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SUMMARY

The COP9 signalosome (CSN) is an essential eight-subunit maternal contribution of the complex. Biochemical analysis
repressor of light-regulated development inArabidopsis  indicates that the different subunits are found in both CSN-
This complex has also been identified in animals, though its dependent and CSN-independent forms, and that these
developmental role remains obscure. CSN subunits have forms are differentially affected by the mutations.
been implicated in various cellular processes, suggesting a Phenotypic characterization of these two mutants indicates
possible role for the CSN as an integrator of multiple that they show both shared and unique phenotypes, which
signaling pathways. In order to elucidate the function of the suggest specific roles for each subunit. Both mutants have
CSN in animals, aDrosophilamodel system has previously defective oocyte and embryo patterning, and defects in
been established. Gel-filtration analysis with antibodies response to DNA damage, whilecsn5 mutants develop
against CSN subunits 4, 5 and 7 revealed that these proteins melanotic tumors and csn4 mutants have phenotypes
act as a complex irDrosophilathat is similar in size to the  reminiscent of defects in ecdysone signaling.

plant and mammalian complexes. Null mutations in either

one of two subunits, CSN4 or CSN5, are larval lethal. Key words: COP9 signalosome, Maternal effect, Embryo
Successful embryogenesis appears to be a consequence oflevelopment, OogenesBrosophila

INTRODUCTION important signaling molecules, such as$273un, Vpr, MIF
and the thyroid receptor, suggesting that the CSN functions at

The COP9 signalosome (CSN) is an evolutionarily conservethe juncture of kinase signaling and ubiquitin-dependent
multi-subunit protein complex that was originally identified in protein degradation (reviewed by Chamovitz and Segal, 2001;
Arabidopsisas an essential master regulator of light-mediatedim et al., 2001; Schwechheimer and Deng, 2001). Consistent
development (Chamovitz et al., 1996). The CSN contains eightith this hypothesis, a CSN-associated kinase phosphorylates
core subunits termed CSN1-CSN8 in order of descending53 to regulate its degradation by the proteasome (Bech-
molecular mass. In plants and animals, all of the subunits af@tschir et al., 2001). It appears that substrates of the CSN
found in a ~450 kDa protein complex (Deng et al., 2000). Somkinase activity must bind to one of the CSN subunits in order
of the subunits are also found in smaller molecular mass forme be phosphorylated. CSN5 for example, recruits Jun and p53
that are independent of the COP9 signalosome (Freilich et atg the CSN, whereas phosphorylation of the interferon
1999; Karniol et al., 1999; Kwok et al., 1998; Serino et al.consensus sequence binding protein (ICSBP) requires binding
1999). For example, the complexed form of AtCSN5 is nucleato CSN2 (Bech-Otschir et al., 2001; Cohen et al., 2000;
while the complex-independent form is cytoplasmic (Kwok etNaumann et al., 1999).
al., 1998). However the biological significance of these forms, The CSN also has a direct link to ubiquitin-dependent
and of those of other subunits, is still poorly understood. Thprotein degradation. The CSN regulates the SCF E3 ubiquitin-
CSN is related to two other multi-protein complexes, thdigase complex by mediating the removal of the NEDDS8
regulatory lid of the 26S proteasome and elF3, and evidenerodification of the SCF cullin subunit (Lyapina et al., 2001).
from several studies suggests a direct interaction between thells of the fission yea§chizosaccharomyces pondedeted
complexes or their subunits (Glickman et al., 1998; Kwok efor SpCSN1 showed an accumulation of neddylated cullin,
al., 1999; Wei et al., 1998; Yahalom et al., 2001). accompanied by a significant increase of SCF activity.

The different CSN subunits interact with a variety ofAddition of purified mammalian CSN lead to a reduction in the
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level of neddylated cullins. Furthermore, studies insequence of Csn4. Analysis of putative excision lines was performed
Arabidopsisshowed that the SCF mediated degradation oWwith a primer derived from genomic sequencesoSthe P element
PSIAAG, a regulatory protein of the auxin response pathwaypsertion (5>TGCTTCCCATATGTAGCCACTT-3  corresponding

is compromised in CSN5-deficient plants (Schwechheimer &9 r_‘t‘_JC'ecg'desd—zogz_ to —2070, Whg_re tt‘e gsme”'on site is at
al., 2001). The exact role of the COP9 signalosome in thed@s!ion Y, and a primer corresponding to L.oINa geéne sequence
processes is still unclear. EEr)‘_g4 to +75 downstream of the P insertion sité-TGTTCG-

; e L TCAGCACAGTCTTCA-3)
While the CSN has been studied in vivairbidopsis with The P element in the 10765 strain carries the domiwaneye

a few notable exceptions, most studies in animal systems hay§or marker. Reciprocal crosses of the 10765 strain and a strain
been limited to cell culture assays involving ectopiCcarrying the A2-3 stable source of transposase were conducted.
overexpression of CSN components. These studies have thbigsgenicy w; 1(2)K08018/CyO P4 2-3] male progeny, in whose
largely ignored the function of the COP9 signalosome as germ line thd(2)K08018associated P element was mobilized, were
whole, and have concentrated on individual subunits. Teorossed ty w; Gla/CyOfemales. Offspring () that did not carry the
develop a system for studying the roles of the CSN in animafansposase source were screened for males with white eyes indicative
development, we have been usiBgosophila as a model of loss of thew+ marker caused by excision the P element from

™ ; ; i« 10765. Individual putative excision males were crosseqy te;
(Freilich et al., 1999). Th®rosophilaCOP9 signalosome is _ : ;
. 1 . Gla/CyOfemales to establish balanced lines. 330 F2 flies were scored
highly conserved with its plant and mammalian counterpart%rwhite eyes, suggestive of excision of this P element, and lines were

we havg previously shown that CSN5 is essential fo[established from 268 independent putative excision flies, 68 of which
Drosophiladevelopment. _ _were homozygous viable.

