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Requirement of Cul3 for Axonal Arborization and Dendritic
Elaboration in Drosophila Mushroom Body Neurons
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Cul3 belongs to the family of cullin proteins, which function as scaffold proteins of E3 ubiquitin ligase complexes. Here we show
cell-autonomous involvement of Cul3 in axonal arborization and dendritic elaboration of Drosophila mushroom body neurons. Cul3
mutant neurons are defective in terminal morphogenesis of neurites. Interestingly, mutant axons often terminate around branching
points. In addition, dendritic elaboration is severely affected in Cul3 mutant neurons. However, loss of Cul3 function does not affect
extension of the axons that rarely arborize. Function of cullin-type proteins has been shown to require covalent attachment of Nedd8
(neural precursor cell-expressed developmentally downregulated), a ubiquitin-like protein. Consistent with this notion, Cul3 is inacti-
vated by a mutation in its conserved neddylation site, and Nedd8 mutant neurons exhibit similar neuronal morphogenetic defects.
Together, Cul3 plays an essential role in both axonal arborization and proper elaboration of dendrites and may require neddylation for its
proper function.
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Introduction
Most neurons have multiple synaptic partners. Branching/ar-
borization of neurites facilitates such multiparty communica-
tions. In addition, arborization/elaboration of neurites deter-
mines the ultimate shapes of the neurons, changes of which can
drastically alter the computational characteristics of the neurons
(Koch and Segev, 2000). Branching and terminal arborization of
neurites can be regulated by both extrinsic factors and intrinsic
determinants (for review, see Caroni, 1997; Acebes and Ferrus,
2000; Keith and Wilson, 2001). Diverse target-derived diffusible
factors have been shown to regulate terminal arborization and
branch formation (Cohen-Cory and Fraser, 1995; Wang et al.,
1999; Krylova et al., 2002; Dent et al., 2004). Elaboration of neu-
rites is also an intrinsic property of developing neurons, as sug-
gested by the phenomenon that cultured crayfish motor neurons
exhibit their characteristic neuronal arborization patterns in the
absence of target muscles (Arcaro and Lnenicka, 1995). However,
the molecular mechanisms that govern terminal morphogenesis
of neurons have just begun to be elucidated.

Mosaic screening is a powerful tool for identifying novel genes
required for various aspects of neuronal morphogenesis (New-
some et al., 2000; Reuter et al., 2003; Zugates and Lee, 2004). It
basically involves making homozygous mutant neurons within
genetically heterozygous brains. MARCM (mosaic analysis with a
repressible cell marker) permits visualization of homozygous

mutant cells, making morphological analysis of mutant neurons
possible in mosaic fly brains (Lee and Luo, 1999). MARCM labels
cells based on lineage and birth timing; thus, it can also be used to
characterize normal development of complex tissues (Lee and
Luo, 1999; Kiger et al., 2000; Jefferis et al., 2001). MARCM anal-
ysis of the Drosophila mushroom body (MB), the olfactory learn-
ing and memory center (for review, see Davis, 2001; Heisenberg,
2003), has led to identification of various subtypes of MB neurons
that are sequentially derived from common precursors (Lee et al.,
1999; Zhu et al., 2003). By isolating mutations that disrupt MB
development in mosaic organisms, we and others have identified
genes involved in various poorly understood neuronal morpho-
genetic processes, such as remodeling of neuronal projections
(Lee et al., 2000; Watts et al., 2003; Zheng et al., 2003) and diver-
gent segregation of axonal branches (Wang et al., 2002).

Here we report recovery of a novel lethal mutation in the
Drosophila Cullin3 [Cul3, also named guftagu ( gft)] gene based
on morphogenetic defects in MB axonal termini. Mutant MB
clones show extension problems selectively in the axonal pro-
cesses that normally exhibit multiple arbors. Interestingly, mu-
tant processes often stall around the places at which arborization
occurs. We also observe defective reelaboration of MB dendrites
during metamorphosis. Compared with their wild-type counter-
parts, most remodeled Cul3 mutant dendrites are much shorter
and fail to form typical claw-like structure at their termini. Cul3
belongs to the family of cullin proteins that form E3 ubiquitin ligase
complexes together with other components (Ou et al., 2002). We
further demonstrate that conserved Nedd8 (neural precursor cell-
expressed developmentally downregulated) modification site is es-
sential for Cul3 activity, and Nedd8 mutant MB neurons have similar
phenotypes as Cul3 mutant neurons. Together, we suggest that
Cul3-based ubiquitin ligase is required for neurite arborization, and
its proper function may require neddylation.
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Materials and Methods
Fly strains. GAL80 fly stocks used for generation of MARCM clones
include the following: (1) hs-FLP; tubP-GAL80,FRT40A/CyO,y and (2)
UAS-mCD8-GFP,hs-FLP;tubP-GAL80,FRT40A/CyO;GAL4-OK107; (3)
UAS-mCD8-GFP,l(2L)MB397,FRT40A/CyO, (4) UAS-mCD8-
GFP,l(2L)MB397,FRT40A,GAL4-201Y/CyO,y, and (5) Cul32,FRT40A/
CyO,y were used for creation of Cul3 mutant MARCM clones; (6)
Nedd8AN015,FRT40A/CyO,Kr-GFP was used for creation of Nedd8 mu-
tant clones; (7) UAS-mCD8-GFP,FRT40A was used for generating wild-
type clones; ectopic expression of transgenes in MARCM clones involves
(8) UAS-GFP-Cul3 and (9) UAS-GFP-Cul3K717R.

