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ABSTRACT

Disrupted expression of Attractin (Atrn), a single pass transmembrane protein, leads to
darker pigmentation, leanness, neurodegeneration, and hypomyelination in rodents. Atrn
has also been implicated in immune function as release of the extracellular region of Atrn
by activated human T-cells causes changes in macrophage morphology and the clustering
of T-cells around the macrophage. Atrn’s extracellular structure, including a CUB
domain and four epidermal growth factor (EGF) related domains, is suggestive of roles in
cell-cell interaction, guidance and signaling. Indeed, studies of the pigmentary phenotype
of Atrn deficient mice show Atrn is necessary for the actions of agouti, an endogenous
antagonist for the melanocortin 1 receptor. However, the molecular mechanism by which
Atrn acts is unclear, both in pigmentation and in the other systems impacted by loss of
Atrn. The studies presented herein identify potential Atrn intracellular interactors,
characterize the Drosophila homologue of Atrn, Distracted (Dsd), and confirm one
interactor, ubiquitin conjugating enzyme 13 (UBC13)/Bendless (Ben), as important to the
molecular mechanism of Atrn/Dsd, particularly to photoreceptor pathfinding and
neurodegeneration in Drosophila. These studies therefore identify UBC13/Ben as having
a role in neurodegeneration in addition to the already established roles for UBC13 in
DNA repair and immune response and establish another role for the Attractin family in
axonal pathfinding, particularly in the developing Drosophila visual system. The
interaction between UBC13/Ben and Atrn/Dsd is the first direct insight into a molecular
mechanism of Atrn action and provides the means by which to begin to explain the

pleiotropic actions of Atrn deficiency.
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CHAPTER ONE

INTRODUCTION



1. THE ATTRACTIN FAMILY

The structure of the Attractin family is suggestive of roles in cell guidance,
interaction, and signaling. Indeed, the first member of the Attractin family cloned was
from human T-cells where Attractin modulates the immune cell interaction of T-cells and
macrophages (25, 27). Mutations in Attractin have been identified in rats, mice, and
hamsters and lead to darker pigmentation, leanness, hypomyelination, and
neurodegeneration (49, 54). The Attractin family is conserved from C. elegans to human
with one homologue in C. elegans and Drosophila and two homologues in mammals.
The two members of the mammalian Attractin family are Attractin (Atrn) and Attractin-
like protein (ALP), both single pass transmembrane proteins. Both Atrn and ALP have
extracellular regions containing a Complement subcomponents Clr/Cls, Uegf, Bmpl
(CUB) domain flanked by epidermal growth factor (EGF) domains which are followed
by plexin repeats, a C-lectin domain, and two laminin-like EGF domains (25, 40). The
CUB domain is found on other developmentally dynamic proteins, such as neuropilin and
bone morphogenic protein (BMP) (5). The CUB domain in neuropilin has been shown to
be essential to neuropilin activity in axonal guidance (35). The CUB domain is also
important to the function of BMP, which is involved not only in bone formation but brain
development as well (65). The EGF and laminin-like EGF domains have been implicated
in protein-protein interaction and cell adhesion (72) and the C-lectin domain binds
carbohydrates (104). Finally, the plexin repeats are found in plexins, another group of
proteins involved in axonal pathfinding (73). The conserved cystines in Atrn from human

to C. elegans suggest conserved three dimensional structure as well (25).



Whereas the extracellular portion of Atrn and ALP has conserved domains, which
predict roles for the Atrn family in guidance and cell-cell interaction, only ALP has a
known signaling motif in its intracellular domain. At the C-terminus of ALP is a PDZ
binding motif (33). Atrn on the other hand has no known motifs in its intracellular
domain (71). However, there are several evolutionarily conserved clusters of amino acids
in the intracellular tail, which suggest the importance of these residues to downstream
protein interaction and signaling (Fig. 1). However the function of these motifs has yet to
be established.

Both Atrn and ALP are expressed widely throughout the body (37, 40, 71). The
highest levels of expression are in the brain, heart, kidney, lung and liver. Lowest levels
are seen in the skeletal muscle and spleen. Within the brain, the highest levels of both
Atrn and ALP are seen in the hippocampus, piriform cortex, cerebellum and midbrain
(40, 60). While Atrn and ALP are expressed in many of the same places in the rodent
brain, there are differences. As the in situs for ALP were done in mice and for Atrn in rat,
the differences may be species related. However, overlap and differences in expression

would be expected as seen with other protein families.



Figure 1. Amino acid comparison of the intracellular tails of mouse Attractin (Atrn),
Drosophila melanogaster Distracted (Dsd), and C. elegans F33C8. 1/Attractin (F33C8.1).
The black bars represent the complete conservation of residues between all three
Attractin family proteins as identified by BLAST comparison. The individual overall

conservation between Atrn and Dsd was 45% and between Atrn and F33C8.1/Atrn was

36%.
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2. THE RELATIONSHIP BETWEEN THE ATTRACTIN FAMILY AND THE
MELANOCORTIN SYSTEM.

The melanocortin system, which has five known receptors, is involved in
pigmentation, adrenal response, naturesis, energy homeostasis, and exocrine gland
function (100). For the purposes of Atrn, only two are relevant, melanocortin 1 receptor
(MC1R) and melanocortin 4 receptor (MC4R). The MCIR is expressed in melanocytes
and regulates pigmentation and MC4R is expressed in the brain and regulates energy
homeostasis. In the lethal yellow (A%) and viable yellow (A™) mice, a promoter
rearrangement causes agouti, the endogenous antagonist for MCIR, to be expressed
everywhere in the body (67). This results in a mouse that is yellow due to antagonism of
MCIR and obese du¢ to antagonism of MC4R in the brain (29). The normal endogenous
antagonist for MC4R in the brain is agouti related protein (AGRP) (79).

In mice, recessive mutations in Atrn are called mahogany (mg) due to the darker
pigmentation phenotype of the mutants (67). The mg mutations had been isolated based
on the darker pigmentation phenotype only before the mutated gene had been identified.
Three alleles of mahogany have been identified, mg”, mg, and mg", in descending order
of strength, the mg” identified as a null allele (36). The other two alleles are caused by 5
kb insertions of the intracisternal A particle (IAP) element in introns of the Atrn gene.
When the A' mutants are crossed to mg mutants, both the yellow pigmentation and
obesity of the A" mutants are suppressed (23, 67). Whether mg mutations would block the

A" phenotype has not been reported. However, it seems clear from the blockade of the A’



phenotype that agouti requires the presence of Atrn to function as an antagonist at both
MCIR and MC4R.

Atrn has therefore been postulated to be a low affinity co-receptor for agouti. The
biochemical evidence that agouti but not AGRP binds to Atrn (43), at a very low affinity,
does not rule out the possibility that, rather than being a co-receptor, Atrn acts in some
way to modulate the melanocortin receptors directly or acts in cell adhesion as proposed
in Dinulescu and Cone 2000 (22). The interaction of Atrn with agouti but not AGRP
does fit however with the observation that the mg mutations cannot suppress the obesity
caused by AGRP overexpression (43).

The other member of the Attractin family, ALP, has recently been shown to
interact with MC4R through yeast two-hybrid assay and GST-pulldown (40). The
interaction takes place between the C-termini of ALP and MC4R. ALP and Atrn are 67%
identical and the region in the C-terminus of ALP with which MC4R interacts contains
one conserved and one highly divergent cluster of amino acids compared to Atrn. As a
control, the C-terminus of Atrn is shown not to interact with the C-terminus of MC4R.
The area in MC4R with which ALP interacts is involved in membrane trafficking of
MC4R. This interaction provides more evidence of an important relationship between the
Attractin family and the melanocortin system though the functional relevance of this
interaction remains to be elucidated.

However, since agouti is normally only expressed in skin (22) and Atrn is
expressed in both the skin and the brain, Atrn must have functions other than serving as a
co-receptor for agouti, if indeed this is Atrn’s role in the skin. Even in the skin, the

pigmentation phenotype of Atrn mutants has a component independent of the agouti-



mediated pigmentation switch (36). The mg mice also have changes in energy
homeostasis independent of agouti (23). The mg mice are lean and hypermetabolic. The
leanness and hypermetabolism are associated with the two alleles of mahogany, mg” and
mg, which also cause significant neurodegeneration (36). This observation led to the
supposition that the energy homeostasis changes seen in mahogany mice are secondary to
defects in neuronal survival. However, the energy homeostasis changes seen with the mg
allele occur before significant neurodegeneration can be observed (36). This result could
reflect defective wiring of the nervous system or predegenerative changes in cell-cell
interaction. The neurodegeneration will be discussed in more detail in the following
section. An independent function for Atrn is also supported by the fact that C. elegans
and Drosophila have Atrn homologues but no direct agouti or melanocortin receptor

homologues (42).



3. ATTRACTIN AND NEURODEGENERATION.

Atrn mutations have been identified in rats, mice and hamsters, zitter (zi),
mahogany (mg) and black tremor respectively (37, 54, 55). In all cases Afrn mutations
cause darker pigmentation and age-progressive neurodegeneration and hypomyelination
(10, 36, 54, 55). A tremor also develops which results in flaccid paresis in zizter rats at 6
months of age (54). No Atrn mutations have been identified in humans as yet, so the
impact of Atrn deficiency on human neurodegeneration is not known.

At birth, the gross anatomical structures of the central nervous system are normal
in Arrn mutants. Vacuoles appear 3 to 4 weeks after birth in zi and mg" animals, both null
mutations of Atrn (36, 54). In the moderate mg mutation in mice, vacuoles only appear
after 8 to 16 weeks (36). In zitter rats, the most thoroughly studied Asrn mutant, the
vacuoles begin in the pons and outer thalamus then extend to the hippocampus, deep
cortex, cervical spinal gray matter, and cerebellum, all sites of Atrn expression. Swollen
astrocytic processes accompany the vacuoles. The overall spongy degeneration seen in
Atrn mutants is similar to that seen in prion disease but without changes in protease
sensitivity of the prion protein (34).

The progression of hypomyelination in the Asrn mutants follows a similar
timeline to the progression of neurodegeneration (54). The initiation and formation of the
myelin sheaths is normal as is expression of the biochemical components of myelin such
as myelin basic protein. However, as the Atrn deficient animals age, the density of
myelinated fibers and number of myelin lamellae. decreases and is accompanied by

aberrant or elongated myelin sheath formation (3, 54, 57). So while Atrn does not appear



to be needed for the myelin formation, it does appear necessary for the maintenance of
myelin over time.

The link between Atrn deficiency and neurodegeneration is clear but not well
understood biologically or molecularly. The neurodegeneration and hypomyelination
seen in Atrn mutants has been proposed to be due to abnormal or lost cell-cell interaction
(3, 22), developmental defects, or decreased resistance to oxidative stress (70). The role
of Atrn in responding to oxidative stress will be addressed in more detail in the following
section as will the evidence for Atrn’s role in mediating cell-cell interaction in the

immune system.



4. MOLECULAR ROLES FOR ATTRACTIN.

Atrn was first identified and studied in the human immune system where a
secreted form of Atrn, representing the extracellular domain, is released by activated T-
cells (25). The expression of Atrn at the mRNA level does not change upon T-cell
activation. However, the surface expression of Atrn is upregulated at 24 hrs and the
secreted form is released by 48 hrs with Atrn levels starting to fall by 72 hrs (26). The
secreted Atrn enhances the proliferative responses of peripheral blood mononuclear cells
(PBMC) to recall antigens and modulates the interaction of macrophages and T-cells,
inducing macrophages to spread out and T-cells to cluster around the macrophage. This
induction of interaction and morphological changes only occurred when both T-cells and
macrophages were together in culture (25).

T-cells activate in response to both innate and adaptive antigen presentation (75).
Macrophages consume and present the antigen to the T-cell which then activates cytokine
production and proliferation. Atrn’s ability to facilitate the interaction between
macrophages and T-cells could therefore theoretically be beneficial to the response of the
immune system by strengthening the specific response to pathogens.