To further understand the role of the CSN and its subunits The hybrid dysgenesis protocol fasn5 has been previously
in Drosophiladevelopment, we have generated null mutationglescribed (Freilich et al., 199%sn5 andcsn3 have been described
in two CSN subunits, CSN4 and CSN5, and examined thguh et al., 2002ksn3U!l, csn®, csng andcsn were balanced over
effect of these mutations oBrosophila development. Our a TM3 chromosome carrying the green fluorescent protein (GFP)
results indicate that each subunit has common and uniquearker gene under the actin-5 promoten4! was balanced over a
functions that affect a variety of developmental processe&YO chromosome carrying the same GFP marken3"! was also

including oogenesis, embryo patterning, hematopoesis a lanced over th& M3 chromosome carrying the GFP marker gene
' ' under thekr promoter.

molting. Heat-shock treatment: flies of the desired cross were allowed to lay
eggs for 24 hours in small tubes containing standard molasses
medium. The larvae were heat-shocked at the second and third instar

MATERIALS AND METHODS stages. Heat shock was administered by putting the vials with the
] ] larvae in a 37°C waterbath for 1.5 hours. Heat shock was performed
Antibody production twice a day on days 3 and 4 after egg laying. After the heat treatment

The entire coding region of CSN4 was cloned into pGEX 4t-1the tubes were returned to 25°C.

(Pharmacia, Upsalla, Sweden) at tal and Notl restriction sites. )

The resulting glutathione S-transferase-DCH4 fusion protein wablicroscopy

over-produced inEscherichia colistrain BL-21 and found to be Drosophilafrom different developmental stages were examined using

insoluble. The 12,00@ centrifugation pellet containing the fusion a Zeiss Axioplan 2 fluorescent microscope. GFP was visualized using
protein in inclusion bodies was separated on a 12.5% SDS-PAGE, afitler set 13 for GFP (#487913) at an excitation on 470Dngsophila

the fusion protein excised and injected either as a polyacrylamidarvae were immobilized for examination by placing them on ice for

suspension, or blotted and as pulverized nitrocellulose, to immunizgeveral minutes.

rabbits (AniLab, Rehovot, Israel) for the production of polyclonal

antibodies. For affinity purification of the resulting serum, the GSTMMS treatment

CSN4 fusion protein was immobilized on a PVDF membrane andrirst instar larvae were treated with 0.4% methyl methane sulfonate
reacted with total sera. Antibodies were eluted from the membran@MS, Sigma) by feeding. After treatment, the larvae were examined
according to standard procedure. for viability.

Gel-filtration chromatography In situ analysis

Total soluble protein (20Qug) was applied to a Superose 6HR gel Whole-mount in situ hybridization assays were performedsn®
filtration column and eluted with gel filtration buffer at rate of 0.3 germline clone embryos with digoxigenin-labelgakil, rhomboid
ml/minute (Freilich et al., 1999). The eluent was collected in 0.5 mtolloid, knirps Kriippel giant, even-skippe@ndengrailedantisense
fractions starting from onset of the void volume. The fractions werdRNA probes as described previously (Jiang et al., 1991; Tautz and
concentrated with StrataClean resin beads (Stratagene). Tideifle, 1989).

concentrated samples were analyzed on SDS-PAGE followed by Ovaries were dissected in Ringer’s solution on ice. Ovaries were

standard protein gel blot analyses. fixed in 200pl of 4% paraformaldehyde (PFA) in PBS, RODMSO
) ) ] and 600ul heptane for 20 minutes. The ovaries were then briefly
D. melanogaster maintenance and hybrid dysgenesis washed in PBS and mounted for observation. Staining was as

Canton-S (CS) served as the wild-type control. Strains wergreviously described (Neuman-Silberberg and Schubach, 1993).

maintained and crosses were conducted on cornmeal-molasses

medium at 25°C. Description of balancer chromosomes and markers

can be found in FlyBase (The Fly Consortium, 1999)RESULTS

(http://flybase.bio.indiana.edu/). The CyO balancer that carries the

GFP transgene is described elsewhere (Reichhart and Ferrandon, .

1998). The TM3kr-GFP balancer is described elsewhere (Casso € eneration of CSN4 and CSNS null mutants

al., 1999). To elucidate the role(s) of the COP9 signalosome in
The P element in the 10765 strain is inserted within the codinfprosophila development, we took a genetic approach of
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Table 1. Strains used

Strain Molecular lesion Protein present Reference

csngul Deletion of —375 to +55 relative to ATG of coding sequences No This work

csn¥ P element insert 24 bp ® the gene Yes Freilich et al., 1999

csn3ul Deletion of £11396 bp of coding sequence No Freilich et al., 1999, this work
csn3 E160-V Yes Suh et al., 2002

csnB Tog- 1 Yes Suh et al., 2002

analyzing mutants for the complex components. We hav 100+ =
previously reported four alleles eéng csn®, csng, csnSand 90— M csn5 /csn5™
csn3ul (Table 1) (Freilich et al., 1999; Suh et al., 2002). Thes 80| g csns™
csn3ull strain was isolated following imprecise P-elementZ 70-
excision. csn34! was further analyzed to ascertain theZ gg. .
molecular basis of the null phenotype. Sequence analysis & = esns

@ csnd’/ csna™

the Csn5 gene in this strain revealed a deletion from 5 Zg_

nucleotides —87 to 1396, where 1 is defined as the fire 30-

nucleotide in the start codon, resulting in a deletion of th

entire coding sequence, and not disrupting other known codir 20+

sequences. Thigsn3U!l is distinct from those previously 10-

published CSN® (Suh et al., 2002)dch5-3 (Freilich et al., 0- -

1999)]. 24 48 72 96 120 144 216 312
The 10765 strain contains a P element located in polyter Hours after hatching

bands 44A1-2, in dmCSN4 (The Fly Consortium, 1999). The

chromosome carrying this insert is homozygous lethal and thgg. 1. Lethality ofcsn4U! andcsn3Ul mutants. Mutant

lethality is not complemented by the chromosomal deletioffomozygous individuals, identified as non-GFP, and non-mutant
Df(2R)CA53, which removes bands 43E6-44B6. Southern anfeterozygote siblings, identified as GFP positive, were scored for
PCR analysis confirmed that the single P element in thwability each day following layingi=120 for each strain.
genome of the 10765 strain is inserted 55 bp downstream of

the first ATG codon in th€sn4cDNA (not shown).