Other fly stocks collected for this study include Df(2L)TE35BC-24
(BL-3588), Df(2L)b87e25 (BL-3138), Df(2L)r10 (BL-1491), Df(2L)rd9
(BL-3592), stc05441/CyO (BL-11408), and Cul306430/CyO (BL-12175).

MARCM-based genetic screen. UAS-mCD8-GFP,FRT40A male flies
were subjected to chemical mutagenesis according standard procedures
(Lewis and Bacher, 1968) with ethyl methanesulfonate (EMS) at 40 mM.
Individual male progenies derived from mutagenized flies were then
crossed with hs-FLP;tubP-GAL80,FRT40A/CyO;GAL4-OK107 for
MARCM analysis of MB neurons homozygous for the mutations in-
duced on the UAS-mCD8-GFP,FRT40A chromosome arms in the newly
hatched larvae (NHL), as shown in the following genetic flow.

Mapping by complementation tests. After learning that the l(2L)MB397
line was homozygous lethal, we tried to map the lethal mutation(s) using
the 2L deficiency kit from the Bloomington Stock Center (Indiana Uni-
versity, Bloomington, IN). l(2L)MB397 only failed to complement with
Df(2L)TE35BC-24, localizing one lethal mutation to the region 35B04-
35F07. Additional complementation tests using Df(2L)
b87e25, Df(2L)r10, and Df(2L)rd9 indicated that the lethal mutation is
located in either the 35B10-35C2 region or the 35C5-35D1 region. By
crossing with existing lethal mutation within these regions, we finally
found that l(2L)MB397 failed to complement with two independent Cul3
mutations, indicating that l(2L)MB397 carries a new recessive lethal allele of
Cul3 (Cul38).

Molecular characterization of l(2L)MB397. To determine the nature of
mutation of Cul38, genomic DNAs were isolated from both wild-type
and l(2L)MB397 homozygous mutant second-instar larvae using stan-
dard procedures. Genomic DNAs for individual exons and their flanking
intron splicing sites of Cul3 were then amplified by PCR and sequenced
by the ABI sequencing system (Applied Biosystems, Foster City, CA).

Construction of UAS-GFP-Cul3 and UAS-GFP-Cul3K717R. For pUAST-
GFP-Cul3, Cul3 cDNAs amplified by reverse transcription-PCR using a
pair of primers flanking the entire open reading frame were first cloned
into the EcRV site of pBSK vector. After confirming the sequence, Cul3
cDNAs were connected to the 3�-end of GFP cDNA through a BglII site
and were subsequently cloned into EcoRI-XhoI of pUAST. For pUAST-
GFP-Cul3K717R, the above pBSK-Cul3 construct was used for PCR-based
site-directed mutagenesis to generate a Lys-to-Arg substitution at Lys-
717. Then the Cul3K717R cDNA was ligated to the GFP and cloned into
pUAST using the same restriction sites as the wild-type Cul3 cDNAs.

Phenotypic analysis and rescue of MARCM clones. MARCM clones of

MB neurons were induced and examined at specific developmental
stages as described previously (Lee and Luo, 1999; Lee et al., 1999).
Rescuing the phenotypes of the MARCM clones involves coexpres-
sion of UAS-GFP-Cul3 or UAS-GFP-Cul3K717R with UAS-mCD8-GFP
in GAL80-minus neurons. MARCM clones were detected by rat anti-
mCD8 monoclonal antibody (1:100; Caltag, Burlingame, CA). Fluo-
rescent images were collected using a Zeiss (Oberkochen, Germany)
LSM510 confocal microscope and processed with Adobe Photoshop
(Adobe Systems, San Jose, CA). Midlines were labeled according to the po-
sitions of esophagi that were visualized by enhancing the intensity of images.