In some patients with common variable immune deficiency (CVID) the
proliferative responses of their T-cells is low (85). T-cells from the CVID patients
respond with normal signaling responses to the T-cell receptor (TCR) stimulation.
However, CD3 crosslinking stimulation of T-cells from the CVID patients results in
upregulation of CD26 and CD25 but no upregulation of Atrm. In addition, Atrn enhances

the proliferation of PMBC cells to suboptimal doses of TL-2 (85). Together, these results

10



indicate that one of the T-cell immune defects in CVID patients is the lack of Atrn
upregulation upon T-cell activation.

The secreted form of Atrn in the immune system has only been described in
humans. Although rats have been also shown to express the secreted form of Atrn (54),
no studies to date have demonstrated the same role for Atrn in the rat immune system as
seen in humans. The secreted form of Atrn arises from a splice variant resulting in a
shorter transcript of 4.5 kb. This shorter transcript is only expressed in the periphery in
humans, not in the nervous system (93, 94). The longer 9.0 kb transmembrane Atrn
mRNA is expressed in the human brain and in the periphery.

However, since the secreted form of Atrn is only found in rats and humans, the
transmembrane form must be important. Indeed, in transgenic rescue experiments in rats,
only the transmembrane form of Atrn rescued the pigmentation, neurodegeneration, and
hypomyelination phenotypes of Atrn deficient rats (54). Even overexpression of the
secreted form of Atrn would not rescue the neurodegeneration or hypomyelination. This
result suggests that the intracellular domain of Atrn has an as yet unknown critical role in
signaling to downstream effectors.

One potential role for the Atrn protein as a whole is in oxidative stress, suggested
from the study of the zirzer rats (70). The Atrn deficient rats show increased expression
of superoxide dismutase (SOD) and decreased catalase activity. Fibroblasts isolated from
zitter rats show increased sensitivity to H,O, treatment that is rescued back to wild type
sensitivity by reintroduction of transmembrane Atrn to the Atrn deficient fibroblasts.
Incubation with the antioxidant a-tocopherol also protected Atrn deficient fibroblasts

from death when exposed to H,O,. The ERK phosphorylation usually seen upon

I



exposure to H,0, 1s reduced in Atrn deficient cells and in the protein extracts from the
brains of zitter rats (70). Cortical neurons from wild type and zirter rats had similar
elaborations the first 5-7 days in culture. Then after 14 days in culture the Atrn deficient
neurons began to show degenerative phenotypes with changes in cell shape and decreased
viability. This degenerative phenotype is rescued by inclusion of the antioxidants a-
tocopherol or catalase. This result suggests that Atm deficiency cripples the endogenous
antioxidant response to normal environmental oxidative stress. Involvement of Atrn in
the cellular response to oxidative stress could underlie the neurodegeneration seen in Atrn
mutants but no experiments to date have tested this theory in vivo.

Another role for Atrn may be in neurite outgrowth. The HCN-1A human cortical
neuron cell line has been used to show the effect of exogenous Atrn on neurite outgrowth
(93). This cortical cell line acquires a mature neuronal phenotype over 48 to 72 hours
after differentiation media is applied. Incubation of the differentiating neurons with
human serum causes inhibition of neurite outgrowth, inhibition that 1s not scen with
serum cleared of Atrn. Additionally, incubation of the differentiating neurons with the
recombinant extracellular domain of Atrn also causes inhibition of neurite outgrowth by
48 hours. So, while the primary cortical neurons from Atrn deficient zitter rats appeared
to grow out normally in the study above (70), incubation of soluble Atrn, which is
normally excluded from the brain, with the differentiating cortical cell line neurons
inhibits their outgrowth (93). Direct comparison of these studies, given the different cells
used, is not feasible but a possible explanation for the differences could be due to ALP
compensating for Atrn loss in the zitter neurons or that by 5-7 days in culture the zitter

neurons catch up to the wild type.



A study of spinal cord injury gives additional evidence that Atrn is involved in
neurite outgrowth and thus potentially axonal pathfinding (21). One day after a spinal
cord injury, Atrn, along with neuritin and microtubule associated protein 1A (MAPIA),
is downregulated. After 14 days, Atrn, neuritin and MAPIA are back to previous levels
and co-expressed with GAP-43, a regeneration and plasticity associated protein.
Embryonic day 14 dorsal root ganglion (E14 DRG) neurons show upregulation of both
Atrn and MAPIA after two weeks in culture. The neurite length of the E14 DRG
neurons did not change when either Atrn or MAPIA light chain 2 (LC2) is overexpressed
alone. When co-overexpressed however, the neurite length of the El4 DRG neurons
increases by 30%. When neuritin is also co-overexpressed with Atrn and MAPIA, the
neurite length of the E14 DRG neurons increased by 94%. Neuritin by itself increased
neurite length by 42%. This study reports also that the LC2 of MAPIA and Atrn
interacted physically (21). This results fits with our yeast two hybrid screening results,
showing both light chains of MAP1A and MAPIB as potential partners for Atrn. MAPIB
is the earliest expressed microtubule binding protein and has been shown to be involved
in axon growth cone turning (7, 61). MAPIA is involved in stabilization and
maintenance of microtubules (76). It is expressed in brain regions where neurite growth
persists in the adult and robustly expressed during CNS myelination (21, 76, 80). The
importance of these proteins in neurite outgrowth and axonal guidance would further

support the same role for Atrn if these interactions are borne out.
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5. MAHOGANOID MUTATIONS PRODUCE PHENOTYPES REMARKABLY
SIMILAR TO MUTATIONS IN ATTRACTIN.

The mahoganoid (md) mutations cause darker pigmentation and block the yellow
pigmentation and obesity of A" mice similar to the mg mutations in Atrn (67). Also,
independent of the suppression of the A" phenotype, the md mice show increased food
intake (23). Additionally, the md™ null allele produces neurodegeneration that shares
many features with the neurodegeneration seen in Atrn deficient animals (spongy and
accompanied by astrocytosis) (44). The neurodegeneration starts in the hippocampus and
later extends to other regions. The neurodegeneration occurs only in the null md™ mice,

me3/ null, not

not with the hypomorphic md alleles, and is delayed, compared to the Atrn
starting until 2 months of age. The delay in the onset of neurodegeneration in md™ mice
may be due to redundancy as, similar perhaps to Atrn having ALP, there exists a closely
related gene to the one mutant in md mice (44). While the neurodegenerative phenotypes
of the md and mg mice are closely matched, it is the blockade of agouti signaling by both
mutations that leads to the postulation that the protein mutated in md mice is involved in
Atrn signaling.

The gene mutated in mahoganoid codes for an E3 ubiquitin ligase (44, 82), which
has been named Mahogunin. Like Atrn, mahogunin mRNA 1is expressed both peripherally
and centrally (82). It is expressed in the brain, heart, kidneys, and lungs. .Within the
brain the highest sites of mahogunin expression are in the hippocampus, cortex and
cerebellum, again similar to Atrn (44). Mahogunin is also highly conserved. Homologues

for Mahogunin exist in C. elegans and Drosophila, the homology at 37% and 43%

respectively (82). Neither mutations in Atrn or mahogunin alter the expression levels of
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the other in mice and overexpression of Atrn does not rescue the md phenotype (44). No
report has yet been given on whether Mahogunin overexpression would rescue the mg
phenotype. These results suggest that Mahogunin is downstream of Atrn both in
pigmentation and neurodegeneration. As yet though, the molecular nature of the link
between Atrn and Mahogunin is not known.

The identity of Mahogunin as an E3 ubiquitin ligase comes from the presence of a
RING (really interesting new gene) domain, which is common to many E3 ubiquitin
ligases and necessary for their actions as ubiquitin ligases (50, 83). E3 ubiquitin ligases
generally specify the substrates to be ubiquitinated by an E2 ubiquitin conjugating
enzyme, which is charged with ubiquitin from the E1 activating enzyme. E3s can also
serve as a substrate for the E2 ubiquitin conjugating enzyme. This ubiquitination of the
E3 by the E2 is referred to as autoubiquitination. Of the E2s tested in vitro with
Mahogunin, ubiquitin conjugating enzyme 3 (UBC5), an E2 involved in stress response,
generates the so-called autoubiquitination of Mahogunin (44). Another E2, UBC3, which
is involved in cell cycle control, did not produce the same laddering of ubiquitin-
modified Mahogunin seen with UCB5. Mahogunin lacking the RING domain is not
modified by either UBC.

Ubiquitin modification has generally been associated with the degradation of
proteins (83, 84). This degradation is important for signaling cascade activation,
termination and for clearing of malformed or damaged proteins. The prevention of
ubiquitin-mediated dggradation has been associated with several neurodegenerative
diseases such as Alzheimer’s and Parkinson’s (81). One cause of familial forms of

Parkinson’s is the loss of another E3 ligase, parkin (58). So, as Atrn protein levels are not
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affected by md mutations (44), it would seem unlikely that Atrn is the target for ubiquitin
modification facilitated by Mahogunin. Rather, somehow through Atrn, Mahogunin
directs ubiquitination of a yet-to-be identified downstream target, leading to either
degradation of the target or the activation of downstream signaling cascades, depending

on the type of ubiquitin linkage facilitated by Mahogunin.
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6. THE ROLE OF UBIQUITIN CONJUGATING ENZYME 13

Ubiquitin conjugating enzyme 13 (UBC13) is found from yeast to humans (83).
In yeast, UBC13, with its catalytically inactive partner Mms2, is necessary for error-free
DNA repair (64). In mammals, UBCI13, with the non-catalytic ubiquitin enzyme variant
1A (UEVIA ), participates in multiple signaling cascades within the immune response
(89, 92, 103). These include the response of TNF-a receptor, IL-1{ receptor, Toll-like
receptors (TLR) and T-cell receptor (TCR).

Ubiquitin has seven lysines that can serve as the linkage point between ubiquitins
(84). The unique aspect of UBCI13 and its partner UEV 1A is that rather than conjugate
ubiquitin through the usual lysine 48 (K48), UBCI3/UEVIA conjugates ubiquitin
through lysine 63 (K63) (46). No other proteins besides UBC13 and Mms2 or UEVIA
are needed to specify the K63 linkage versus K48 (63, 64). This specific linkage is
conferred by the ubiquitin binding pocket of Mms2 and how it positions Ub relative to
UBC13 (63, 64, 101), as seen in the crystal structure of the human heterodimers (68).
However, an E3 ubiquitin ligase would be necessary to specify the target for Ub
modification. K63 linkage has been demonstrated to activate kinase cascades and K48
linkage to target modified substrate for degradation by the proteosome (84). The K63
polyubiquitin (polyUb) chains have been shown to take on a different conformation than
K48 linked polyUb chains (102). This different conformation leads to different binding
partners and would therefore likely play into the differences between K63 and K48
modification. However, one K63 polyUb binding protein, p62, actually leads to
degradation of the modified substrate, tau (2). Tau is a microtubule binding protein

found in aggregates associated with neurodegeneration (56). Additionally, loss of the E3
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ubiquitin ligase parkin is one cause of familial Parkinson’s disease and parkin facilitates
both K48 and K63 linkage of synphilin-1, K48 modification leading to degradation and
K63 modification leading to accumulation (58). Clearly, all the consequences of K63
polyUb chain modification are only beginning to be elucidated.

In yeast, UBCI3 is needed to respond to UV damage or cellular stress, which
leads to DNA damage (11, 45). UBC13 is essential to the error-free DNA lesion bypass
pathway. UBC13 uses K63-linked polyUb to modify the DNA-polymerase processivity
factor PCNA and this modification promotes the error-free DNA lesion bypass pathway
(45). The participating E3 ubiquitin is RADS (45), which contains a RING domain
similar to the Mahogunin E3 ligase mentioned previously and the E3 ligases that will be
presented below. Whether the role for UBC13 in DNA damage tolerance described in
yeast also holds in mammals has not been shown, but, as RADS and other components of
the pathway are conserved in mammals, it seems possible.