To verify that the lethality of the 10765-carrying (Fig. 1). The development asn3Y! larvae appears to parallel
chromosome is due to the P insertiorCisn4 the P element that of the wild type, as the third instar is reached at the same
was mobilized through a hybrid dysgenesis protocol of crossesime. However, during subsequent development, while 100%
Lines were established from 268 independent putative excisiasf the GFP-positive (i.e. heterozygous) siblings pupate, the
flies, and 68 of them were homozygous viable. PCR analysisn3U! siblings remain in a prolonged third instar. Increased
on three of these homozygous viable lines indicated a normkthality in csn34! is evident by 5 days after hatching, with
size Csn4gene, and sequencing of one of the PCR productsiost of the larvae dying by 13 days post-hatchasmp4ull
confirmed the excision of the P element and restoration of tHarvae show increased lethality earlier tiean3!l. The third
Csn4 gene sequence. These results demonstrate that theinBtar larvae remain much smaller than their GFP-positive
insert in Csn4 of the 10765 strain is the cause of thesiblings or csn®! third instar larvae.
homozygous lethality of the chromosome carrying it. Thus, ) ) )
normal function of Csn4 is essential for Drosophila ~ The CSNis essential for oogenesis
development. While the above analyses indicate that the CSN is necessary

To further aid in our analysis, we have examined thdor larval development, given the wide range of proposed
homozygous lethal excision lines that were obtained in th&unctions for the CSN, it is somewhat surprising that
hybrid dysgenesis. The mutant lines were balanced over development is not derailed earlier than the larval stages in the
chromosome containing the gene for GFP. PCR analysis aisr! strains. One explanation for this could be that the CSN
individual homozygous mutant larvae (identified as non-GFRand its subunits are maternally deposited. To check this
see Materials and Methods) suggested a deletio@so4  possibility, non-fertilized wild-type eggs were analyzed by
Sequencing of one of these lines, catted4!, confirmed the  immunoblot analysis. CSN5 and CSN7 were detected in the
deletion of base pairs —375 to +55 in tendgene, where 1 unfertilized eggs, indicating that CSN components are
is defined as the first nucleotide in the start codon, resulting imaternally contributed. Gel filtration analysis demonstrated
a true null allele. This was confirmed by immunoblot analysishat CSN subunits exist in unfertilized eggs in a ~500 kDa
on individual non-GFP larvae from this strain (not shown). complex, and also in smaller forms indicating that the CSN

complex is maternally deposited (Fig. 2). To determine when
csn4™il and csn5™I mutants are larval lethal the maternally deposited proteins are depleted,ctmul
To understand the roles of the CSN and its individual subunitshromosome was balanced over la-GFP carrying
in Drosophiladevelopment, the lethal phases of the mutantshromosome, which allows the identification of non-GFP
were analyzed. Homozygous mutant (i.e. non-GFP) embryaambryos in late embryogenesis (see Materials and Methods).
of csndul and csn®Y! hatch normally and proceed through Western blot analysis showed thasn3! homozygous
first and second larval instars without any apparent derailmeembryos in late stages of embryogenesis (identified as non-
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Fig. 2.The CSN is maternally deposited A,
and is present until late embryogenesis.
(A) Unfertilized eggs from virgin wild-typ
females were homogenized in gel-filtrati

34 5 678 9 101112 13141516 171819 20 21 2223 24 2526

-/- +/-
669 40 158 67 kDa B. cos - cons

buffer and total soluble protein was

T e CSNS5

fractionated over a Superose 6 gel-filtral
column (Pharmacia). Fractions (0.5 ml)

AL LA CSN7 ,,.

were examined for the presence of CSN
or CSN7 as indicated by immunoblot

analysis with anti-CSN5 or anti-CSN7 affinity-purified antibodies. Positions of size markers are shown. (B) ProteissFdiiate-stage
embryos (identified as non-kr-GFP) and heterozygote siblings (identified as kr-GFP positive) were analyzed for CSN5 and@&N7 as a

GFP) contain CSN7, but no CSN5, while the GFP-positiveells where the concentration of the Dorsal transcription factor
siblings contain both proteins (Fig. 2B). This indicates that thés the highest. In mutant embryos derived frasn®/P
maternal contribution of the CSN is depleted by lategermline clones, the sharp on/off border @fail gene
embryogenesis, and that tben3ull larvae are thus truly null expression is maintained, but the pattern has changed so that

mutants.

a wavy border that expands dorsally is formed instead of the

As the maternally contributed CSN could allow for thestraight border observed in wild-type embryos (Fig. 4A,B).
prolonged development of the mutants, we eliminated thiSherefore, CSN5 is probably involved in spatially localizing
effect in order to reveal if the CSN has a role in earlysignals that pattern the oocyte, consistent with a requirement
Drosophila development. To achieve this, we generatedf Csn5for oogenesis (see above).

germline clones homozygous fosn3ull or csn4ll in
otherwise heterozygous females via FLP-i
mediated mitotic recombination. No embryos w
derived from germline clones homozygous for ei
csn®ul or csndUl mutations, indicating that bo
CSN4 and CSN5, and by association the C
signalosome, are necessary for oogenesis.

This was confirmed by dissection of ovaries from
females carrying the germline clones (Fig. 3).
expected, ovaries of 3-day-old positive control fem
(both CS andw/w hsFLP; FRT csn4/FRT OVOP)
were fully developed (Fig. 3D,E), whereas in ova
dissected from negative control females, carrying
OVCP mutation, of the same age, oogenesis was f
to be arrested at stage 4 (Fig. 3H,l). However, ov
of females carrying germline clones of then4ul
deletion arrest later, at stage 6 of oogenesis
3B,F,J). Ovaries of females carrying germline clone
the csn5gene, either thesn3! deletion (Fig. 3G,K
or thecsn3 point mutation (not shown), arrest at st
5-6 of oogenesis. No mature egg chambers were s
ovaries from these three germline clones. Homozy
germline clones were also generated for tse?
allele. This allele is generally weaker than the
allele, with ovaries containing more developed
chambers, with few oocytes developing further
embryos (Fig. 3C,L). Thus, both CSN4 and CSNE
essential for successful oogenesis.

csn5P embryos are defective in embryo

patterning

The csn® homozygous embryos derived frc
germline clones were further analyzed for changt
gene expression patterns to further examine the r«
the CSN in embryo development. Genes involve
specifying cell fates along the dorsoventral
anteroposterior axes were examined. Dorsove
patterning is dictated by the Dorsal transcrip
factor, which forms a concentration gradient aloncg
dorsoventral axis. Thenailgene is activated in ventl