Results
l(2L)MB397 homozygous mutant MB neurons show axon
terminal morphogenetic defects
Using MARCM technology (Fig. 1A), we have been screening for
novel mutations that cause specific developmental defects in the MB
neurons by generating homozygous mutant clones in otherwise
phenotypically wild-type brains (Lee et al., 2000; Wang et al., 2002;
Zheng et al., 2003). The MBs are paired neuropil structures in the
Drosophila protocerebrum. One adult MB is derived from four in-
distinguishable neuroblasts (Nbs), each of which sequentially gener-

ates three major types of MB neurons that,
respectively, project their axonal processes
into three distinct sets of MB lobes (Fig. 1B)
(Ito et al., 1997; Lee et al., 1999). � neurons,
born before the mid-third instar stage, ex-
tend axons medially toward the midline of
protocerebrum into the � lobes, whereas all
later-derived MB neurons, including ��/��
and �/� neurons, have bifurcated primary
axons that project into specific pairs of per-
pendicularly oriented lobes (Lee et al., 1999).
Using GAL4-OK107 (Connolly et al., 1996)
in MARCM, one can selectively label all
GAL80-minus MB neurons in mosaic
brains. Our primary screening involved the
induction of mitotic recombination in NHL,

followed by analysis of MB clones at the adult stage. We observe
three distinct sizes of clones: large multi-cellular Nb clones innervat-
ing all five axonal lobes (Fig. 1B,D) and single-cell/two-cell clones
consisting purely of � neurons (Fig. 1C,E). We screened 1200 mu-
tagenized 2L chromosome arms and recovered one line,
l(2L)MB397, that shows truncated � and �� axonal processes in ho-
mozygous mutant MB clones (Fig. 1D,E).

The axon terminal defects of l(2L)MB397 are observed in mutant
Nb clones, as well as in single-cell/two-cell clones of mutant � neu-
rons. First, mutant Nb clones acquired shorter � and �� lobes than
wild-type clones (Fig. 1D). It appears that most � processes in the
mutant Nb clones are only approximately two-thirds the length of
wild-type � processes (Figs. 1D, arrow, 2I). Second, in contrast to
the truncated � and �� lobes, only subtle morphological defects are
observed in the �, ��, and � lobes. These three lobes extend as far as
the wild-type counterparts, but their tips are rough and less dense
(Fig. 1D, arrowheads). Third, �76% of single-cell/two-cell clones of
mutant � neurons, unlike their wild-type controls, fail to project
axons to the tips of the � lobes (Fig. 1, compare E, arrows, with C).
Together, l(2L)MB397 selectively affects terminal morphogenesis of
MB axons, especially the � and �� processes.

Short axons of l(2L)MB397 mutant � neurons result from
extension defect
Formation of the � lobe involves pruning of larval-specific axonal
branches, followed by reextension of the pruned � axons (Fig.
2A) (Lee et al., 1999). Thus, it is possible that mutant � axons stop
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short because of reextension problems. Al-
ternatively, short � processes might be de-
rived from partially pruned larval-specific
axonal branches or result from degenera-
tion of fully reextended axons. To distin-
guish these possibilities, we examined the
morphologies of mutant � neurons at dif-
ferent developmental stages.

GAL4-201Y-marked Nb clones were
generated in NHL and analyzed at differ-
ent developmental stages. GAL4-201Y
selectively labels � neurons and late-
pupal-born �/� neurons (Yang et al.,
1995), permitting detailed examination
of � neurons through metamorphosis.
In wandering larvae, l(2L)MB397 mu-
tant clones acquire larval MB-specific
morphological features, including two
perpendicularly oriented lobes (Fig.
2 B, C, large arrowheads), as well as two
short bundles of terminal branches (Fig.
2 B, C, small arrowheads). No dramatic
morphogenetic defects are observed in
l(2L)MB397 mutant clones at this stage,
except subtle deformation of the termini
of the medial axon bundles (Fig. 2, com-
pare arrows in B, C; similar to the termi-
nal morphogenetic defects of adult
MBs). By 18 h after puparium formation
(APF), most larval-specific axonal
branches are pruned in mutant clones
and look morphologically indistinguish-
able from their wild-type controls (Fig.
2 D, E, arrows). In contrast to normal
pruning, we observe severe regeneration
problems in l(2L)MB397 mutant clones.
For instance, by 48 h APF, wild-type
clones have reextended axons to the
midline (Fig. 2 F, arrow), but regrowth
of the majority of mutant axons is in-
complete and appears unsynchronized
(Fig. 2G, arrow). In addition, no age-
dependent morphological changes could

Figure 1. l(2L)MB397 exhibits axon terminal morphogenetic defects in MB neurons. A, Schematic diagram of MARCM. Top,
Heat shock-induced FLP recombinase (FLPase) mediates the FRT site-specific mitotic recombination, which results in the expres-
sion of mCD8-GFP driven by GAL4 in one of the daughter cells attributable to loss of the repressor transgene GAL80. If the mother
cell is heterozygous for a mutant gene (X), the daughter cell homozygous for the mutant gene will be positively labeled. Bottom,
An Nb or single-cell/two-cell MARCM clone can be generated in Drosophila CNS, depending on whether GAL80 is lost in the newly

4

generated Nb, in the postmitotic neurons (N), or in the gan-
glion mother cell (GMC). B, C, Wild-type Nb (WT; B) and
single-cell (C) clones of MB neurons, generated in NHL, were
examined in adults. Note that one Nb clone contains all five
MB lobes (outlined by solid lines in B) and that all of the me-
dial lobes (�, �, and ��) can reach the midline (dashed lines
in this and all of the following figures). D, E, l(2L)MB397 mu-
tant Nb (D) and single-cell (E) clones, generated in NHL, were
examined in adults. Note that the � and �� lobes are signifi-
cantly shortened (arrow in D), but other lobes have only subtle
morphological defects at the termini (arrowheads in D). Trun-
cated � axons are also observed in single-cell clones (arrows in
E). Scale bar (in this and all of the following figures), 20 �m.
All unilateral MB clones are oriented such that their medial
processes project from left to right toward the midline. All
images are processed from composite confocal images. Geno-
type: B, C, hs-FLP/X;UAS-mCD8-GFP, FRT40A/tubP-GAL80,
FRT40A;GAL4-OK107/�; D, E, hs-FLP/X;l(2L)MB397,UAS-
mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�.