The UBCI3/UEVIA heterodimer in mammals has been demonstrated to be
involved in innate and adaptive immunity. TNF-a, IL-18, TLR and TCR receptors all use
UBCI3 to polyubiquitinate components of their pathways and activate downstream
kinases (38, 92, 103, 110). Most common to these receptor pathways are tumor necrosis
factor receptor associated factors 2 and 6 (TRAF2 and TRAF6). Both TRAFs are E3
ubiquitin ligases containing RING domains and are crucial to immunity and to the
development of several tissues including the brain (106, 108). Both TRAF2 and TRAF6
can be polyubiquitinated by UBC13/UEV1A in response to receptor signaling. For
example, when the TNF-areceptor is activated, UBC13/UEVIA polyubiquitinates

TRAF2 (87). TRAF2 then transfers the K63-linking polyUb to RIP. The K63-
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ubiquitinated RIP will now bind TAB2, which causes the activation of Transforming
growth factor beta activated kinase (TAK1), the kinase upstream of IkB kinase (IKK)
activation. IKK then phosphorylates kB, the inhibitor of NF-xB, leading to the K43
ubiquitination of IkB and subsequent degradation thus allowing NF-xB translocation to
the nucleus. TRAF2 K63 polyubiquitination also leads to germinal center kinase related
(GCKR) activation which leads to activation of JNK kinase (89). Something similar
happens with TRAF6, albeit with different intermediate effectors (92, 103). TRAF®6 has
been shown to bind directly to UBC13 through its RING domain (105) and TRAF6
oligermization leads to K63 linked polyUb modification and activation of TAKI, and
subsequently IKK and NF-«kB (28). TRAF6 modification also leads to germinal center
kinase (GCK) activation and JNK activation (109).

In Drosophila, innate immunity depends on the Toll and immune deficiency
(Imd) signaling pathway, which are homologous to the mammalian TLR and TNF
signaling pathways respectively (95). The UBC 13 orthologue in Drosophila is encoded
by the bendless (ben) gene. In cell culture, Ben and dUEVIA are needed to mount a
sufficient response to lipopolysaccharide (LPS) which activates Imd and, indeed, flies
with the hypomorphic hen' mutation show defects in their antibacterial response (111).
Other components downstream of UBC13/Ben such as TAK1 and NF-xB (Relish) are
also conserved in function in Drosophila (95).

The ben' mutation, however, had been identified first to affect neuronal
connectivity (69, 78). The name bendless comes from the phenotype of the giant fiber
axon, which, though it reaches its target area, fails to make its final bend to connect to the

downstream motor neuron. Additionally, the ben' mutation affects photoreceptor
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pathfinding. Normally, photoreceptors in the Drosophila eye develop in groups of eight
neurons called ommatidia (97). These eight cells are labeled R1-R8 and project axons to
the optic lobe with R1-R6 stopping in the lamina and R7-8 projecting past into the
medulla. These projections need to be precise in order to correctly convey visual
information. In the ben’ flies however, this does not occur, with uneven spacing and gaps
seen in the projections as the photoreceptors differentiate and send their axons into the
brain of third instar larvae (69, 78). Thus in Drosophila, UBC13/Ben has a role not only

in innate immunity but in photoreceptor pathfinding as well.



7. SPECIFIC AIMS AND OUTLINE OF THESIS.

As can be seen from the data summarized in the introduction, Atrn appears
important to many systems, including pigmentation, myelination, neurodegeneration and
immunity. However, while hints existed as to potential signaling downstream of Atrn, no
direct molecular data had yet to be presented.

Therefore, the initial goal of my thesis was to provide insight into the molecular
mechanism of Attractin’s action. To this end, a yeast two-hybrid screen of an adult
mouse cDNA library was performed with the C-terminus of mouse Atrn as bait.

One of the candidate positive interacting partners was the N-terminus of UBC13.
Though biochemical and cellular methods could have been used to characterize the
interaction of the mammalian proteins, too little was known about the role of UBCI13 and
Atrn in the mammalian brain to make this an attractive option and Mahogunin had yet to
be cloned. Since Drosophila has the only available UBC13 mutant, bendless’, 1 decided
to turn to Drosophila as a model system in which to begin characterizing a molecular role
for Atrn in the nervous system by characterizing the Drosophila homologue of Atrn,
named Distracted (Dsd), and its interaction with UBC13/Ben.

Therefore, the goals of this research were to determine:

1. With what proteins does the intracellular tail of mouse Attractin interact with?
The results of a yeast two hybrid screen with the intracellular tail of Atrn as bait are
presented in chapter 2.

2 When and where is distracted expressed? In Drosophila there is only one Atrn
and ALP homologue, which has been named Distracted (Dsd). The expression of dsd

and the Dsd protein is presented in chapter 3.
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3. What is the consequence of hypomorphic mutations in distracted? Two lines
of flies with transposable P-elements inserted just upstream of the predicted dsd start
codon were available from the Bloomington stock center. Characterization of these
alleles and their consequences in photoreceptor pathfinding is presented in chapter 3 and
4.

4. Do Dsd and Ben interact physically? Since the initial interaction was found
using the mammalian proteins, confirmation of the Drosophila Dsd and Ben physical
interaction is presented in chapter 4.

5. Do ben and dsd hypomorphic mutations show genetic interaction? As the ben'
mutation has already been demonstrated to affect photoreceptor pathfinding, the effects
of both the single mutants and double homozygous mutants on photoreceptor pathfinding
were examined. Additionaliy, Drosophila has emerged as an excellent model system for
study of neurodegenerative diseases. Given the phenotype of neurodegeneration in Atrn
deficient animals, the adult flies, single and double homozygous for ben' and the dsd”
alleles, were examined for neurodegeneration. The findings from these studies are
presented in chapter 4.

The goal of my thesis research was to discover and characterize a molecular
mechanism for Atrn’s pleiotropic actions. To this end I identified UBC13/Ben as a
molecular partner for Atrn. Using the Drosophila model system, I showed that this
interaction has functional consequences in both photoreceptor pathfinding and

neurodegeneration.
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CHAPTER TWO

IDENTIFICATION OF PROTEINS THAT CAN INTERACT WITH

THE INTRACELLULAR TAIL OF ATTRACTIN.

Ruth E. Thomas and Roger D. Cone

Vollum Institute, Oregon Health and Science University, 3106 SW Sam Jackson Park Rd,

Portland OR, 97239.
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ABSTRACT

Mutations in Attractin (Atrn) cause neurodegeneration, hypomyelination, leanness, and
darker pigmentation. Also, Atrn has been implicated in immune cell interactions and
oxidative stress response. However, there have been no clear molecular functions
ascribed to Atrn as yet. To this end, we performed a yeast two-hybrid screen of an adult
mouse cDNA brain library using the intracellular tail of Atrn as bait. Of the 20 candidate
interactors identified, six were involved in cytoskeletal regulation, ten in various
signaling pathways, two in housekeeping enzymatic pathways, and two were of unknown
function. A common thread of the proteins with known function is an impact on JNK
and NF-xkB activation and cytoskeletal regulation. These interactors would seem to
support involvement of Atrn in cell migration, guidance, and signaling and provide areas

for further study and definition of the molecular mechanism of Atrn action.
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INTRODUCTION

The GAL4 based yeast two-hybrid system uses the GAL4 transcription factor,
split into its DNA binding domain (DNA-BD) and its activation domain (AD). The bait
protein is fused to the DNA-BD and the library cDNA expressed as fusions with the AD.
When the DNA-BD-bait protein interacts with a library-AD fusion, the DNA-BD and AD
are brought into proximity and activate the transcription of reporter genes. This system
allows for the identification of novel protein interactions and confirmation of these
interactions (9).

The Attractin (Atrn) protein is a single pass transmembrane protein, which has
known motifs extracellularly but no known motifs within the intracellular domain (37).
The extracellular structure of Atrn with epidermal growth factor (EGF) domains and a
CUB domain suggest a role for Atrn in cell signaling and interaction (3). Indeed, Atrn
had been first identified in the human immune system (25). The extracellular region is
secreted by activated T-cells and modulates the interaction between macrophages and T-
cells. Also, the transmembrane form has been implicated in the cellular response to
oxidative stress (70). However, the direct molecular mechanism behind these actions is
not known. The intracellular tail of Atrn does have conserved motifs from C. elegans to
humans and has been demonstrated to be essential to Atrn function as only transgenes
encoding the transmembrane form of Atrn rescue the phenotype of Atrn mutants (54). So
identifying proteins that interact with the intracellular tail of Atrn would give insight into
the molecular function of Atrn with regards to pigmentation, neurodegeneration,
hypomyelination and possible insight into other roles for Atrn, potentially in cell

guidance and signaling.
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MATERIALS AND METHODS

Yeast two-hybrid screens were based in the generation of “bait” constructs in
pGBKT?7 (Clontech) representing the C-terminus of mouse Artractin (coding for 1301 to
1428 a.a.) fused to the GAL4 DNA binding domain. This construct was transformed into
the yeast strain PJ69-2A and then mated to the pretransformed library from Clontech
éccording to the manufacturer’s instructions and selected for interaction. The library was
an adult mouse brain cDNA library cloned into pACT2 (Clontech). The cDNA came
from male mice 9-12 weeks old. It came pretransformed into the Y187 yeast strain and
ready to be used to mate to the Atrn bait construct.

Briefly, interaction was selected for by plates lacking adenine and histidine. The
DNA-BD vector and library vectors were selected by leaving out leucine and tryptophan.
Once the positive clones grew, a B-galactosidase assay was performed to evaluate the
strength of the interaction and confirm the interaction activated all three reporter genes.
Glycerol stocks were made for all positives that activated all three reporter genes.
Plasmids were isolated using the CPG yeast plasmid extraction kit. PCR was performed
on the plasmids and PCR products digested with the frequent cutter Hae I or Alu I to
determine duplicate positives. The plasmids were electroporated into DH5a E.coli and
isolated from E. coli cultures. The plasmids were sequenced with a 5° primer within the
pACT?2 library vector. BLAST searches (www.ncbi.nlm.nih.gov/BLAST/) for both the
nucleotide and translated protein sequence were performed. Only those positives that
matched identities in both nucleotide and translated protein were considered as true

potential interactors for Atrn.
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RESULTS

Once the DNA-BD-Atrn tail fusion was shown not to self-activate the reporter
genes, a culture of PJ69-2A yeast transformed with the Atrn bait was mated with the
pretransformed library of adult mouse brain. The potential positive interactors were
selected by plating this mating on plates lacking leucine and tryptophan to select for the
DNA-BD and AD vectors and also lacking adenine and histidine to select for interaction.
The titer for the mating was calculated by plating a small amount of the mating culture,
on —leu, -trp, and —leu-trp plates only. Based on the colony forming units (cfu) per ml of
the library, bait, and diploid formation (Table 1), the number of clones screened in our
yeast two hybrid mating was 2.76 x 10°, more than sufficient to encompass the entire
transcriptome captured in the library. This titer result would suggest that the positives we
isolated represent the majority of interaction for Atrn in the adult mouse brain.

From the interaction selection based on the absence of histidine and adenine, 212
colonies grew on the selection plates. A -galactosidase (p-gal) assay was performed on
all 212 positives. Of the 212 originally selected colonies, 100 turned blue in the B-gal
assay. Of those 100, 41 turned strongly blue, 31 turned mid-level blue and 28 turned
weakly blue. Plasmids were isolated from these positives colonies and transformed into
E. coli for harvest. Once purified library plasmid was obtained, sequencing was done in’
the 5° direction from the AD into the insert. The sequences were BLAST compared to
the nucleotide database. Also, the nucleotide sequence was translated into the predicted
fusion protein based on the AD reading frame and this protein sequence BLAST
compared to the protein database. Positives were disregarded if their DNA sequence

matched genomic DNA or matched the 3’ UTR of a cDNA. Positives were also
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disregarded if the protein translation of the DNA sequence did not match the cDNA
identity.