Fig. 3.CSN4 and CSN5 are essential for oogenesis. Ovaries (A-C), egg
chambers (F-H), and the most developed stage oocytes (D,E,I-L) are shown for
the following genotypes: wild type (A,DW/w hs+LP; FRT csn4 /FRT

OV, heat-shocked (E)yiw hsFLP; FRT csn4Ul/FRT OVCP, non heat-
shocked (H,)w/w hsFLP; FRT csndU!/FRT OVCP, heat-shocked (B,F,J);
w/w hsFLP; FRT csn3Ul/FRT OVCP, heat-shocked (G,Ky/w hsFLP;
csn¥/FRT OVCP, heat-shocked (C,L). (A,D) Wild-type control; (E) negative
control showing that heat shock does not effect oogenesis GWady-derived
oocytes. (B,C,F,G,J-L) Germline clonesosh4U!l (B,F,J)csn3!l (G,K) and
csn®P (C,L). csn®Ul ovaries are essentially indistinguishable fresn4ull
ovaries and are not shown. Staging of oocytes was according to position in
ovariole.
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Fig. 4. Dorsoventral patterning defectsdaan® mutant embryos.
Embryos were hybridized with digoxigenin-labeled antisense RNA
probes and are oriented with dorsal upwards and anterior towards the
left (A,B,G,H) except C-F, which are dorsal views. Csn5p mutant
embryos were derived from csn5p germline clones. (A,B) Wild-type
(wt) and mutantdsn®) embryos undergoing cellularization after
hybridization with asnail probe. In the mutant embryo, theail
expression domain forms on the ventral side as in wild type, but has
a wavy border. (C,D) Cellularizing wild-type and mutant embryos
after hybridization with ahomboidprobe.rhomboidis expressed in

two lateral stripes in the presumptive neuroectoderm. In the mutant
embryo, the two lateral stripes are wavy. (E,F) Wild-type and mutant
embryo at the onset of gastrulation hybridized withrtiemboid

probe. In addition to the two lateral stripgspmboidis expressed in
the dorsal ectoderm in response todppsignaling molecule at this
stage. In thesn® mutant embryo, the dorsal ectoderm staining is
expanded, suggesting that CSN5 normally restdigfssignaling.

(G,H) Cellularizing wild-type and mutant embryos hybridized with a
tolloid probe.tolloid expression is normally excluded from the

ventral side of the embryo by the Dorsal protein. In the mutant
embryo, the pattern is severely distorted, watloid expression
observed in parts of both the ventral and dorsal half of the embryo.

snail

rhomboid

rhomboid

tolloid

ventral parts of the embryo. In tlesn® mutant embryo, a
severe distortion in thiolloid expression pattern is observed
The rhomboidgene is activated in the lateral parts of thethat appears to represent a shift of the dorsoventral axis towards
embryo in response to a lower threshold of Dorsathe anteroposterior (Fig. 4H). These data are consistent with a
concentration, and repressed in ventral parts by the Snailislocalization of the Dorsal gradient insn® mutant
protein. As can be seen in Fig. 4Crbomboidis activated by embryos, leading to misexpression of Dorsal target genes.
Dorsal and repressed by Snail in ten® mutant. However, Expression of genes that establish segmentation of the
the pattern is again wavy instead of straight. At later stages embryo along the anteroposterior axis was examinesnf
embryogenesighomboidis expressed in the dorsal ectodermmutants. The gap gené&sirps and giant are among the first
in response to the signaling molecule Decapentaplegic (Dppjenes to be expressed in the embryo and are dependent on the
In csn® mutants, the latehomboid pattern is expanded Bicoid and Hunchback protein gradients. ¢an® mutant
compared with wild type (Fig. 4E,F). embryos, these gap genes are expressed in a pattern that
The Dorsal protein is a repressortofloid expression in  resembles wild type, except for distortions that make cells on

Fig. 5. Anteroposterior patterning in
embryos derived from csn5p germline
clones. Embryos, oriented with dorsa
upwards and anterior towards the lefi
were hybridized with digoxigenin-
labeled antisense RNA probes.

(A,B) giantexpression in wild-type (A
and mutant (B) embryo undergoing
cellularization. In the mutant embryo,
giantexpression is tilted towards the
anterior. (C,D) Cellularizing wild-type
and mutant embryo after hybridizatio
with aknirpsprobe.knirpsexpression i
tilted towards the anterior in the muta
embryo. (E-Geven-skippeéxpression
in wild-type and mutant embryos even-skipped
undergoing cellularization. The sever
stripeeven-skippeg@attern is altered tc

a variable extent in csn5p mutant

embryos. The embryo in F has an

expanded stripe 2 and diminished str

5, whereas the embryo in G is more engrailed
severely affected. (H-J) Embryos

undergoing germband elongation

hybridized with arengrailedprobe. The

mutant embryos in 1,J have failed to undergo the cell movements of gastrulation. Theemgraiédpattern includes 14 stripes that extend
along the length of the germband. In mutant embryos, a seipgdiledpattern can no longer be observed.

csnsp csn5p
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the dorsal and ventral side of the embryo different with respect bicoid is localized in the positive control ovaries at the
to anteroposterior patterning (Fig. 5B,D). This result indicateanterior part of the oocyte, as previously reported (Fig. 6E) (St
that maternal factors specifying anteroposterior fates have al§ohnston, 1989). Ovaries containing germline clones of either
been mislocalized. the csn4!l deletion or thecsn®Ull deletion show no or very
Expression of genes acting later in the segmentation hierarchdiffuse bicoid staining (Fig. 6F,G), which may indicate a role
such as the pair-rule geeeen-skippednd the segment polarity for both CSN4 and CSN5, and by extension, the COP9
geneengraileddisplay more severe and variable defectsim®  signalosome, in the regulation loitoid expression. A similar
mutant embryos. Fig. 5F,G shows that ¢hren-skippegattern  result is observed in ovaries containing germline clones of
ranges from mild defects such as an expanded stripe 2 ansn3 gene, with the exception of a few egg chambers that were
diminished stripe 5 expression, to severe defects whegained in a pattern similar to wild type (not shown). However,
individual stripes can hardly be discerned. Similarly, theovaries containing germline clonesash® show an anterior
engrailed pattern is variable incsn® mutants, with two staining pattern obicoid that is indistinguishable from the
examples shown in Fig. 51,J. It can also be seeg$h@ mutant  wild-type pattern (Fig. 6H).
embryos cannot undergo the cell movements required for The gurkenstaining pattern is the most complex, as it sets
gastrulation. For example, the embryo shown in Fig. 5J fails tap the anteroposterior axis in early oogenesis, and then
undergo germband extension. The more severe defects nedistributes to set up the dorsoventral axis in later stages of
expression of genes downstream of the gap genes, than dngenesis (van Eeden, 1999). In the positive control ovaries,
expression of the gap genes themselves, suggests that CSN5dnakenmRNA is expressed in the posterior end of young egg