Zhu et al. • Drosophila Cul3 in Neurite Arborization J. Neurosci., April 20, 2005 • 25(16):4189 – 4197 • 4191



be detected in l(2L)MB397 mutant clones after eclosion (Fig.
2, compare arrows in H, I; and data not shown). These results
suggest that l(2L)MB397 mutant � appear truncated because
of reextension problems rather than partial pruning or pro-
gressive degeneration.

l(2L)MB397 mutant axons often stall around the places at
which arborization normally occurs
Because l(2L)MB397 mutation selectively affects � and �� lobes, it
is unlikely that l(2L)MB397 generally blocks axon extension. Fur-
thermore, it is also unlikely that l(2L)MB397 specifically impedes
reextension of axons in that �� lobes do not undergo pruning and
reextension as � lobes. Given that most � and �� processes un-
dergo repeated arborization and few arbors exist in the other
three lobes, one possibility is that failure in axon arborization
underlies l(2L)MB397 terminal morphogenetic defects of mutant
axons. To examine this possibility, we collected isolated single-
cell clones of � neurons, generated in NHL, for detailed pheno-
typic analysis. We observe that mutant � axons have few arbors.
For quantitative analysis, we arbitrarily defined major arbors as
branches longer than 15 �m (Fig. 3F–H, arrows). Because fewer
axon arbors in the mutant � neurons could result from extension
defects instead of arborization problems, our initial analysis was
focused on the mutant � neurons that had extended axons to the
lobe termini. We found that 57% (12 of 21) of the fully extended
mutant � neurons have no major axon arbor (Fig. 3A). In con-
trast, only 15% (15 of 100) of wild-type � neurons have axons
without major arbors (Fig. 3E). These phenomena suggest that
arborization is suppressed in mutant � axons. Interestingly, when
we analyzed all single-cell clones (including those whose axons
did not reach lobe termini), similar percentages of � neurons
(14% of mutant clones versus 15% of wild-type clones) acquired
fully extended “arbor-free” axons, regardless of their genotypes.
Thus, l(2L)MB397 mutation might cause axons to stall during the
process of branching but have no effect on the axons that do not
form arbors. In support of this notion, mutant GAL4-201Y-
positive late-pupal-born �/� axons, which do not arborize (S.
Zhu and T. Lee, unpublished data), have no obvious terminal
morphogenetic defects (Fig. 2, compare arrowheads in H, I).

To examine further whether mutant axons stall during the
process of branching, we tried to determine where axon arboriza-
tion normally occurs and where mutant axons have stalled in
single-cell clones of early-larval-born � neurons, as well as ��/��
neurons. We found that mutant � processes could terminate
within any part of the � lobes (Fig. 3B–D) (see Fig. 5). Analo-
gously, wild-type � axons form arbors at stochastic positions (Fig.
3F–H) (see Fig. 5). However, such complex and highly variable
axon arborization patterns make it difficult to ascribe
l(2L)MB397 the terminal morphogenetic defects of axons to ex-
tension or arborization problems. Unlike � neurons, most ��/��
neurons exhibit invariant patterns of axon arborization. Typical
�� processes acquire two widely separate clusters of arbors, one
within the proximal one-third segment of the �� lobe and another
within the distal one-third segment (Figs. 4A, 5), whereas their
sister neurites, the �� processes, rarely branch (Fig. 4A). To de-
termine whether axons tend to stall at the positions at which
arborization normally occurs in mutant ��/�� neurons, we col-
lected 100 isolated single-cell clones of ��/�� neurons after brief
induction of mitotic recombination in l(2L)MB397 heterozygous
mid-third-instar larvae and analyzed their phenotypes. First,
only two �� processes stop short, consistent with the subtle phe-
notypes in the �� lobes of mutant Nb clones (data not shown).
Second, truncation occurs in one-quarter of mutant �� processes.
Low penetrance of phenotypes in single-cell clones of mutant
��/�� neurons, which undergo morphogenesis shortly after mi-
totic recombination, is probably attributable to perdurance of
preexisting wild-type molecules. However, in the mutant � neu-
rons, wild-type molecules may not exist any more when reexten-
sion of their pruned axons occurs several days after loss of het-

