorchis 
viverrini. C. Charon protein interacts with components of IMD pathway [36,41]. D. The 

expression of Charon-GFP transgenic reporter and siRNA transgenes against Charon. Two 

different siRNA constructs against CG5118 were expressed using ubiquitous Act-Gal4 

drivers in CG5118-GFP-expressing Drosophila. Total protein extracts from third instar 

larvae were subjected to Western blot analysis using anti-GFP antibody. Tubulin antibody 

was used as a loading control. E. Charon is required for Drosophila development. siRNA 

against CG5118 was expressed using tissue-specific (Arm-Gal4, 69B-Gal4) or ubiquitous 

(Act-Gal4, da-Gal4) drivers in wild-type flies. F. Charon is required for antifungal protection 

of Drosophila. Larval salivary gland cells expressing siRNA against Charon locus often 

become infected with bacteria and fungi (arrowheads). Nuclei and pathogens are stained 

with Draq5.
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Figure 2. Charon encodes a PARP-1-dependent chromatin-associated protein
A–C. Charon protein is a nuclear protein. In wild-type Drosophila tissues (A), it bound to ~ 

400 sites in chromatin, presenting in soluble nucleoplasm (arrow) and accumulating in 

cytoplasmic perinuclear bodies (arrowheads). It accumulates in nucleoplasmic bodies in 

parg27.1 mutants (B) and in soluble nucleoplasm in parp-1C03265 mutants (C). D. Charon 

protein interacts with PARP-1 protein in chromatin. Co-immunoprecipitation experiments: 

nuclei were purified from animals expressing CG5118-GFP and PARP-1-DsRed proteins; 

samples were treated with MNase (+) to digest chromatin to mononucleosomal state; 

untreated nuclei were used as a control (−); chromatin was extracted, and protein complexes 

were precipitated using anti GFP antibody or IgG; samples were subjected to Western blot 

analysis using anti-DsRed, anti hnRNP A1 and anti-histone H4 antibodies.
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Figure 3. Charon controls Relish protein delivery from cytoplasm to chromatin
A. Charon protein interacts with full-length Relish prior to pathway activation, as well with 

Rel68 after infection. Co-immunoprecipitation assay using anti-GFP and IgG antibody is 

shown. B. Charon and full- length Relish are colocalized in perinuclear bodies (arrows). 

Immunostaining of Drosophila salivary glands using monoclonal anti-GFP (green); 

polyclonal anti-Relish (red) antibodies: a single cell is shown; DNA is blue. Arrowheads 

show perinuclear bodies. Inset: Magnification of the perinuclear body outlined with white 

rectangle. C. Mutating PARP-1 or Charon abolishes Rel68 binding in promoter of Dpt and 

Drs locus. ChIP assay using polyclonal anti-Relish antibody. *: p≤0.05; **: p≤0.01. D. 
Charon and PARP-1 are required to express innate immunity genes. Levels of NF-κB-

dependent innate immunity gene reporters Dipt-LacZ and Droso-GFP were quantitated 

using epitope-specific antibodies; Drosophila larvae expressing reporters were cultured 60 

hours with a sublethal dose of E. coli bacteria (+). Western blot reveals that both immunity 

genes are strongly induced by infection, relative to Tubulin control, in wild-type (wt), but 

not in Parp-1 or Charon mutant larvae.
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Figure 4. Charon is required for Rel68 protein binding in salivary gland polytene chromosomes
A. Charon and Relish proteins are co-localized in chromatin: Drosophila larvae expressing 

Charon-GFP were cultured for 60hrs with E.coli bacteria; salivary glands were dissected 

from third instar larvae, squashed and stained with monoclonal anti-GFP (Red) and 

polyclonal anti-Relish (green) antibodies; DNA was detected using propidium iodide (blue). 

B–C. Charon is required for Rel68 protein binding in chromatin: wild type (WT) or Charon 
knockdown (siRNACG5118) larvae were treated as described above; the localization of Relish 

in polytene chromosomes was detected using the polyclonal anti-Relish (green) antibodies; 

DNA was detected using propidium iodide (red).
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Figure 5. Charon protein delivers Rel68 to PARP-1-regulated promoters
A. Charon interacts with Relish-Kenny-Imd5 complex in perinuclear bodies and shuttles 

between them and PARP-1-bearing promoters. B. Upon IMD pathways activation Relish 

protein cleaved into C-terminal domain, which remains bound with inhibitor-complex and 

Rel68 N-terminal domain which remains bound with Charon but looses interaction with 

Kenny/Imd5. Under control of Charon NLS Rel68 is transported to chromatin and by 

mediation of Charon localized into PARP-1 occupied promoter. Binding of Relish in 

promoters triggers transcription on innate immune genes.
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