an essential role in the embryo as well as in oogenesis. chambers and in the anterodorsal corner of older egg chambers,

o . as previously reported (Fig. 61,J) (Neuman-Silberberg and
Oocyte polarity is disrupted in  csn4 and csn5 germ Schupbach, 1993). Ovaries containing germline clones of
line clones eithercsn4!l or csn3U!l show nogurkenstaining (Fig. 6K,L).

The defects in early embryo patterning described abov®varies containing germline clonesosh3 display a complex
suggest defects in patterning in the oocyte. To identify thgurkenstaining pattern: while most of the egg chambers show
specific processes in which CSN4 and CSN5 take part durirey staining pattern similar to wild type, 10%-20% of the
oogenesis, the expression pattern of genes known to participateveloped egg chambers (stage 8 onwards) display a staining
in determination of the embryonic axes was examined by ipattern of an anterior ring (Fig. 8M). In the wild typeirken
situ hybridization to the ovaries carrying germline clones omRNA has been shown to be normally expressed in a pattern
csn4or csn5mutations. Both CS ovaries and ovaries carryingof anterior ring at stage 7 of oogenesis, but to be localized
germline clones of a wild type chromosoméw hs+LP; FRT  to the anterodorsal corner from stage 8 onwards (Neuman-
csn4 /FRT OVQP, following heat shock treatment) were usedSilberberg and Schupbach, 1993). The aberrguitken
as wild-type positive controls in these experiments. The norexpression pattern in some egg chambers homozygous for
heat-shocked females(v hsFLP; FRT csndUl/FRT OVQP  csn¥ may therefore indicate a problem in the transition of
and ww hsFLP; FRT csn3Ul/FRT OVCP) were used as gurken mRNA from the anterior ring to the specific
negative controls, as the staining pattern in these ovariemterodorsal localization. The expression patterrguken
reflects the effect of th©VOP mutation on the expression mRNA in ovaries containing germline clonescshs was not
pattern of the examined mRNA. examined.

The expression patterns of three genes known to be crucial N
for axis formation and fate determination were examined¢sn4™! and csn5™! larvae are sensitive to MMS
oskar, bicoid and gurken oskar is a determinant of the Mutations inSpCSN1ead to cell cycle check point defects in
posterior fate of the embrydyicoid is a determinant of the S. pombgMundt et al., 1999), while mutations in SpCSN4 or
anterior fate of the embryo; andgurken is essential for SpCSN5 do not (Mundt et al., 2002). Furthermore, various in
determination of both the anteroposterior and dorsoventraitu studies have implicated CSN in regulating the cell cycle
axis. The specific expression pattern of all three genes if¥ang et al., 2002; Chamovitz and Segal, 2001). To examine if
the oocyte effect embryo patterning (Cooperstock, 1999CSN4 or CSN5 have a role in cell cycle regulation in vivo, we
Johnstone, 2001). checked the mutants for sensitivity to the DNA-damaging

In wild-type egg chambereskaris expressed at the posterior agent methylmethane sulfonate (MMS). First and second instar
end of the oocyte throughout oogenesis and sometimes in tlegvae were supplemented with medium containing 0.4%
nurse cells of egg chambers from stage 7 and onwards, BB8S, and survival was monitored in relation to untreated
previously reported (Fig. 6A) (Kim-Ha, 1991). This expressionlarvae. As seen in Fig. 7, while the MMS treatment had no
pattern is not affected in ovaries containing germline clones afbvious effect on either wild type or heterozygous GFP-
csndul (Fig. 6B), suggesting thafsn4is not required for positive siblings, both thesn3u! and csn4Y! larvae were
proper expression pattern ofkar mRNA. However, ovaries sensitive to the MMS, with only ~20% of the larvae surviving
containing germline clones asn3!l show nooskarstaining 4 days following the treatment. This suggests that CSN4
at all (Fig. 6C). Ovaries containing germline clonex®fis  and CSN5, and by association, the COP9 signalosome, are
also show nmskarexpression, with the exception of a few eggnecessary for responses to DNA damagBrimsophila
chambers that show either wild type or mislocalized, more ]
anterior,oskarstaining pattern (not shown). Germline clones ofcsn4 ™ and csn5™! larvae have unique phenotypes
csn% showoskarstaining similar to wild type, with the nurse While null mutations in botlesn4 and csn5 lead to larval
cells staining being stronger and more prevalent compared witathality, both strains also have unique phenotypes that suggest
that seen in wild-type ovaries (Fig. 6D). the involvement of distinct developmental pathways. The
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developmental retardation tsn4Y! larvae at the second to kDa to 67 kDa; incsn4Ul, CSN7 is only slightly larger than
third instar transition is associated with obvious moltingthe predicted monomer size (27 kDa), peaking around 60 kDa.
defects. This is best illustrated in the mouth hooksso#!  Therefore, the phenotypes seen indse4U! mutant could be
third instar larvae. The second instar mouth parts fail to detach result of the loss of the entire CSN, the CSN-independent
from the newly formed third instar mouth hooks giving aforms of CSN4, and/or the changes in CSN7.
double mouth hook phenotype (Fig. 8B). Some of the mutant The analysis of thesn5 mutants was more surprising.
larvae also have defective ecdysis, as the shed second insdthough we had hypothesized that a null mutatiorCsn5
cuticle also remains attached at the head (Fig. 8C). Thisould lead to a loss of the entire COP9 signalosome, both
phenotype was seen in ~20% of ¢4l second to third CSN4 and CSN7 are found as a large molecular weight
instar larvae. By contrast, none of tben4ul'* or csn3ul  complexed forms itsn®U!l larvae. This indicates that CSN5
larvae showed obvious molting defects. is a peripheral component of the COP9 signalosome in
The csn®Y!l third instar larvae develop conspicuous Drosophila and is not necessary for the integrity of the
melanotic capsules in their hemolymph (Fig. 8D,E). Thecomplex. However CSN4 is affected by the lack of CSN5 as
capsules begin to appear floating freely in the hemoceol 4 da@SN-independent form of CSN4 is absencam3Ul. CSN7
after the second molt, and increase in frequency until over 80%ppears unaffected by the lack of CSN5.
of the non-GFPgsn3!) larvae contain these capsules by the In thecsn3 point mutation, an apparently normal sized CSN
late stages of the third instar. None of the GFP-positivés detected, indicating that the mutated protein can incorporate
(heterozygous) siblings shows melanization. The number, sizeto the complex. However, the point mutation appears to affect
and localization of the capsules are variable. This phenotypghe CSN-independent forms of CSN5 and CSN7. The CSN-
was not seen in the P-element insertion ee®, and rarely independent form of CSN5 is larger than in the wild type,