Figure 2. l(2L)MB397 impedes reextension of�axons during metamorphosis of the MBs. A, Sche-
matic drawing of � neuron remodeling. B–I, GAL4-201Y-labeled wild-type (WT; B, D, F, H ) and
l(2L)MB397 mutant (C, E, G, I ) Nb clones were generated in NHL and examined at the wandering
larval stage (B, C), 18 h APF (D, E), 48 h APF (F, G), and in adults (H, I ). Larval MB neurons have two
perpendicular oriented lobes (large arrowheads in B and C) and two short bundles of terminal
branches (small arrowheads in B and C). l(2L)MB397 mutant clones exhibit subtle deformation of lobe
termini at the wandering larval (wl) stage (arrows in C compared with arrows in B), normal pruning of
larval lobes by 18 h APF (arrows in E compared with arrows in D) but incomplete axon regeneration,
even after eclosion (arrows in G and I compared with arrows in F and H). Note that late-pupal-born
�/�axons have no obvious terminal morphogenetic defects (arrowheads in I compared with arrow-
heads in H ). Genotype: B, D, F, H, FRTG13,UAS-mCD8-GFP,GAL4-201Y/FRTG13,hs-FLP,tubP-GAL80; C,
E, G, I, hs-FLP/X;l(2L)MB397,UAS-mCD8-GFP,FRT40A,GAL4-201Y/tubP-GAL80,FRT40A.
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erozygosity. Third, in great contrast with mutant � axons that
often stall randomly within � lobes, all truncated �� axons stall
within either the proximal one-third segments (Figs. 4B, 5) or the
distal one-third segments (Figs. 4C, 5) of the �� lobes, close to the
positions at which two clusters of arbors form in wild-type ��
processes. Together, we suggest that l(2L)MB397 mutant axons
often stall around branching points, and it is possible that mutant
neurites become truncated because of defects in arborization
rather than extension.

l(2L)MB397 MB phenotypes are caused by a splicing mutation
in Drosophila Cul3
To determine whether a lethal mutation in 2L is responsible for
l(2L)MB397 MB phenotypes, we first identified and mapped an
l(2L)MB397 lethal mutation to the 35B10-35D01 cytogenomic
region based on complementation experiments with the 2L defi-
ciency kit (see Materials and Methods). Additional complemen-
tation tests using additional deficiency lines mapped the lethal
mutation to either 35B10-35C02 or 35C05-35D01. By crossing
with existing lethal mutations within these two regions, we found
that l(2L)MB397 fails to complement with two previously iden-
tified Drosophila Cul3 [Cul3, also named guftagu ( gft)] loss-of-
function alleles (Cul32 and Cul306430) (Fig. 6A). Cul3 belongs to

the family of cullin proteins, which func-
tion as E3 ubiquitin ligases by forming
complexes with other proteins (Ou et al.,
2002; Chiba and Tanaka, 2004). In the fly
genome, there are six different cullin
genes: Cul1 (also called lin19), Cul2, Cul3,
Cul4, Cul5, and CG11261, which is close to
Cul1 and Cul2 (Ou et al., 2002). The Cul3
gene consists of 11 exons and encodes a
protein of 773 amino acids. Sequence anal-
ysis demonstrated that the l(2L)MB397
chromosome has a point mutation at the
splice acceptor site of the intron between
exon 6 and exon 7 of Cul3 (Fig. 6B). This
splicing defect may lead to truncation
and/or open reading frame shift of Cul3
after amino acid 516, which may eliminate
several C-terminal conserved domains, in-
cluding Roc1 binding site, Nedd8 modifi-
cation site (also see below), and Cullin
motif (Wada et al., 1999; Mistry et al.,
2004). To confirm that all l(2L)MB397 MB
phenotypes resulted from loss of Cul3
function, we created clones of MB neurons
that are homozygous for Cul32 and ob-
served similar axon terminal morphoge-
netic defects as in l(2L)MB397 mutant
clones (Fig. 6C). Moreover, l(2L)MB397
MB phenotypes were fully rescued in the
presence of an autonomously expressed
wild-type Cul3 cDNA (Fig. 6D). Thus,
l(2L)MB397 is a novel Cul3 mutation
(Cul38).

Neddylation may be required for
Cul3 function
It has been shown that Cul1-based ubiq-
uitin ligase activity requires the covalent
attachment of Nedd8, a small ubiquitin-
like protein, to a lysine residue in the

C-terminal region of Cul1 (Amir et al., 2002) (for review, see
Chiba and Tanaka, 2004). Biochemical studies have also demon-
strated that all known members of human cullin family proteins
can be conjugated to Nedd8 in vitro (Hori et al., 1999). Sequence
alignment reveals that Cul3, like other cullin proteins, has a pu-
tative Nedd8 conjugation site (Lys-717) (Fig. 6E) (Wada et al.,
1999). To examine possible involvement of Nedd8 covalent mod-
ification in regulating Cul3 function, we investigated whether
mutation of Lys-717 to arginine in Cul3 eliminates its biological
activity. Analogous mutations have inactivated other cullin pro-
teins (Wada et al., 1999; Amir et al., 2002). We repeated earlier
rescue experiments using a mutated Cul3 cDNA, encoding
Cul3K717R. Multiple independently inserted transgenic lines were
checked, and no mutant Cul3K717R transgenic line could rescue
Cul38 MB phenotypes (Fig. 6F). These results indicate that nor-
mal Cul3 function requires an intact Nedd8 conjugation site.
Elimination of neddylation site could at least partially explain the
loss of function of Cul38 allele.