These criteria left 23 positives. Three of these were not good candidates as one
was mitochondrial, cytochrome ¢ oxidase subunit II, and two were extracellular proteins
unlikely therefore to interact with an intracellular domain. The two extracellular proteins
were transtherytin/prealbumin and the extracellular domain of the VPS Sorc receptor.
So, disregarding these three, that left 20 positives as good candidates to interact with the
Atrn tail. These 20 proteins fell into three general categories, cytoskeletal regulation,
signaling pathways, and enymatic activity (Table 2). The most frequently identified
positives were microtubule associated protein 1B and 1A (MAP1B and MAP1A). Seven
colonies had MAP1A as the interactor and 11 had MAP1B as an interactor. The smallest
inserts for MAPIB and MAPIA corresponded to the light chains (LC) that are cleaved
from the C-terminus of the MAPs and mediate the interaction with microtubules (76).
Other positives include ones regulating actin, such as Filamin, ones involved in ¢-jun
kinase (JNK) and nuclear factor kB (NF-xB) activation and two involved in ubiquitin
signaling, Ubx4 and UBCI3.

DISCUSSION

The extracellular region of Atrn has a structure that suggests molecular roles in
cell guidance, migration, or signaling (25). However, the means by which Atrn would
mediate these potential functions require protein interaction within the interior of the cell.
The C-terminal tail of Atrn is short at 128 a.a. and has no known signaling motifs (71). It
does however have conserved clusters of amino acids, which could be the points of

contact with important downstream partners that underlie Atrn’s molecular function. To
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identify these partners, a yeast two hybrid screen of an adult mouse brain library has been
performed using the Atrn tail as bait.

Prior to this screening, the only two molecular functions for Atrn with data had
been in neurite outgrowth and in cellular oxidative stress response. Of these two, the
oxidative stress response has the most molecular information. In Atrn deficient cells, the
response to hydrogen peroxide is blunted with the normal activation of ERK reduced
(70). Additionally, superoxide dismutase (SOD) levels are down and catalase levels are
up in the brains of Arrn mutants. These findings suggest Atrn is involved in the
activation of ERK in response to oxidative stress but not how Atrn is likely to accomplish
this activation.

Of the two studies showing Atrn’s involvement in neurite outgrowth (21, 93),
only one identifies a molecular interaction for Atrn. Embryonic day 14 dorsal root
ganglion (E14 DRG) neurons cultured in differentiation medium show induction of Atrn
and MAP]A message with a peak for Atrn at two weeks in culture (21). Overexpression
of either protein alone in the E14 DRG neurons does not change the neurite length.
When co-overexpressed however, Atrn and MAP1A LC2 increase the length of the
neurite by 30% and direct physical interaction between Atrn and LC2 had been identified
in yeast.

The interaction between the intracellular tail of Atrn and the LC of MAPIA has
also been identified in our current study. MAPIA is present in seven positive colonies
as is the closely related MAPIB LC in eleven positive colonies. Both MAPs are known

to be involved in regulation of microtubule stability and MAP1B has been shown to be



important to the turning of axon growth cones during axonal pathfinding (7, 15, 61, 76,
80).

The other candidates from our screen that have been identified to be involved
with cytoskeletal regulation are Filamin, Pericentriolar material 1 (PCM1), rho/rac
guanine nucleotide exchange factor 2 (GEF-2), and Translokin. Filamin crosslinks actin
and links the cytoskeleton to the cell membrane, serving as a scaffold for signaling and
trafficking molecules (30, 52). PCMI recruits proteins to the centrosome and is
necessary for the organization or anchoring of microtubules at the centrosome (51).
GEF-2 has not been studied directly but family members have been shown to mediate the
regulation of the actin cytoskeleton by microtubules (53). Translokin colocalizes with
the microtubule network and is responsible for the intracellular trafficking of fibroblast
growth factor-2 to the nucleus (6).

The signaling category of the Atrn interactors, into which GEF-2 and Translokin
could also fit, includes C-terminal binding protein 1 (CtBP1), Eukaryotic translation
initiation factor subunit 10 (eIF-3s10), nucleostemin, PAI-1 mRNA binding protein
related, Mcp2, Ubx4, Jab1/CSN5, INK interacting protein 3 (JIP3), proline isomerase!l
(Pinl), and Ubiquitin conjugating enzyme 13 (UBC13). Of these candidates, the most
interesting at this time are JIP3, Pinl, Jabl/CSN5, and UBC13 for the following reasons.

JIP3 is involved in the trafficking of vesicles and is known as Sunday driver in
Drosophila (8, 14). JIP3 also participates in various aspects of JNK activation such as
lipopolysaccharide (LPS) mediated JNK activation (62). This result implicates JIP3 in
immune function, which could fit with Atrn’s involvement in immune cell interaction and

response.



Pinl functions in multiple signaling pathways, including those responding to
DNA damage, growth factors, and cytokines (p53, JNK, and NF-kB respectively) (59).
Pinl expression is also decreased in Alzheimer’s disease (39, 59). This finding might
therefore play into the neurodegeneration seen in Azrn mutants if the Pinl interaction 1s
found to be functionally relevant.

The next candidate, Jab1/CSNS, is part of the COP9 signalosome. Specifically,
Jab1/CSNS5 has been shown to be critical to the cleavage of ubiquitin-like Nedd8 from the
Cull subunit of SCF ubiquitin ligases (18). In Drosophila, dJabl/CSN5 disruption
causes photoreceptor pathfinding defects due in part to the reduction of laminal glia
migration in these mutants (91). Both functions would fit with Atrn having a role in cell
migration. However, the potential Jabl/CSNS5 interaction could very likely be a false
positive as one study shows that Jabl/CSN5 interacts directly with the GAL4 DNA
binding domain (77). But as the function of Jab1l/CSNS5 fits with the rest of the
interactors, it has been left in as a potential Atrn interactor.

The final candidate, UBC13, is critical to DNA damage repair in yeast (11, 45)
and to immune response in mammals, specifically the activation of JNK and NF-xB (28,
38). In Drosophila, the UBCI13 orthologue Bendless has also been shown to be involved
in fly innate immunity (111) and to affect photoreceptor pathfinding (69, 78). Thus
UBC13 represents a molecule covering the signaling aspecis that seem common to the
candidate Atrn interactors, namely cytoskeletal regulation (implicated by the
photoreceptor pathfinding defects) and signaling (JNK and NF-xB activation).

The candidate Atrn interactors identified in our screen of an adult mouse brain

library fall into two main categories, cytoskeletal regulation and signaling pathways
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particularly those leading to JNK and NF-xB activation. Also three candidates, Ubx4,
Jab1/CSNS, and UBCI13 have links to the ubiquitin system. Taken together, the
candidates that have been identified in the yeast two hybrid screen lend credence to the
prediction that Atrn acts molecularly to modulate cell guidance, interaction, and
signaling, possibly through the regulation of the cytoskeleton and activation of NF-xB
and JNK. Future studies will confirm whether all of the candidates do indeed form a

functional partnership with Atrn and underlie the molecular mechanism of action of Atrn.
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Table 1. The titer for the mating of the Atrn bait in PJ69-2A yeast to the Pretransformed
adult mouse brain library in Y187 yeast was calculated according to the manufacturer’s
instructions. For the library, the number of colonies that grew on plates lacking only
leucine (-leu) was used. For the Atrn bait, the number of colonies that grew on plates
lacking only tryptophan (-trp) was used. For the diploid formation, the number of
colonies that grew on plates lacking both leucine and tryptophan (-leu-trp) was used. The
titer of the diploids was multiplied by the total volume of the mating culture, 11.5 mls, to

calculate the number of clones screened. cfu = colony forming units
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Library (-leu) 2.36 x 10" cfu/ml

Atrn bait (-trp) 1.07 x 10° cfu/ml
Diploid (-leu-trp) 2.40 x 10 cfu/ml
Number of clones screened (2.40 x 10° cfu/ml diploid) x 11.5 mis=

2.76 x 10° clones screened




Table 2. The list of Atrn intracellular interacting candidates, split into categories based
on function. The amino acid residues of the candidates are indicated if the positive clone
only encoded part of the candidate protein. Otherwise, the full length protein was
encoded in the positive clone. For microtubule associated protein 1A and 1B (MAPIA
and MAP1B), only their light chains were listed as this represented the smallest of the
numerous clones isolated for these two candidates. The number listed is the number of
colonies that contained the candidate interactor in frame with the activation domain. The
function listed is only the most prominent or salient feature of the candidates’ functions

and the references for such are in the discussion. N/A = not applicable.
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Categories Positive Candidate Number | Function

Cytoskeletal Filamin (63-121 a.a) 2 Actin crosslinking

regulation
MAP1A light chain 2 (LC2) 7 Microtubule stability, neurite outgrowth
MAPIB light chain 1 (LC1) 11 Axon growth cone turning
Pericentriolar material 1 (PCM1) 1 Organization of centrosome
Rho/rac guanine nucleotide exchange 1 Family member mediate actin regulation by
factor (GEF-2) (1-759 a.a.) microtubules
Translokin 1 Trafficking of FGF-2

Signaling C-terminal binding protein 1 (CtBP1) (1- 1 Transcriptional corepressor

molecules 87 a.a.)
Eukaryotic translation initiation factor 1 Initiation of mRNA translation
subunit 10 (eIF-3s10)
Jun coactivator Jabl/ COP9 signalosome 1 Deneddylation of theSCF E3 ubiqutin ligase
subunit 5 (CSNS5) and cell migration (Drosophila)
JNK interacting protein 3 (JIP3) 1 c-Jun NH2-terminal kinase (JNK) scaffold and

adapter protein vescicle transport
Mcp2/cbx4 (461-538 a.a.) 2 Homeobox transcriptional repressor
Nucleostemin 1 Promotes stem cell maintainence
PAI-1 mRNA-binding protein related 1 Possibly mRNA binding and regulation
Proline isomerase ! (Pinl) 1 Cell cycle control and reduced activity in
Alzheimer’s disease state

Ubiquitin conjugating enzyme 13 1 Innate and adaptive immunity, photoreceptor
(UBC13) (1-63 a.a) axonal pathfinding (Drosophila)
Ubx4 (contains domain of ubiquitin- 1 Unknown directly though a homologue in flies
regulatory proteins) (4-180 a.a.) affects eye morphology

Housekeeping | glutamate oxaloacetate transaminase | 7 Glutamate metabolism

enzymes
UMP-CMP kinase homologue 1 Nucleotide metabolism

Unknown cDNA C030044B11 gene 1 N/A

function
FL10378/1700108L22 gene 1 N/A
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ABSTRACT

The mammalian Attractin family, consisting of Attractin (Atrn) and Attractin-like protein
(ALP), has been implicated in neurodegeneration, pigmentation, and immune function.
Two previous reports point to Atrn involvement in neurite outgrowth but no evidence of
Atrn involvement in axonal guidance has been presented although the structure of Atrn
and ALP is suggestive of such a role. In Drosophila, one homologue of Atrn and ALP
exists, CG5634, hereafter referred to as distracted (dsd). The Dsd protein was found to
be 36% and 34% identical to Atmm and ALP respectively. The expression pattern of dsd
was temporally dynamic throughout Drosophila development and continued in the adult
head. Staining for Dsd protein showed strong expression in the eye-antennal disc of third
instar larvae and colocalization with a marker for photoreceptors. Two transposable P-
element insertions 0.3 kb upstream of the dsd start codon resulted in hypomorphic
expression of dsd. A deficiency was generated using the stocks from the DrosDel
collection as the dsd locus is not covered by any available deficiency. The dsd”’ and
dsd” mutations were viable and the mutants showed disruption in photoreceptor
pathfinding either as transheterozygotes or over the deficiency. This finding illustrates
that the Atrn family is involved in influencing axonal guidance and sets up Drosophila as

a model system in which to study the evolutionarily conserved molecular role of the Atrn

family.
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INTRODUCTION

Mutations in Atrn have been identified in rats, mice and hamsters. In all cases
Atrn mutations lead to changes in pigmentation and the appearance of neurodegeneration
and hypomyelination (36, 54, 55). The structure of Atrn is suggestive of roles in cell-cell
interaction and guidance (25). Atrn is a single pass, transmembrane protein with a CUB
domain flanked by two EGF domains followed by a C-lectin domain, plexin repeats and
two laminin-like EGF domains (37, 54). The intracellular tail of Atrn has no known
signaling motifs but does have clusters of amino acids that are conserved from C. elegans
to human (71). Other than this conservation, very little is known about the molecular
mechanism by which Atrn might act.