seen in point mutationssng andcsn3. eluting two fractions earlier than the wild type. The large CSN7
. . . ‘shoulder’ seen in fractions 16-20 in the wild type, is absent in
Biochemical analysis of the CSN thecsn5 mutant. The gel filtration results for thens mutant

The overlapping yet unique phenotypes of tsa4U! and are similar tocsn5 as the CSN7 shoulder is not detected. In
csn3ul mutants led us to question the basis of thesaddition, no CSN-independent forms of CSN5 are detected.
differences. InArabidopsis all reported mutations in CSN
subunits lead to essentially identical phenotypes (Karniol et al.,
1999; Misera et al., 1994; Serino et al., 1999; Wei and Dend@ISCUSSION
1992; Wei et al., 1994). If the phenotypes reported above were
solely due to a loss of the CSN complex, then we woulde have shown, through the analysis of mutants in two
have expected that the two mutants would have identicaubunits of theéDrosophila COP9 signalosome, that the CSN
phenotypes. Alternatively, it is possible that each CSN subuni$ involved in the regulation of diverse developmental
also has specific roles. processes. Furthermore, we have shown that individual
To further analyze the CSN iBrosophila development, subunits may have specific functions that are dependent on the
antibodies were generated against CSN4 and affinity purifiedh vivo form of the protein.
Gel filtration analysis on total protein extracts from different In wild-type Drosophilalarvae, CSN4, CSN5 and CSN7 are
developmental stages of wild-tyfgrosophilaindicates that present in both complex-dependent and complex-independent
CSN4, like CSN5 and CSN7, is present in both CSNforms. This is similar to the situation for these three
dependent and CSN-independent forms (Fig. 9). The CSMNubunits inArabidopsis further highlighting the remarkable
independent form of CSN4 in larvae is approximately the sizeonservation of this complex between the plant and animal
of the CSN4 monomer, or slightly larger. A CSN4 doublet iskingdoms (Karniol et al., 1999; Kwok et al., 1998; Serino et
detected in the CSN-dependent fractions (~500 kDa). Bothl., 1999). While the elution profiles for CSN4 and CSN5 show
bands are CSN4 specific as they are absent ircghdU!  two distinct separate peaks, the elution profile of CSN7 reveals
mutant (not shown). For CSN7, the CSN-corresponding peatne major peak corresponding to the intact COP9 signalosome,
is followed by a gradual decrease in CSN7 protein levels. Willowed by a gradual decrease in CSN7 protein levels in
refer to this gradual decrease profile as a ‘low molecular weiglfibllowing fractions giving rise to a ‘low molecular weight
shoulder’. CSN5 from larvae is found in two distinct peaksshoulder’. We postulate that this ‘shoulder’ comprises multiple
one corresponding to the intact CSN complex, with the secomdSN7-containing complexes of variable molecular weights.
peak around the monomer sizes in fraction 21-23. These smaller complexes appear to be dependent on other CSN
To correlate these results with the unique phenotypesubunits as they are absent in tsa5point mutation strains.
described above, we analyzed the effects of the mutations Further analysis is needed to determine the identity of these
Csn4andCsn5on the complex. Protein extracts frasn3!, complexes.
csnd, csnS andcsndUl mutant larvae were separated over a  Analysis of the mutant larvae reveals that CSN4 is essential
gel filtration column, and the resulting fractions analyzed byor the assembly and/or stability of the COP9 signalosome as
immunoblot. The null mutation insn4results in a complete csn4U! mutants lack the CSN-dependent forms of CSN5 and
loss of the CSN-dependent forms of CSN5 and CSN7, leavin@SN7. AtCSN4 has a similar central position in the complex
CSN-independent forms of the two proteins. For CSN5, thigSerino et al., 1999). Furthermore, CSN4 appears to affect the
form appears to be the monomeric size that is also seen in wil@SN-independent forms of CSN7, suggesting that there is an
type larvae. Although CSN7 also is present in CSN-independerguilibrium between the various forms of the CSN subunits.
forms, CSN7 is affected by tlosn4Ul mutation. In wild-type Surprisingly the situation in thecsn®ul mutant is
larvae, CSN7 is found in a continuum of sizes ranging from 506trikingly different from any CSN mutant described so far in
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Fig. 6. Axis patterning ircsn4andcsn5mutant
oocytes. Oocytes were hybridized with digoxigenin-
labeled antisense RNA probes. (A-@karexpression
in wild-type (A),csn4Ull (B), csn®ull (C) andcsns’
(D) mutant oocytes. (E-Hjicoid expression in wild-
type (E),csndull (F), csn3ul (G), andcsn® (H)
mutant oocytes. (I-Myurkenexpression in wild-type
(1,3), csngull (K), csn®ull (L) andesn® (M) mutant
oocytes. Late (I) and early (Jurkenpatterns are
shown for the wild type. The arrow indicates the
posterior.