To directly examine the requirement of Nedd8 for MB mor-
phogenesis, we further investigated whether and how loss of
Nedd8 affects MB development. MARCM clones of MB neurons
that are homozygous for a Nedd8 loss-of-function allele
(Nedd8AN015) (Ou et al., 2002) were generated in NHL and exam-

Figure 3. l(2L)MB397 mutant � axons have few arbors and stall randomly within � lobes. Single-cell clones of l(2L)MB397 mutant
(A–D) and wild-type (WT; E–H ) � neurons, generated in NHL, were examined in adults. Mutant � axons can extend to the tip of � lobe
(A) or stall at any position within the � lobes (arrows in B–D). Few arbors can be found even in fully extended mutant � processes (A). In
contrast, only a small part of wild-type � axons have no major arbors (E). The majority of wild-type � axons often have multiple major
arbors that are randomly distributed along the � lobes (arrowheads in F–H ). Genotype: A–D, hs-FLP/X;l(2L)MB397,UAS-mCD8-
GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�; E–H, hs-FLP/X;UAS-mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�.

Figure 4. l(2L)MB397 mutant �� axons often terminate around the places at which arborization normally occurs. Single-cell
clones of wild-type (WT; A) and l(2L)MB397 mutant (B, C) ��/�� neurons, generated at the mid-third-instar larval stage, were
examined in adults. Wild-type �� axons form arbors within the proximal one-third segment (arrowhead in A) and the distal
one-third segment (arrow in A). Mutant �� axons stall either near the proximal position of the arborization (arrowhead in B) or
close to the distal locus of the arborization (arrow in C). Genotype: A, hs-FLP/X;UAS-mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-
OK107/�; B, C, hs-FLP/X;l(2L)MB397,UAS-mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�.
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ined at the adult stage. Knocking out Nedd8 may disable various
cullin proteins with distinct functions (Amir et al., 2002). Con-
sistent with this notion, Nedd8 mutant Nb clones exhibit more
complex phenotypes than Cul3 mutant clones. For instance,
Nedd8 mutant MB Nb clones consist of only small numbers of
�-type neurons (Fig. 7C), indicating severe defects in MB neuro-
genesis. Such failure in MB neurogenesis might result from loss of
Cul1 ubiquitin ligase activity that leads to cell cycle arrest at the
G1/S transition attributable to abnormal accumulation of Cul1
ligase substrates, such as p27 Kip1 (Tsvetkov et al., 1999). Never-
theless, axonal extension defects are observed in Nedd8 mutant
clones as in Cul3 mutant clones (Fig. 7C). � neurons homozygous
for Nedd8AN015 fail to extend their axons to the midline in both Nb
clones and single-cell/two-cell clones (Fig. 7, compare A, B with C,
D). Therefore, with respect to � neurons, Nedd8 mutant clones qual-
itatively phenocopy Cul3 mutant clones, further suggesting that
proper function of Cul3 requires Nedd8 modification.

Mutation of Cul3 blocks reelaboration of � dendrites
Analogous mechanisms may underlie arborization of axons and
elaboration of dendrites (for review, see Keith and Wilson, 2001;
Jan and Jan, 2003). To determine the role(s) of Cul3 in MB den-
dritic morphogenesis, we examined and tried to quantify patterns
of dendritic elaboration in isolated single-cell clones of Cul3 mu-
tant � neurons. Like � axons, dendrites of � neurons also undergo
remodeling during metamorphosis (Lee et al., 1999, 2000; Zheng
et al., 2003), and we recognized stage-specific dendritic elabora-
tion patterns in larval versus adult � neurons (Zhu et al., 2003).
First, consistent with normal pruning of larval neurites in Cul3
mutant Nb clones, most adult mutant neurons possess three to
five primary dendritic processes, comparable with what � neu-
rons normally have after remodeling (Fig. 8, compare A, B with C,
D) (Zhu et al., 2003). Second, in contrast to no change in the
numbers of primary dendrites, the averaged total dendritic length
of mutant � neurons is only 32.9 � 15.9 �m (n � 25) (Fig. 8C,D),

much shorter than 61.3 � 24.9 �m (n � 25), the normal den-
dritic length per � neuron (Fig. 8A,B). We noticed that quite a
few (42.5%; n � 33) mutant dendrites are extremely short and
hardly separable from their primary neurites (Fig. 8D). In addi-
tion, terminal elaboration looks abnormal in mutant dendrites.