The first recognized role for Atrn came from genetic studies with dominant agouti
alleles such as lethal yellow (A") and viable yellow (A”). The A" and A" mice
overexpress agouti, an endogenous antagonist of melanocortin 1 receptor (MCIR) (22,
23, 67). The agouti antagonism of MCIR causes a switch from black/brown pigment
production to yellow pigment production. The A’ and A™ mice are completely yellow
and are also obese. The obesity comes from agouti antagonism of melanocortin 4
receptor (MC4R) in the brain (29). In the presence of mutations in Atrn however, the A"
mice are no longer yellow and obese but black and lean, showing that Atrn is necessary
to the actions of agouti (22, 67). Atrn binds agouti, but not agouti related protein
(AGRP), giving rise to the hypothesis that Atrn acts as a low affinity co-receptor for
agouti in the skin where agouti is normally expressed (43).

The skin however is not the only site of Atrn expression. Both Atrn and ALP are

widely expressed throughout the rodent, notably in the brain, heart, kidneys, liver and



lungs with low expression in the spleen and skeletal muscle (37, 40, 71). Within the
brain, the hippocampus and piriform cortex have the highest mRNA expression (40, 60).
Similar expression of Atrn is seen in human tissue with the transmembrane form the only
form expressed in the human brain (93). As agouti is normally restricted to the skin,
being a co-receptor for agouti is unlikely to be Atrn’s primary function, especially given
the neurodegenerative phenotype of Atrn deficient animals (36, 54).

A splice variant only found in humans and rats produces the extracellular domain
of Atrn as a secreted protein (54, 94) and the first biological role for Atrn came from
studies of this secreted form within human T-cells (25). Atrn is secreted upon T-cell
activation and modulates the interaction of monocytes and T-cells. However, only the
transmembrane form of Atrn is found in mice and only the transmembrane form will
rescue the neurodegeneration and hypomyelination phenotypes of Atrn deficient rats
(54).

Incubation qf cultured cortical neurons with the extracellular Atrn domain results
in inhibition of neurite outgrowth (93). Upon spinal cord injury, Atrn, along with
neuritin and microtubuk: associated protein 1A (MAP1A), 1s downregulated (21). After
14 days, Atrn, neuritin and MAPIA are back to previous levels and co-expressed with
GAP-43, a regeneration and plasticity associated protein. When Atrn and MAPIA light
chain 2 (LC2) are co-overexpressed in E14 dorsal root ganglion (DRG) cultured neurons,
neurite length increases by 30%. When neuritin is also co-overexpressed with Atrn and
MAPIA, the neurite length increased by 94%. Both these reports indicate that Atrn is
involved in neurite outgrowth, a hallmark of proteins potentially involved in axonal

guidance.
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Another indictation that Atrn has other molecular roles other than its necessity in
agquti action is that Atrn is conserved from C. elegans to humans whereas agouti and the
melanocortin system are not. The C. elegans homologue of Atrn, F33C8.1, has the same
extracellular domain structure except that it is missing the C-lectin domain present in
mammalian Atrn and ALP (94). C-lectin is a domain associated with binding to
carbohydrates (104). The intracellular domain of F33C8.1 also has conserved amino
acids (71). However, little to nothing is known about the function of Atrn homologues in
C. elegans or in Drosophila. This study aims to characterize the expression and role of

the Drosophila homologue of Atrn and ALP.

MATERIALS AND METHODS

Fly stocks and genetics

Fly stocks were kept at room temperature (20°C) and crossed at 25°C on standard
fly medium. Canton S were used as wild type controls. The EP(3)3400 (dsd”") and
EP(3)3030 (dsd™) lines were obtained from the Bloomington stock center. To create a
deficiency covering the dsd locus two lines were obtained from the DrosDel collection of
RS insertion lines at Szeged stock center, CB-0262-3 and 55Z-3265 positioned at scaffold
bp 23407072 and 23731698 on the right arm of the third chromosome. These lines were
crossed to y'w'hsF1p70;TM2, Ubx/TM6, Sb females. Male progeny from this cross were
backcrossed to y'w'hsFip70;TM2, Ubx/TM6, Sb females to produce y'w'hsFIp70;
RS(CB-0262-3 or 55Z-3265)/TM6, Sb males or females. The y'w'hsF1p70; CB-0262-3
/TM6, Sb and y'w'hsF1p70,55Z-3265/TM6, Sb flies were crossed and the progeny heat
shocked 48 hours and 96 hours after egg laying by incubation for 1 hr at 37°C. The male

non-stubble progeny from this cross were crossed to w';TM3, Sh/ITM6, Dr females and

.



individual progeny from this cross that were red eyed (a marker for creation of the
deficiency) were crossed to w!:TM3, Sb/TM6, Dr to create w'; Df /TM6, Dr stocks. The
creation of the deficiency was confirmed by PCR using AccuTaq LA (Sigma) using
primers CB-forward 5° GGCAAC-TGTGGCGATATTTTT 3’ and 5SZ-reverse 5’
GAACTCCGATGGACAGAAGG 3°. In accordance with the Szeged stock center
protocols this deficiency has been assigned as Df{3R JED6274.

Cloning of distracted cDNA

The cDNA clone for dsd was purchased from Research Genetics, clone LD38671
in the pOT2 vector. The clone was sequenced using vector and gene specific primers and
found to have a ~5.2 kb insert. The cDNA source was 0-24 hr embryos.

To clone the entire 5° end of the dsd cDNA, mRNA was isolated from adult
Canton S (C.S.) flies using the Promega PolyATract mRNA Isolation System IV. The
mRNA was then subjected to reverse transcription using Powerscript Reverse
Transcriptase from Clontech, which adds poly-cystines when it reaches the end of an
mRNA (see Clontech SMART technical information). [ncluded in the reaction were the
oligoT primer and my polyG primer, 5’ CATAGTACTAATTCCCTAGGGGG 3°. The
oligoT primer alone was incubated for 60 min at 42°C, then the polyG primer was added
to the reaction with a further 45 minute incubation at 42°C followed by termination by
heat inactivation. For the RT-PCR, the forward primer was the same as the polyG primer
except missing the Gs at the 3’end, giving a sequence of 5’ CATAGTACTGAA-
TTCCCTAG 3°. The reverse primer was gene specific for dsd, nestR 5° TCACCG-

AATAGTTGCCCCATC 3’. The resultant bands were gel purified and cloned using
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TOPOXL kit (Invitrogen). Resultant clones were sequenced and compared to the
embryonic LD38671 dsd cDNA and dsd genomic sequence.
In situ hybridization

Dechoronitated C.S. embryos 0 to 22 hours old were incubated with either sense
or antisense dsd probes labeled with digoxygenin essentially as described (96). The
probes represented the coding sequence for the dsd C-terminal tail.
Antibody generation

Dsd antibodies where generated through the services of Pocono Rabbit Farm.
Guinea pigs were initially injected with polyacrylamide gel slices containing a maltose
binding protein (MBP) fusion with the Dsd tail protein, isolated from bacteria
transformed with pMAL-c2E (New England Biolabs) carrying the Dsd tail coding
sequence inserted in frame. These injections were followed by subsequent injections
with GST-Dsd tail fusion protein, the dsd tail cloned in frame to the pGEX-KG vector
(gift from the R. Goodman lab). Both the MBP and GST fusion proteins were purified
using the recommended protocols from the respective sources (New England Biolabs and
Sigma respectively). Antibodies were affinity purified from the terminal bleeds by
Pocono Rabbit Farm using 6xHis-tagged Dsd C-terminal tail, the tail coding sequence
cloned in frame into the pet15b vector (Novagen). This protein was purified under
denatured conditions according to the protocol recommended by Qiagen, the makers of
the Ni-NTA suspension used. The 6xHis-tagged Dsd Cterminal tail was covalently
Jinked to Affinity Matrices by Pocono Rabbit Farm and the affinity-purified antibodies

tested for specificity by the company as well.
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Immunohistochemistry

Brains from C.S. third instar larvac were dissected and fixed in 4%
paraformaldehyde in PBS, then washed one hour in 10% normal goat serum PBST (0.6%
Triton) before primary antibody was applied. The affinity-purified guinea pig anti-Dsd
antibody was used at 1:200 and incubated for 48 hrs at 4°C. Dsd antibodies were blocked
by incubating the diluted antibodies with 5 ug MBP or MBP-Dsd tail or GST or GST-
Dsd tail for an hour at room temperature before being put onto the third instar brains. For
the blockade using GST, Glutathione sepharose 4B (Amersham) was used to pull out the
GST and bound antibodies before application to the tissue. 24B10, used at 1:100 and
8D12 anti-repo, used at 1:10, came from the Developmental Hybridoma Bank. The
secondary antibodies were used at 1:1000 and 1:500, goat anti-guinea pig Alexa 568 and
goat anti-mouse Alexa 647 (Molecular Probes) respectively. The brains were mounted in
Gel/Mount (Biomeda) and pictures taken with the confocal microscope Icon TE300
BioRad Scanning Laser 1024 at 20-40x. For the DAB staining of 24B10 staining of C.S.
and the dsd” mutants, 10% normal horse serum in PBST (0.3% Triton) was used with the
secondary the biotinylated horse anti-mouse (1:200) from Vector and ABC solution made
using the kit from Vector. The optic lobes with attached eye discs were whole mounted
in 50% glycerol and pictures taken at three focal planes, and then overlaid in Adobe
Photoshop.
Real-time PCR

Total RNA was extracted from C.S., dsd”’, and dsd” flies and 1 ug subjected to
reverse transcription using oligoT primer according to manufacturer’s instructions (MBI

Fermentas). The reactions were diluted to 100 ul and stored at —80C, with 3 ul used as



template per individual PCR reaction. Real-time PCR was performed on the Opticon
machine (MJ Research) using SyBR Green [ (Molecular Probes) at 0.5X as the detecting
reagent and Hotstart NovaTaq (Novagen) as the amplifying polymerase. The primers
used were as follows: for actin 5C 5’-CGAAGAAGTTGCTGCTCTGGT-3" and 5’-
CACAATCGATGGGAAGACGGC-3’ and for dsd 5’-TGGAACAGATGGCGAGTCG-
ACCGT-3’ and 5’-TGCCCTCCAGCGTCAGACTCAGAT-3". The PCR was performed
4 times and in each PCR the samples from each genotype were measured in triplicate for
actin and dsd. Standards for actin and dsd were done in duplicate. Triplicate values
estimated from the standard curves were averaged and the average dsd value divided by
the actin value. These ratios were normalized to the C.S. ratio and values from the 4
PCRs combined.

RESULTS

The Drosophila homologue of Attractin is encoded by the distracted gene

One predicted gene in Drosophila, CG5634, encoded for a protein 36% identical to Atrn
and 34% identical to ALP, now referred to as distracted (dsd). The Dsd protein had the
same domain structure as Atrn and ALP (Fig. 1A). The extracellular region contained
two EGF domains flanking a CUB domain and these domains were followed by plexin
repeats and two laminin like EGF domains (Fig. 1 B). The only domain not present was
the C-lectin domain, which is also not present in the C. elegans F33C8.1 homologue of
Atrn (94). The conservation of the intracellular tail of Dsd was 45% and 44%
respectively for Dsd to Atrn and ALP. To confirm the actual sequence of the dsd mRNA,
a cDNA clone was obtained from Research Genetics and sequenced. This clone stopped

7 bps before the predicted ATG. In order to determine if the predicted ATG was indeed
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the actual start codon of dsd and that there were no other ATG’s upstream of this one, the
5* end of the dsd mRNA was cloned from the adult fly using the SMART schematic
developed by Clontech. This scheme uses the activity of the Clontech reverse
transcriptase that adds poly-cystines residues to the end of the reverse transcript once the
reverse transcriptase reached the 5 end of the mRNA (112). The clone thus derived
contains the entire 5° end of the transcript. The dsd 5° UTR encompassed 276 bps
upstream of the predicted ATG (Fig. 2A). The predicted ATG was the only ATG in
frame with the ORF of dsd. However, after the ATG, the codons for 57 amino acids (a.a.
2 to 59 from the embryonic clone) were missing, indicating a possible splicing difference
between adult and embryonic dsd. The last 7 amino acids missing represent the
beginning of the first EGF domain.