The COP9 signalosome in  Drosophila
development

Our phenotypic analysis of thesn4 and csn5
mutants indicates that the CSN and its subunits are
involved in the regulation of diverse developmental
signaling cascades. Evidence for involvement in
hematopoiesis and/or cell cycle regulation comes
from the melanotic capsule phenotype of the
csn3Ul mutants. There are at least four categories
of biological defects that can lead to the formation
of melanotic capsules irDrosophila (termed
‘melanotic  tumors’) (Dearolf, 1998). As the
melanotic capsules insn3U! appear floating in
multiple positions in different larvae, and as the
capsules are large and composed of multiple cells
other organisms. While the mutant is a true null, and n@¢not shown), they probably result from derailment of the
CSNS5 protein is detected, CSN4 and CSN7 are detected immune response and/or cell cycle. Indeétosophila
high molecular weight fractions, similar to the wild type. Asmutants for cell cycle proliferation exhibit both melanotic
CSN5 is a single copy gene Drosophila we would expect capsules and an abnormally extended larval stage followed by
that the complex detected iosn3ul would be slightly lethality, similar to the lethal stage in ther! mutants.
smaller (by 38 kDa). However, our gel filtration system Additional evidence for a defect in cell cycle regulation in
cannot detect such small changes in complex size. Thus, wiee csnmutants was seen in the MMS study. Bothdge4!
conclude that th®rosophilaCSN5 is not essential for CSN and csn3U! mutants are hypersensitive to MMS treatment,
assembly and/or stability, leading us further to postulate thauggesting a role of the CSN in cell cycle regulation through
in Drosophila CSN5 is a peripheral component of the CSNthe regulation of the DNA-integrity checkpoint. One potential
complex.

However, thecsn34l mutation does affect other CSN
subunits. Incsn3ull larvae, the CSN-independent form of
CSN4 is abolished. This suggests that the CSN-independe
form of CSN4 is somehow stabilized by CSN5, possibly by
CSN-independent interactions between the two proteins. Th
resembles the effect described for mutations in@&1and
DET1loci onArabidopsisCSN5 (Kwok et al., 1998). In these
mutants the CSN5 proteins were not detected as monome
whereas the complex form was present. However, as oppos
to CSN4, COP1 and DET1 are not components of the CSN ai

% Viability
(treated vs. non treated)

it was postulated that COP1 and DET1 somehow regulate tt 2 . . % 120
stability of the CSN5 monomer. . Time after treatment (h)
A similar situation can be seen in bdfosophila csn5 Ocsn4 /csn4™ Hesna™ McsnS'/ csns™ Ecsns™

point mutation lines with respect to CSN7. In larvae

homozygous for eitharsn or csn3 point mutations, the low  Fig. 7.csndul andesn3Ul mutants are hypersensitive to MMS. First
molecular weight shoulder of CSN7 is not detected, leavingf!Star larvae oésn4!, csn3\, and their respective heterozygotic
CSN?7 in the complex-dependent form only. These results a iblings were fed with yeast extract supplemented with methyl

. - : : thane sulfonate (MMS). After treatment, the larvae were observed
not due to changing protein concentrations, as the experime viability. Viability=(xw/tv)/(xd/tc)x100, where i is the number

were repe_ated th"?e_ tlmes,_ ea_ch' time with equal prote living MMS-treated individualsat is the total number of MMS-
concentration. This is interesting in light of the fact that CSNeated individuals (including dead individuals)isithe number of
profile appears normal iten8"!! mutants, suggesting that the jiving non-treated individuals andis the total number of non-

point mutations in CSN5 somehow disrupt the interaction ofreated individuals for each strain. Starting numbers were 180 larvae
CSN7 with other proteins. for each strain.



Fig. 8. Unique phenotypes @snmutants. Dissected mouth hooks
from a (A) third instar wild-type larva, similar tsn4/nul
heterozygote larva, and from a (B) third instan4! homozygote
larva. (C) Third instacsn4Y homozygote larva attached to the
second instar molt (arrow). (D,E3n3U! homozygote larvae
showing melanotic capsules.
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However, this hypothesis does fit with other studies that
showed a role for CSN components in regulating proteins such
as p53, Jun, MIF and p®7 (Bech-Otschir et al., 2001;
Chamovitz and Segal, 2001; Mundt et al., 1999; Mundt et al.,
2002; Yang et al., 2002).

However, inDrosophila the CSN is probably not directly
involved in the checkpoint machinery or the DNA repair
signaling pathways, as mutations in this machinery, such as
chkl and mei4l are more sensitive to MMS than are our
mutants (Sibon et al., 1999) (N. Egoz, N. Madar and D. S.,
unpublished). We therefore suggest that the CSN modulates the
activity of the checkpoint regulators, and that in the absence of
the complex, these regulators work at a lower efficiency. As
the Drosophilacell cycle machinery is highly similar to that of
mammals, we suggest that theosophilaCSN is involved in
cell cycle regulation via regulation of Dacapo and p53. Further
work must be undertaken before a direct relation between these
components iDrosophilais established.

Strong evidence for the involvement of theosophilaCSN
in steroid-hormonal signaling in vivo comes from analysis of the
csndl mutant that displays molting defects including a double
mouth hook phenotype. Mutations in signal transduction
molecules that disrupt the ecdysone-signaling pathway lead to
similar defects (Bender et al., 1997; Freeman, 1999; Li and
Bender, 2000). Ecdysone signaling is mediated by the ecdysone
receptor (EcR). Conditional mutations in the EcR lead to
developmental arrest during the larval molts with two pairs of
larval cuticular derivatives, including mouth hooks and spiracles
(reviewed by Kozlova, 2000). Owsn4U! |arvae display a
similar phenotype regarding the molt to the third larval instar.
This suggests that the involvement of the CSN in the hormonal
signaling pathway is stage specific. A role for the CSN in
ecdysone signaling was earlier suggested when interaction-trap