Figure 5. Comparison of ending points of l(2L)MB397 mutant axons and arborization points
of wild-type axons. The distance from the ending points of l(2L)MB397 mutant axons or the
branch points of wild-type axons to the midline were measured and compared. In the wild-type
� axons, each dot represents the distance from the first branch point of a single neuron to the
midline of the brain. In the l(2L)MB397 mutant � axons, each dot represents the distance from
the ending points of axons to the midline. Only truncated l(2L)MB397 mutant � axons without
major axon arbors were examined. In the case of wild-type �� axons, the distance from the
proximal arborization point (the right cluster) or the first arborization point of the distal cluster
of arbors (the left cluster) to the midline were measured separately. Note that ending points of
l(2L)MB397 mutant �� axons fall into two clusters, close to the arborization point of wild-type
�� axons. Numbers in parentheses represent the total number of neurons analyzed.

Figure 6. l(2L)MB397 carries a splicing mutation in Cul3, and the conserved neddylation site
is essential for Cul3 activity. A, l(2L)MB397 fails to complement with the deficiency line whose
deficiency region is indicated by the gap in the thick line but complemented with the deficiency
lines whose deficiency regions are indicated by gaps in thin lines. Additional complementation
tests assign l(2L)MB397 to the Cul3 complementation group. B, l(2L)MB397 carries a g-to-a
mutation at the acceptor site of the intron between exon 6 and exon 7 of Cul3. C, The Cul32

mutant Nb clone shows terminal morphogenetic defects in the � and �� lobes (arrowhead).
Also note the dense axon fascicles within the � and � lobes (arrows). D, All of the medial lobes
are fully extended (arrowhead) in the l(2L)MB397 mutant Nb clone in which GFP-tagged wild-
type Cul3 is autonomously expressed. E, Partial sequence alignment among yeast Cul1 (Cdc53)
and six Drosophila cullin proteins. Consensus neddylation sites are highlighted in red. F, The
terminal defects of the � and �� lobes (arrowhead) remain in the l(2L)MB397 mutant Nb clones
that autonomously express GFP-tagged Cul3K717R. Genotype: C, hs-FLP,UAS-mCD8-GFP/X;
Cul32,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�; D, hs-FLP/UAS-GFP-Cul3;l(2L)MB397,UAS-
mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�; F, hs-FLP/X;l(2L)MB397,UAS-mCD8-GFP,
FRT40A/tubP-GAL80,FRT40A;UAS-GFP-Cul3K717R/�;GAL4-OK107/�.
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Unlike wild-type dendrites that mostly terminate with typical
claw-like structures (Fig. 8A,B, arrows), Cul3 mutant � dendrites
often stall with dense irregular endings (Fig. 8D, arrows). These
results demonstrate that elaboration of adult-specific dendritic
branches is also impaired in Cul38 mutant � neurons.

Discussion
Like phosphorylation, ubiquitination of target proteins is a po-
tent posttranslational modification pathway that actively con-
trols stability, trafficking, and activity of proteins involved in
various cellular processes, such as cell cycle progression, apopto-
sis, and signal transduction (for review, see Pickart, 2001; Glick-
man and Ciechanover, 2002). More recently, the ubiquitin-
proteasome system has been implicated in governing various
aspects of neural development, including synaptogenesis, axon
guidance, and axon pruning (Wan et al., 2000; DiAntonio et al.,
2001; Keleman et al., 2002; Myat et al., 2002; Watts et al., 2003;
Konishi et al., 2004; Liao et al., 2004). Here we demonstrate that
Cul3 is a positive regulator for axon arborization and dendritic
development in MB neurons. Distinct MB axons arborize differ-
entially. Interestingly, mutation of Cul3 selectively blocked ter-
minal morphogenesis of the axons that arborize extensively. Ax-
ons that rarely arborize were minimally affected, and mutant
axons often stalled around the positions at which arborization
normally occurs. Furthermore, Cul3 mutant � lobes, which only
show subtle phenotypes at the tips, basically project along the
right path and do not curl around and project away from the
midline. These observations suggest involvement of Cul3 in
proper arborization rather than general extension or midline at-
traction/repulsion of axons. Requirement of Cul3 for reelabora-
tion of � dendrites implies that common mechanisms may be
used to govern branching of both axons and dendrites.