Expression of distracted

We next determined the relative levels of expression of the dsd gene throughout
Drosophila development. By RT-PCR, dsd was expressed at 0-4 and 4-8 hrs of post-
fertilization (Fig. 2B). Then the level of dsd decreased and remained low until the third
instar larval stage. The expression of dsd persisted into adulthood, appearing in the adult
heads.

Since one period with the strongest expressions of dsd appeared to be very early
in embryogenesis, in situ hybridization was done to see if there were any spatial clues as
to the function of dsd in embryogenesis (Fig. 3). Drosophila embryogenesis take
approximately 22 hours at 25°C (13, 41). The first fourteen divisions of the nucleus lead
to approximately 5000 nuclei that migrate to the edge of the egg. In late stage 4, at about

one and a half hours post-fertilization, the nuclei have reached the edge of the egg and the
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cell walls begin to form. The expression of dsd was very high during stage 4, both early
(data not shown) and late (Fig. 3A), though the expression did not show any dorsal-
ventral or anterior-posterior expression pattern. The fully cellularized blastoderm forms
at stage 5, two and a half hours post-fertilization. Stage 5 embryos showed dsd
expression in the newly formed cells and at the interface between the cells and the yolk
sack (Fig. 3 B).

After gastrulation during stage 6 and 7, the germband elongation begins,
encompassing stages 8 through 11 and lasting from three to seven and half hours post-
fertilization (13, 41). Expression of dsd was seen in stage 8 when the germ band rapidly
elongates (Fig. 3 C). In stages 9 through 11, during the slow phase of germ band
elongation, dsd expression was low, the antisense embryos appearing no different than
the sense embryos (Fig. 3D,D’). By eight hours, at stage 12, the germ band begins to
retract and the rudimentary nervous system has formed. Expression of dsd was seen
during stage 12, with broad expression throughout the embryo, no stronger in the ventral
nerve cord than elsewhere (Fig. 3E). Both stage 8 and stage 12 are times of rapid cell
movement. After stage 12, in agreement with the RT-PCR results, little difference was
seen between the sense and antisense embryos (data not shown).

Since very little spatial distinction was seen in embryonic dsd expression, these
results gave us few clues about Dsd function. However, the RT-PCR data showed that
dsd appeared to be most strongly expressed in the head not the body of adult flies. As the
brains of third instar larvae are more accessible than adults, we examined the expression
of Dsd protein at this stage. Antibodies were generated to the intracellular tail of Dsd and

affinity purified. Using these antibodies, the highest expression of Dsd in the brains of

45



third instar larvae was shown in the eye-antennal disc, with lower expression in the optic
lobe and ventral nerve cord (Fig. 4A). This Dsd stain was specific as preincubation with
the antigen, the C-terminal tail of Dsd, abolished most of the signal (Fig. 4B).

The strong expression of Dsd in the eye-antennal disc led us to ask if Dsd
expression would colocalize with a marker for photoreceptors, the monoclonal antibody
24B10 (12, 74, 91). Indeed, we found that 24B 10 and Dsd staining colocalize, though the
photoreceptors were clearly not the only cells expressing Dsd (Fig. 4D-E). We also
determined whether Dsd colocalized with a marker for mature glia, Repo (86, 107). Dsd
expression did colocalize with Repo in the eye disc but elsewhere, in the optic lobe and
ventral nerve cord, the colocalization was not pronounced (Fig. 4F-H). This result fits
with Atrn expression, which is primarily in neurons within the brain rather than glia (60).
Identification of dsd hypomorphic alleles and creation of a deficiency covering dsd.

Examination of genomic databases indicated that two existing fly lines contained
insertions of the EP transposable element in opposite orientations [EP(3)3400 and
EP(3)3030, now referred to as dsd”’ and dsd”, respectively], each 303 bp from the start
codon of the Dsd protein (Fig. 5A). Real-time PCR analysis revealed that these P
insertions resulted in reductions in the expression of dsd mRNA in flies homozygous for
ecach insertion: in dsd” and dsd™ flies, dsd expression was decreased to 70% and 38% of
wild-type Canton S (C.S.) levels, respectively (Fig. 5B). These hypomorphic mutations
allowed us to examine the consequences of reduced dsd expression, particularly with
respect to processes like photoreceptor pathfinding given the coexpression of Dsd and

24B10.
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Additionally, since both P-element insertions came from the Rorth collection and
therefore had the same genetic background, it was crucial to control for any secondary
site mutations that might confound our analysis of the dsd mutant phenotype. As no
previous deficiency covered the dsd locus, a deficiency was generated covering the dsd
locus by use of the RS element insertions mapped for the DrosDel project
(www.drosdel.org).  In accordance with the Szeged stock center protocols, this
deficiency has been assigned as Df(3R)ED6274. This deficiency deletes approximately
324 kb of DNA from 98A7 to 98BS, beginning one gene 5’ upstream of dsd, which is
located at 98A12. The deletion was confirmed by PCR which with primers on either side
of the RS insertions gave a ~8kb band which was not present in cither parent strain or in
the balancer stock (Fig. 5C).

Photoreceptor pathfinding defects in dsd mutants

The Drosophila eye is composed of ~800 ommatidia, groups of eight
photoreceptors, all of which must project their axons to the optic lobe (97). The optic
lobe is composed of a series of ganglia (lamina, medulla, lobula and lobula plate). During
eye development in third instar larvae, the axons of photoreceptor neurons R1-R6 project
to the lamina, where they will eventually synapse with the laminal interneurons. In
contrast, axons of the R7 and R8 photoreceptors pass through the lamina and project to
specific neuropil layers within the medulla. Normally, photoreceptor axons fasciculate
into distinct bundles and display highly ordered trajectories to and through the lamina
(17). In the dsd” mutants however, disorganized and unevenly spaced bundles of
photoreceptor axons exited the optic stalk to the lamina (Fig. 6B-D). The R1-R6

projections no longer terminated in the lamina in a connected curve, instead having gaps
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and dips along the laminal extent (Fig. 6B). The R7 and R8 projections were also
disorganized compared to wild-type flies, with shorter and unevenly spaced projections,
which appeared to terminate in inappropriate levels within the medulla. Defects were also
observed in Bolwig’s nerve the projection from the larval photosensing organ (47), which
in mutant larvae had sometimes projected inappropriately to the thoracic ganglion (Fig.
6C). When present, this defect greatly affected the R8 and R7 projections to the medulla
as they seemed to use the Bolwig’s nerve as a guidepost. The mistargeting of Bolwig’s
nerve was not always present and did not seem to overtly affect the lamina formation.
The same phenotypes were observed when dsd”' and dsd™ were over the deficiency (Fig.
6D).
DISCUSSION

Distracted is the Drosophila homologue of Atrn and ALP. Dsd is 36% and 34%
identical to Atrn and ALP respectively. Dsd has the same domain structure as Atrn and
ALP, only missing the C-lectin domain, which is also not present in the C. elegans Atrn
homologue (25, 37). The homology of the intracellular tail of Dsd goes up to 45% and
44% respectively with Atrn and ALP. It could be argued then that any important
intracellular signaling produced by Atrn or ALP would be conserved in Drosophila,
making Drosophila an attractive model system in which to understand the miolecular
mechanism by which the Atrn family acts.

The expression of dsd occurs very early in development from 1 to 8 hours post
fertilization. From the embryonic in situs, dsd is expressed during cellularization, thus
maternally contributed, and also at the beginning of germ band elongation and the

beginning of germ band retraction (13, 41). The embryonic expression of dsd is not
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neural specific, rather appearing to be expressed in most tissues. The expression wanes
after 8 hours, agreeing with the RT-RCR data. The broad expression of dsd is perhaps
not unexpected given that both Asrn and ALP transcripts are expressed in the brain and in
many peripheral tissues such as the heart, kidneys and lungs (37, 40). In the brain, the
hippocampus and cortex have the highest levels of expression (40, 60).

The Dsd protein shows expression in the eye-antennal disc of third instar larvae
and, albeit lower, in the optic lobe and ventral nerve cord. The strong expression of Dsd
protein in the eye antennal disc suggests roles for Dsd in head formation, including the
eyes and antennae (24). While no gross morphological defects have been observed in the
heads of dsd mutants, more subtle changes in cell-cell interaction or morphogenesis
during adult development are possible. The expression of Dsd in the optic lobe and
ventral nerve cord of third instar larvae allow for other roles in brain development.
Additionally, as a’sva’ expression is seen by RT-PCR in the adult head, roles for Dsd in
neurodegeneration are possible, which would be in keeping with the neurodegeneration
seen in Afrn mutants where the formation of the gross anatomical structure is normal in
Atrn mutants with the neurodegeneration only appearing as the animals age (36, 54, 55).

The insertion of EP transposable elements 0.3 kb upstream of the dsd start codon
reduced the expression of dsd to 70% and 38% for the dsd” and dsd™ alleles
respectively. The only difference between these alleles is the orientation of the P-
element. The dsd” allele has the P-element in the wrong orientation for driving
expression of dsd with GAL4. The greater reduction in dsd expression seen with this

insertion fits with other observations showing that attempts to drive a gene with GAL4
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when the UAS promoter is in the wrong orientation will actually silence the gene though
no mechanism for this phenomenon has been proven (90).

Since there was no available deficiency covering the dsd locus, one was made;
Df(3R)ED6274 covers from scaffold base pair 23407072 to 23731698, cytogenically
98A7 to 98BS, a deletion of 324,626 kb. This deficiency facilitated the analysis of the
dsd” mutants as it helped control for any secondary site mutations.

As Dsd coexpressses with 24B10, a marker for photoreceptors (12, 74, 91), we
examined the photoreceptor pathfinding in dsd” and dsd"/Df third instar larvae. We find
that the photoreceptor axons are unevenly spaced as they exit the optic stock and that the
lamina, where R1-R6 axons should stop, is often uneven with gaps and dips along its
length. Additionally, the R8 and R7 projections to the medulla tend to clump toward the
middle, toward the Bolwig’s nerve. Bolwig’s nerve, the projection of the larval
photosensing organ (47), is also sometimes observed to project past the optic lobe and
into the ventral nerve cord. This defect seemed to cause the medullary projections of the
R8 and R7 photoreceptors to follow, clustering around the Bolwig’s nerve. This
phenotype for Bolwig’s nerve has not been described previously for any other mutant.
However, defects in the Bolwig’s nerve projection did not seem to greatly affect the
lamina formation. The defects in lamina formation are similar to those seen in off-track (a
tyrosine kinase) (12), Jabl/CSN5 (a component of the COP9 signalosome) (91), and
bendless (the Drosophila ubiquitin conjugating enzyme 13 homologue) (69, 78). These
similarities suggest a permissive rather than instructive role of Dsd in photoreceptor

pathfinding.
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Distracted, the Drosophila homologue of mammalian Atrn and ALP, shares the
same domain structure and has conserved intracellular amino acid clusters. The
expression of dsd is broad during the initial embryogenesis and the expression of Dsd
protein is high in the eye antennal disc of third instar larvae. The finding that
hypomorphic mutations in dsd lead to photoreceptor pathfinding defects illustrates
another role for the Atrn family in axon guidance and builds a foundation on which to

study the molecular mechanism of Atrn action in a genetically accessible model (4).
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Figure 1. Comparison of Attractin, Attractin-like protein, and Distracted proteins. (A)
Amino acid comparison of Drosophila Distracted (Dsd) and mouse Attractin (Atrn) and
Attractin-like protein (ALP). The overall homology between Dsd and Atrn is 36% and
between Dsd and ALP is 34% while the homology in intracellular domains is 45% and
44% respectively. The residues in black represent identical residues in Dsd and the
Attractin family members. (B) The domain structure of Dsd and Atrn. Dsd and Atrn share
essentially the identical domain structures, except that Dsd lacks one plexin repeat and

the lectin C-type domain found in Atrn.
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Figure 2. The 5’ untranslated region of distracted (dsd) and developmental expression of
dsd. (A) A cartoon representation of the cloned 5° UTR of dsd from adult flies had 276
bp upstream of the predicted ATG start codon. Then the first 171 bp after the ATG were
spliced out of the first exon in contrast to the embryonic clone of dsd. This splicing
would result in the first 57 a.a. after the starting methione to be unexpressed, the last
seven of these residues constituting the beginning of the first EGF domain. (B) RT-PCR
from indicated developmental stages was performed with primers specific to the 3° UTR
of dsd using the Drosophila Rapid Scan cDNA panel from Origene that is normalized to
the expression of Drosophila ribosomal protein 49 (RP49). Photoreceptors begin to

differentiate in late second instar larvae.
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Figure 3. In situ hybridization of embryos with dsd antisense (A-E) and sense (A’-E’)
probes. (A, A’) Stage 4 embryos. The expression of dsd was high at this stage when the
cell walls begin to form. Zygotic transcription has yet to begin. (B, B') Stage 5 embryos.
The fully cellularized blastoderm showed high dsd expression in the cells and by the
border between the cells and yolk. (C, C’) Stage 8 embryos. The expression of dsd was
seen in all tissues at this time of rapid germ band elongation. (D, D) Stage 9 embryos.
No difference was seen between the antisense (D) and the sense (D”) stage 9 embryos.
Stage 10 and 11 showed similar results (data not shown). Stage 9-11 represents the