caveat with this interpretation is that the MMS sensitivity carstudies showed that another COP9 signalosome subunit, CSN2,
also arise from defects in DNA damage repair machinery, andteracts with the ECR (Dressel et al., 1999), implying that CSN2
not specifically connected to the cell cycle checkpointfunctions as a co-repressor of the EcCR. We propose that in
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Fig. 9. Gel filtration analysis of the COP9 signalosome and its subunits in the wild-type and mutant strains. Third instar larikktinoen w
and mutant strains were homogenized in gel-filtration buffer and total soluble protein was fractionated over a Superassiérgebliimn
(Pharmacia). Fractions (0.5 ml) were examined for the presence of CSN4, CSN5 or CSN7, as indicated, by immunoblot aratlisis with
CSN4, anti-CSN5 or anti-CSN7 affinity-purified antibodies. Positions of size markers are shown.
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csndull the EcR-mediated signaling is damaged at least in panell as patterning the oocyte. The variability in the altered
by the absence of CSNA4. In this scenario, irc#mefU! mutant,  expression patterns makes it difficult to assign a specific
in the absence of an intact CSN complex, excess CSNunction to CSN5 in anterior-posterior patterning. A role for
independent CSN2 is free to interact with the EcR, thereb€SNS5 in regulating genes induced by the B@&#olecule Dpp,
causing repression of the EcR pathway, whilesin®U!, where is revealed by our results shomboidexpression. The width
an intact CSN complex remains, no derailment of ecdysonef rhomboidexpression in the dorsal ectoderm is dependent on
signaling is apparent. This predicts that mutations in additiondghe strength of the Dpp signal (Ashe et al., 2000). The
subunits that disrupt CSN structure would lead to a similaexpandedhomboidpattern observed icsn® mutant embryos
molting defect. As HSCSN2 was also identified throughindicates that CSN5 is a negative regulator of Dpp signaling,
interaction-trap screens as a protein that binds the thyrobnsistent with a recent report showing that CSN5 antagonizes
hormone receptor (Lee et al., 1995), the CSN may be a genefldbH3 signaling by inducing degradation of the common
regulator of steroid hormone signaling in diverse species. intracellular transducer of T@Hactors, Smad4 (Wan et al.,
Evidence for a role of the COP9 signalosome in axif002).
formation comes from our analysis acdn® mutant embryos As was shown in later development, the phenotypes of
and oocytes derived from germliresn4 and csn5 mutant  csndY! and csn3U!l strains are not completely equal. While
clones. Establishment of both the anteroposterior and th@ogenesis is arrested in both mutardskar patterning is
dorsoventral embryonic axes can be traced back to oocytmaffected incsndUl, while it is completely abrogated in
polarization during mid-stages of oogenesis (Riechmann arzsn3U!. With regard to thesn4u! mutant ovaries, it should be
Ephrussi, 2001). The early gene expression defects observpdinted out that ecdysone also has a role in oogenesis (Carney
in csn® mutant embryos are consistent with an involvement ond Bender, 2000; Kozlova, 2000), and therefore the defects
CSNS5 in the localization of a patterning molecule such as thebserved may also result from pleiotropic effects ofdsed
TGFa-like Gurken within the oocyte. For example, the mutation on ecdysone signaling. Thus, througtigrasophila
rhomboid expression pattern iosn® mutants is reminiscent development, it appears that CSN-independent forms of CSN5
of weakly dorsalized embryos derived frés{1)K10mothers, have additional functions including the regulation oskar
wheregurkenmRNA is mislocalized to the ventral side of the expression, hematopoesis and axonal guidance (Suh et al.,
oocyte (Roth and Schupbach, 1994). Consistent with this, iB002), while the entire COP9 signalosome, or closely related
somecsn?® stage 8 oocytegiurkenmRNA is not restricted to subcomplexes, are necessary for other oocyte and embryo
the anterior-dorsal cortex, but expands ventrally. Interestinglyatterning processes, ecdysone regulation, responses to DNA
in contrast to embryos derived frdis(1)K10mutant oocytes, damage and eye disc differentiation.
where segmentation genes are expressed normally along theThe results presented here clearly show that the COP9
anteroposterior axiscsn® mutant embryos also exhibit signalosome and its individual subunits are involved in the
alterations in the expression patterns of early actingegulation of diverse developmental pathways. The mechanism
segmentation genes, suggesting a misexpressibicatl and  for this control is still unclear, though we can hypothesize that
oskarmRNA. However, although neithdicoid nor oskaris it involves the regulation of degradation of other central
expressed in thesn3Ull oocytes, in the&sn® oocytesbicoid  regulators. One known target of the CSN is Cull, and recently
expression is indistinguishable from wild type, asskaris  the deneddylase activity associated with the CSN was shown
highly similar to the wild type, being slightly overexpressedto be dependent or closely associated with CSN5 (G. Cope and
One possibility is that whilebicoid and oskar mRNA  R. Deshaies, personal communication). However the diverse
expression appears normal, the defecsim® embryos results phenotypes described here cannot be explained solely by
from abnormal translation and/or protein localization of thedefects in Cull regulation. Elucidating the targets of CSN
bicoid and oskargene products. Alternatively, the expressionregulation, and further determining the relationship between
patterns we observe tsn® mutant embryos are not causedthe CSN and its individual subunits are critical for
by mislocalization of patterning molecules in the oocyte, butinderstanding CSN function Drosophila
are caused by embryonic factors. Indeed, tial @and early
rhomboid expression patterns are suggestive of a defect in We thank Prof. S. L. Zipursky from UCLA for providimgnSand
the Dorsal gradient. However, it is difficult to envisage how &SN, Prof. Raymond Deshaies from Caltech for communicating
signal-independent regulation of Dorsal nuclear translocatic()agSUItS prior to publication, Ruth Werczberger for maintaining

. - rosophila strains, Dr Yael Nevo-Caspi for assistance throughout,
would result in a wavy expression boundary of Dorsal targ irit Egoz for assistance in the MMS study, and Dr Nir Ohad for

genes. !n addltlor.]’ the width of the ventrolateamboid assistance in microscopy and photography. This research was partially
expression domain reflects the slope of the Dorsal proteiynded by grants from the Swedish Research Council and the Magn.
gradient. Incsn® mutants, the wavy ventrolatersiomboid  Bervall Foundation (to M. M.), and from The Israel Science
stripes are of normal width, indicating that the Dorsal gradientoundation founded by The Israel Academy of Sciences and
is formed with a normal slope but at a shifted position. Thisiumanities (519/002) (to D. S. and D. A. C.).
contrasts with the expression patterns caused by mutations in
cactusanddorsal group genes, which change the slope of the
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