Cullin family proteins function as E3 ubiquitin ligases, which

target specific substrates for degradation (Chiba and Tanaka,
2004). Cul3 promotes axon arborization likely via increasing
turnover of its target protein(s). So far, there is one documented
Drosophila Cul3 substrate, the full-length Cubitus interruptus
(Ci155) (Ou et al., 2002; Mistry et al., 2004). Cul3-dependent
degradation of Ci155 has been shown to modulate Hedgehog
signaling in the posterior cells of Drosophila eye discs (Ou et al.,
2002; Mistry et al., 2004). However, overexpression of Ci155
through development did not affect either wild-type or Cul3 mu-
tant MB neurons (Zhu and Lee, unpublished results), suggesting
that Ci155 is not involved in Cul3-governed neurite terminal
morphogenesis. In Caenorhabditis elegans, Cul3 mediates
meiosis-to-mitosis transition by targeting meiotic-1 (MEI-1)/
Katanin for degradation (Pintard et al., 2003). Interestingly, Ka-
tanin60 (Kat60), the smaller subunit of the Katanin het-
erodimeric ATPase, possesses microtubule severing activities and
exists in neuronal processes, as well as the centrosomes (Ahmad
et al., 1999). Further inspired by the phenomena that levels of
Kat60 are critical for axonal outgrowth (Karabay et al., 2004), we
examined the candidacy of Kat60 for the physiological substrate
of Cul3 in MB neurons. Again, we observe that GAL4-OK107-
driven overexpression of Kat60 exert no detectable effect on ei-
ther wild-type or Cul3 mutant MB morphogenesis (our unpub-
lished results). In addition, Nicola et al. (2003) have reported that
crossing a Kat60 UY element line with 7B P{GAL4} causes the
dorsal lobes of Drosophila MBs to stop short (Nicolai et al., 2003),
not mimicking Cul3 mutant phenotypes at all. Therefore, in the
MBs, Kat60 is unlikely to be the substrate of Cul3, either.

Levels of cell adhesion molecules (CAMs) may help regulate
defasciculation as well as arborization of axons. As reported by
Rutishauser’s laboratory, blocking functions of L1 and neural
CAM (N-CAM) leads to abnormal defasciculation and excessive

Figure 8. Poor elaboration of dendrites in Cul3 mutant � neurons. Close-up views of the
dendritic regions of MARCM-labeled adult � neurons. Wild-type � neurons (WT; A, B) acquired
longer dendritic branches than Cul3 mutant � neurons (C, D). Arrows in A and B point to the
typical claw-like structures at the ends of wild-type dendritic processes. Note that mutant
dendrites often stall with dense irregular endings (arrows in D). Genotype: A, B, hs-FLP/X;UAS-
mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�; C, D, hs-FLP/X;Cul38,UAS-mCD8-
GFP,FRT40A/tubP-GAL80, FRT40A;GAL4-OK107/�.

Figure 7. Nedd8 mutant MB clones show axon terminal morphogenetic defects. Wild-type
(WT; A, B) and Nedd8AN015 mutant (C, D) clones of MB neurons, generated in NHL, were exam-
ined in adults. Only a small number of � neurons exist in the mutant Nb clone (C), and most
mutant � axons stall before reaching the midline (e.g., arrows in C and D). Genotype: A, B,
hs-FLP/X;UAS-mCD8-GFP,FRT40A/tubP-GAL80,FRT40A;GAL4-OK107/�; C, D, hs-FLP,UAS-
mCD8-GFP/X;Nedd8AN015,FRT40A/tubP-GAL80, FRT40A;GAL4-OK107/�.
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arborization of neurites in developing chicken embryos (Land-
messer et al., 1988). Conversely, aberrant accumulation of cell
adhesion molecules, such as Fasciclin II, the Drosophila homolog
of N-CAM, promotes fasciculation of axons and impedes neurite
arborization (Lin and Goodman, 1994). Interestingly, Cul3 mu-
tant Nb clones occasionally contain dense axon fascicles within
normally homogeneous MB lobes (Fig. 6C, arrows), suggesting
involvement of Cul3 in fasciculation/defasciculation of axons as
well. It is possible that Cul3 mediates neurite arborization and
prevents abnormal fasciculation of axons via a common mecha-
nism, perhaps involving regulation of dynamic changes in the
levels of cell adhesion molecules.

Given the involvement of cullins in more and more biological
processes, it is no surprise that activities of cullin proteins need to
be dynamically regulated. One common mechanism for regula-
tion of cullin family proteins involves Nedd8 modification, a
cascade of enzymatic reactions similar to ubiquitination (Chiba
and Tanaka, 2004). Previous studies have suggested that Nedd8
regulates Cul1 ligase activity by facilitating the dissociation of
p120 (CAND1) from Cul1 and enhancing recruitment of E2
ubiquitin to the Cul1-based ubiquitin ligase complex termed SCF
(Skp1-Cul1/Cdc53-F-box) (Kawakami et al., 2001; Liu et al.,
2002). In C. elegans, neddylation is required in Cul3 to target
MEI-1 for degradation at the meiosis-to-mitosis transition (Pin-
tard et al., 2003). However, in the developing Drosophila eye
discs, Cul3-mediated degradation of Ci155 only partially requires
Nedd8 modification (Ou et al., 2002), contrasting with the essen-
tial role of Nedd8 in Cul3-governed MB neurite terminal mor-
phogenesis. Nedd8 was originally isolated from neural precursor
cells, and its expression is developmentally downregulated (Ku-
mar et al., 1993). Together with the requirement of Nedd8 for
multiple aspects of MB development, neddylation of cullin family
proteins is likely used repeatedly to govern diverse neuronal de-
velopmental processes. Studying how neddylation of cullins is
regulated as well as identifying the physiological substrates of
cullins promises to help further elucidate the molecular mecha-
nisms underlying development of the brain.
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