~ period of slow germ band elongation. (E,E’) Stage 12 embryos. The expression of dsd
was apparent in all tissues at this time of rapid germ band retraction. Abbreviations: api
amnioproctodeal invagination, cf cephalic furrow, cl clypeolabrum. nb neuroblasts, pl

procephalic lobe, pNR procephalic neurogenic region, vnc ventral nerve cord.
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Figure 4. Distracted expression in the third instar CNS. (A,B) Pre-incubation of anti-
Dsd with GST fused to Dsd tail (B) but not GST alone (A) greatly reduced the staining of
the eye-antennal disc and the optic lobe. Note that Dsd expression is strongest in the eye
and antennal disc relative to the optic lobe (C-E) Dsd expression (red) colocalizes with
24B10 (blue), the photoreceptor marker. (F-H) Expression of Dsd in mature glial cells.
(F) Location of glial cells as visualized by anti-Repo staining (blue). (G) Dsd expression
in the thoracic ganglion (red). (H) The co-expression of Repo and Dsd appeared roughly
equivalent in the visual system (arrow) and thoracic ganglion (arrowhead) glia. Eye disc

(eye), antennal disc (ant), and optic lobe (opl). Scale bar; A, B =40 um; C-H = 20 um.
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Figure 5. Transposable element insertions create hypomorphic dsd alleles and use of the
DrosDel insertions created the deficiency Df{3R)ED6274. (A) Two lines, each carrying
an insertion of a transposable EP-element in opposite orientations [£P(3)3400 and
EP(3)3030], 303 base pairs 5 to the dsd start codon were obtained from the Bloomington
stock center. Both insertions are homozygously viable and have been renamed the dsd”
and dsd” respectively. (B) Real-time PCR results for dsd expression level, normalized to
actin 5C expression levels, from control (C.S.), dsd”', and dsd” in cDNA prepared from
adult flies. See Materials and Methods for details. (C) PCR on genomic DNA using
primers outside the insertion sites for the parental RS elements CB-0262-3 and 58Z-
3265. The approximately 8 kb band only appeared in the lanes representing individual

stocks of the created deficiency. The 1 kb ladder is from MBI Fermentas, top band of 10

kb.
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Figure 6. Photoreceptor axonal projections in dsd” mutants. (A-D) Optic lobes with
attached eye discs from third instar larvae were immunostained with 24B 10, a
monoclonal antibody, which labels all photoreceptors and their axons. (A) Example of
wild-type Canton S projections to the lamina (lam) by R1-R6 and the medulla (med) by
R7 and RS. (B-D) Disrupted photoreceptor axon projections of dsd” and dsd”/Df

mutants. (B,C) The transheterozygous dsd”'/dsd” mutants showed disruption in the

formation of the lamina and medulla. Arrowheads in (B) and (C) indicate gaps and dips

in the lamina. In (C), the Bolwig’s nerve (arrow) projected past the optic lobe and to the

ventral nerve cord, shown by a longer view, including 327 more pixels in height, than in

(A) and (B). (D) The projection of Bolwig’s nerve (arrow) to the thoracic ganglion was
also apparent in when the dsd” mutations were over the Df (dsd”*/Df mutant

representative), though not in all (data not shown).
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CHAPTER FOUR

THE DROSOPHILA HOMOLOGUE OF ATTRACTIN INTERACTS
WITH UBC13/BENDLESS TO INFLUENCE PHOTORECEPTOR

PATHFINDING AND NEURONAL DEGENERATION.

Ruth E. Thomas, Jacqueline Parker, Michael A. Forte, Roger D. Cone

Vollum Institute, Oregon Health and Science University, 3106 SW Sam Jackson Park
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ABSTRACT

Attractin (Atrn) is a single pass transmembrane protein containing extracellular epidermal
growth factor (EGF), plexin, C-lectin, and CUB domains and a short cytoplasmic tail
with no known signaling motifs. Studies in mammals have demonstrated that Atrn is
involved in a wide array of biological processes, including immune cell interactions,
pigmentation, energy homeostasis, myelination, and neuronal survival; however, the
molecular mechanisms of Atrn action are unclear. Through two-hybrid analysis, we
demonstrate that the C-terminal intracellular domain of Atrn interacts with the
mammalian homolog of the yeast ubiquitin-conjugating enzyme 13 (UBC13), which is
responsible for the generation of polyubiquitin chains through lysine 63 (K63) of
ubiquitin. Furthermore, two-hybrid and biochemical assays show that the Drosophila
Atrn homologue, which we have termed Distracted (Dsd), also directly interacts with the
Drosophila orthologue of UBC13, Bendless (Ben). Genetic and morphological analyses
in Drosophila show that the defects in photoreceptor pathfinding caused by hypomorphic
mutations in dsd and ben are similar. Furthermore, these defects are accentuated in
ben' :dsd” double mutants, leading to structural abnormalities in the adult optic lobe.
Additionally, age-dependent neurodegeneration is observed in the antennal lobes of both
ben' and dsd” single mutants, a phenotype that is again amplified in ben';dsd” double
mutants. These genetic and phenotypic results confirm the biochemical interactions
observed between Ben and Dsd. Moreover, they establish roles for dsd, ben, and K63-
linked protein ubiquitination both in axonal pathfinding within the developing
Drosophila visual system and in neurodegeneration within the antennal lobe, providing

the first insights into a molecular mechanism of Atrn action.



INTRODUCTION

One of the earliest steps in the development of both the central and peripheral
nervous system is the initiation of axon outgrowth from newly born neurons. Nascent
axons then navigate towards their specific targets to establish the intricate network of
connections found within the mature nervous system. In doing so, the growing axons
must continually reassess their spatial environment and select a correct pathway among
the maze of possible routes. A variety of molecular navigational systems governing axon
pathfinding have now been identified, many involving the recognition of external cues by
transmembrane receptors exposed by the axons and their growth cones (16, 99).

Roles in cell adhesion, guidance or signaling are all suggested by Atrn’s structure
(25). Atrn is a cell surface transmembrane protein that contains a CUB domain flanked
by epidermal growth factor (EGF) domains and followed by four plexin repeats, a C-
lectin domain, and two laminin-like EGF domains within its extracellular region,
followed by a single transmembrane domain and a short intracellular C-terminal domain
with no known signaling motifs (37, 71). Atrn was first identified and studied in the
human immune system, where a secreted form of Atrn, representing the extracellular
domain, is released by activated T-cells to modulate the interaction of activated T-cells
and macrophages (27). Secreted forms of Atrn are generated by alternative splicing and
appear to be only present in humans and rat (54, 94). Transmembrane forms of Atrn
however are present in all metazoans and are structurally well conserved.

The transmembrane Atrn was first identified when the mahogany (mg) locus in
mice was cloned and demonstrated to encode murine Atrn (37, 71). Recessive alleles at

mg had been identified by virtue of their role as suppressors of yellow pigmentation and
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obesity, resulting from ectopic expression of the agouti protein in mouse strains
containing dominant agouti alleles such as lethal yellow (A") (23, 67). Agouti 1s a
paracrine factor secreted from dermal papilla cells, where it normally acts as an
endogenous antagonist of the melanocortin 1 receptor (MCI1R) expressed on melanocytes
(22). When aberrantly expressed in the CNS, as in A" mice, agouti is also able to inhibit
the central melanocortin 4 receptor (MC4R), resulting not only in pigment changes but
also obesity (29). Another mouse mutation, mahoganoid (md), also suppresses
pigmentation changes and obesity in AY mice (67). The protein encoded by the md gene,
Mahogunin, is an E3 ubiquitin ligase (44, 82), suggesting an interaction between Atrn
and ubiquitin-modification systems, although the details of this interaction remain to be
precisely defined.

Roles for Atrn in neuronal development were initially demonstrated by the
phenotypic analysis of Arrn gene mutations in mice, rats and hamsters (36, 54, 55). In
each species, mutations in A¢rn are characterized by progressive neural degeneration that
first appears from 3 to 4 weeks of age in the case of strong mutant alleles, with
vacuolization developing first in the brain stem, pons and outer thalamus and then
extending into the deep cortex, hippocampus, and other areas. The initiation of
myelination and the fundamental structures of the myelin sheaths are normal in the Atrn
mutants, but significant deficits in the number of myelin lamellae and the number of
myelinated fibers appear as Arrn mutants age and as neural degeneration develops.
Pathologically, tﬁis progressive neurodegeneration and hypomyelination are also often
accompanied by tremors and seizures. The studies also demonstrate the importance of

the Atrn intracellular domain, since only transgenic expression of the transmembrane
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form of Atrn, not the secreted form, was able to rescue the neural degeneration and
hypomyelination phenotypes present in mutant animals (54). Additional roles for Atrn in
axonal outgrowth have been suggested by the observation that incubation of the
extracellular domain of Atrn with cortical neurons inhibits neurite outgrowth (93). Atrn’s
role in neurite extension is possibly mediated through interaction with the microtubules.
Following spinal cord injury, Atrn has been recently shown to be upregulated along with
neuritin and microtubule associated protein la (MAP1A), overexpression of Atrn with
neuritin and MAPIA in dorsal root ganglion (DRG) neurons from embryonic day 14
(E14) stimulates neurite outgrowth (21). However, the mechanisms by which Atrn
regulates normal aspects of neuronal outgrowth and survival are still unclear.

To identify potential intracellular signaling pathways modulated by Atrn, we
initially searched for proteins that interact with the intracellular, C-terminal domain of
murine Atrn (residues 1301-1428) through a yeast two hybrid screen as described in
chapter 2. One of the interactors identified in screens of an adult mouse brain library was
a homologue of the yeast UBCI3 protein. UBCI3, with its partner Mms2 or UEVI1A,
conjugates ubiquitin onto substrates through lysine 63 (K63) (46, 103). In contrast to
K48-linked chains, K63-linked polyubiquitin chains have been demonstrated not to result
in the proteosomal degradation of modified substrates but, in contrast, initiate important
regulatory cascades (28, 89, 92). A UBC13 orthologue has been characterized genetically
in Drosophila, being encoded by the bendless (ben) gene. Previous analyses of ben
mutations demonstrated that ben plays a key role in axonal pathfinding, particularly in the
establishment of appropriate connections between photoreceptor cells and their targets in

the CNS (69, 78). To test whether Atrn and UBCI13 interact in vivo and to examine the
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putative role of Atrn-UBC13 interactions in the establishment of appropriate synaptic
connections, we used the distracted” (dsd”) hypomorphic mutations detailed in the
previous chapter to examine photoreceptor development and neurodegeneration in ben,
dsd and ben:dsd double mutants, to test the hypothesis that Dsd signals through Ben to
regulate axonal pathfinding and neurodegeneration in vivo.

MATERIALS AND METHODS

Fly stocks and genetics

Fly stocks were kept at room temperature (20°C) and crossed at 25°C on standard fly
medium. Canton S was used as wild type controls. The EP(3)3400 (dsd”™') and
EP(3)3030 (dsd™) lines were obtained from the Bloomington stock center. The bendless’
line, gene on the X chromosome, was a gift from J. B. Thomas. Ro-Tau-lacZ line,
insertion on the third chomosome, was a gift from U. Gaul. To create the deficiency
covering 98A7 to 98B5, fly stocks y'w'hsFIp70;TM2, Ubx/TM6, Sb, CB-0262-3, and
557-3265 were obtained from the Szeged stock center. Details on the crosses done are in
chapter 2. In accordance with the Szeged stock center protocols this deficiency has been
as'signed as Df(3R)ED6274. The Ro-Tau-lacZ marker was recombined on to this
chromosome for use in experiments examining R2-R6 axons in the dsd” mutants.

Yeast two-hybrid

To confirm the interaction of homologous Drosophila proteins, the C-terminus of
distracted (coding for 1187 to 1323 a.a.) and the N-terminus of bendless (1 to 68 a.a.)
were cloned into the pGADT7 (AD) and pGBKT7 (DNA-BD) vectors respectively and
co-transformed with each other or with empty or non-relevant vector constructs from

Clontech. The p53/T-antigen fusions were used as a positive control.
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GST-pulldown

The full-length and N-terminus of Bendless was cloned into the pGEX-KG vector. GST-
Ben fusion proteins were expressed as described in chapter 3. The Dsd tail along with
the T7 epitope tag was cloned into the pMAL-c2E vector (New England Biolabs) and the
maltose binding protein (MBP) fusion expressed according to manufacturer’s
instructions. Glutathione sepharose 4B (Amersham) was used to bind the GST proteins
and buffer T (20mM Tris, 100mM KCL, 0.1 mM EDTA, 10% glycerol) used as the
binding buffer for MBP-Dsd tail. The samples were run out on SDS-PAGE, transferred,
and the MBP-Dsd tail protein detected by a monoclonal T7 antibody (Novagen).
Immunohistochemistry

Optic lobes from third instar larvae were dissected and fixed in 4% paraformaldehyde for
1 hour, then washed with 10% HS-PBST (10% horse serum in phosphate buffered saline
with Triton-X) and incubated overnight at 4° C in 1:100 24B10 (Developmental Studies
Hybridoma Bank). The secondary was biotinylated horse anti-mouse (1:200) and ABC
solution was made using the kit from Vector. DAB was used to visualize binding. Optic
lobes were mounted in 50% glycerol and pictures taken at three focal planes, then
overlaid in Adobe Photoshop. Scoring of mutant phenotypes was done with the original
pictures. The phenotype of the third instar larval photoreceptor projections were scored
blind to genotype and according to a qualitative 0-3 range score for lamina formation,
medulla projections and overall shape of the photoreceptor projections. A score of 0 for
the lamina represented a strait, connected curve; a score of 1 indicating that the curve was
still connected but had some discontinuities (i.e., bumps) or became V-shaped rather than

U-shaped; a score of 2 score indicating that the projections no longer terminated in a
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strait connected curve but had gaps, thickenings, or dips in the line; a score of 3
indicating that there was minimal to no laminal formation visible, usually accompanied
by less spread. Wild-type C.S. laminar projections generally fell into the 0 and 1 scores
while scores of 2 and 3 characterized disrupted lamina. Data was analyzed using the
Kolmogorov-Smirnov test, available on-line at http://www.physics.csbsju.edu/stats/KS-
test.hmtl, which tests for differences in the overall distribution of data between two
groups
Confocal imaging
For Ro-Tau-lacZ, rabbit anti-B—galactosidase (1:2000) (Carpel) was used with anti-Repo
8D12 (1:10) or anti-Fas III (1:50) (Developmental Studies Hybridoma Bank) and
visualized with goat anti-rabbit Alexa 594 (1:500) and donkey anti-mouse Alexa 488
(1:500) secondary antibodies (Molecular Probes), using 10% normal donkey or goat
serum in PBST (0.6% Triton). Brains were imaged using the Icon TE300 Byroad
Scanning Laser 1024 at 40x.
Paraffin embedding

Adult fly heads were embedded in paraffin and sectioned as described (19).
Briefly, flies were loaded onto collars with control sine oculis (so) flies (eyeless) to
separate the genotypes then fixed in Carnoy (60% ethanol: 30% chloroform:10% acetic
acid) for 4 hrs. The collars were then washed in ethanol and put into methyl benzoate
overnight at room temperature. The next day, the methyl benzoate was exchanged with
paraffin over 4 hrs at 60°C. Collars were subsequently embedded in paraffin and the
paraffin blocks containing the heads removed from the collars and sectioned serially at 8

um. The sections were mounted on polylysine-coated slides and allowed to dry
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overnight in a dust-free environment. Sections were then cleared of paraffin using
Safeclear (Fisher Scientific) and overlaid with coverslips. The antennal lobes
anatomically comprised from where the antennal nerves entered the brain to where the

round structure of the lobes flatten out. Vacuoles were counted from both lobes from

each brain.
RESULTS

The Drosophila Attractin homologue Distracted interacts physically with Bendless

Using two different assays, we confirmed that, like their mammalian homologues,
Drosophila Bendless (Ben) and the C-terminal tail of Distracted (Dsd) could interact.
First, yeast two-hybrid assays were used to demonstrate an interaction between the C-
terminal domain of Dsd (residues 1187-1323) and the N-terminus of Ben (residues 1-68)
(Fig: 1A). In addition, GST-pulldown experiments confirmed the direct interaction of the
C-terminal region of Dsd with this same N-terminal domain of Ben, although the
interaction appeared to be stronger when full length Ben was used in these assays (Fig.
1B). Thus, the physical interaction between Atrn and UBC13 first observed in the context
of mammalian proteins also occurs with their Drosophila homologues.
Photoreceptor pathfinding defects in dsd mutants

Examination of genomic databases indicates that two existing fly lines contain
insertions of the EP transposable element in opposite orientations, each 303 bp from the
start codon of the Dsd protein. The initial characterization of these inserts, now referred
to as dsd”' and dsd™, is presented in chapter 3. Briefly, real-time PCR analysis revealed

that dsd expression is decreased in dsd”’ and dsd™ flies to 70% and 38% of wild-type
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Canton S (C.S.) levels, respectively. These dsd” mutations also affect photoreceptor
pathfinding whether transheterozygous or over Df{3R)EDG274.

Drosophila have compound eyes composed of ~800 ommatidia, groups of eight
photoreceptors, all of which must project their axons to the optic lobe, which is composed
of a series of ganglia called the lamina, medulla, lobula and lobula plate (97). During the
differentiation of the adult photoreceptors in the third instar larval stage, the axons of
photoreceptor neurons R1-R6 project to the lamina, stopping between two layers of gha,
which serve as an intermediate target for the axons. In contrast, axons of the R7 and R8
photoreceptors pass through the lamina and project to specific neuropil layers within the
medulla (74). Normally, photoreceptor axons fasciculate into distinct bundles and display
highly ordered trajectories to and through the lamina (17). In ben' mutants, many of the
photoreceptor axons do not appear to be appropriately fasciculated into bundles, as
previously noted (69). Furthermore, the photoreceptor axons entering the lamina from the
retina are disordered and no longer evenly spaced when compared to wild-type larvae
(78). In addition, the orderly arrangement of the R7 and R8 photoreceptor projections to
the medulla is disrupted, with many R7 and R8 axons terminating in inappropriate
positions within the medulla.

To compare the phenotypic consequences of hypomorphic dsd mutations during
photoreceptor axonal projection, optic lobes with attached eye discs were dissected from
the third instar larvae carrying individual ben' and dsd” mutations and immunostained
with monoclonal antibody 24B10, which labels all photoreceptors and their axons. The
dsd”' and dsd” flies were also crossed to ben’ flies, to determine whether a genetic

interaction between ben and dsd could be demonstrated. Defects in photoreceptor
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projections were quantified by comparison of mutant to wild-type larvae (Fig. 2A). Optic
lobes examined from the single ben’ mutants typically displayed a phenotype similar to
that seen in the dsd” mutants, whether transheterozygous or over a deficiency, with
disorganized and unevenly spaced bundles of photoreceptor axons exiting the optic stalk
to the lamina (Fig. 2B,C). Termination of the R1-R6 projections in the lamina no longer
occurred in a connected curve, having instead gaps and dips along the laminal extent. The
R7 and R8 protections were also disorganized compared to wild-type C.S. flies, with
shorter and unevenly spaced projections, which appeared to terminate in inappropriate
levels within the medulla. Defects were also occasionally observed in the larval
photosensing nerve, Bolwig’s nerve (47), which in mutant larvae had projected
inappropriately to the thoracic ganglion (data not shown). In the double homozygous
ben':dsd” mutants, either ben' flies transheterozygous for dsd” mutations or individual
dsd® mutations over the deficiency, photoreceptor axon pathfinding defects were
amplified beyond those observed in individual dsd” mutants or ben' mutants alone (Fig.
2D). Typically, the spacing between the bundles of the photoreceptors exiting the optic
stalk were minimal and, at times, no longer present, with reductions in the extent of the
axonal elaboration. R1-R6 photoreceptor axons produced minimal to no visible laminal
line. R7 and R8 projections sometimes did not project past the lamina or could no longer
be distinguished from the R1-R6 axons. These phenotypes were not fully penetrant;
consequently, each optic lobe was scored separately for the formation of the lamina,
medulla, and shape of the photoreceptor projections.

Defects were seen in all the genotypes but to determine whether there was a

statistical difference between the scores given in each group, the Kolmogorov-Smirnov
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test was used. This test determines whether there is an overall significant difference 1n
the distribution of the data in two groups and can be used to evaluate data that is not
normally distributed. By the Kolmogorov-Smirnov test, the distribution of dsd”’ laminal
projection scores into the different categories was not statistically different from the
distribution of C.S. laminal scores, P=0.661 (Fig. 2 E). The dsd” would be the weakest
allele according to the RT-PCR analysis in the previous chapter. The scores of the dsd”
allele by itself though were statistically significant compared to C.S., P=0.026 (Fig. 2F),
as were the scores of the ben' single mutant, P= 0.028. The scores of the dsd”ldsd™
transheterozygous were also not significant from the C.S., P= 0.190. The P values
increased when the distributions of the dsd”/Df scores were compared to the C.S. scores.
The P value reached significance for dsd”'/Df, P= 0.027, in contrast to dsd” alone (Fig.
2E), and increased in significance for dsd™IDf, P= 0.004 (Fig. 2F). The P value was not
significant when the dsd”’ was compared to dsd”'/Df (P= 0.476) or when dsd” was
compared to dsd”/Df (P=0.999). The double homozygous ben':dsd” and ben';dsd"/Df
mutants (Fig. 2E, F) were all highly significantly different from the single ben’ or dsd”
mutants, P< 0.001, as were the ben’ ;d_sdp 1dsd™ scores from the dsd™/dsd"™ scores.

The defects observed in laminar formation could reflect defects in glial cell
migration to the lamina, as the photoreceptor axons induce the scaffold necessary for ghal
migration (20). Conversely, the laminar defects seen could reflect defects in the ability of
the R1-R6 photoreceptor axons in the ben' and dsd” mutants to respond to cues provided
by the lamina glia, as these cells represent the intermediate target for the R1-R6 axons
during their projection to the lamina (97). Using a marker (Ro-Tau-lacZ) expressed in

photoreceptors R2-R5, we examined the projection pattern of this subset of retinal cells in
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ben', dsd” and ben':dsd”/Df double mutants, relative to the positioning of mature glia in
these mutant backgrounds (as determined by immunostaining with antibodies to the glial
cell marker, Repo) (107). In wild-type larvae, all R2-R5 photoreceptors terminated
between the layers of lamina glia (Fig. 3A). In ben and dsd single mutants, a subset of
the R2-R5 axons projected through the lamina glia and into the medulla (Fig. 3B,C).
These projections past the lamina occurred even when the lamina did not have gaps,
which would give the mutants a lower score according to the categories used for the
24B10 staining. The number of glia did not appear grossly different, indicating that
differentiation and migration of glia was not overtly altered in the single mutants. In the
double homozygous mutants, the dramatic disorganization of the photoreceptor
projections made defining the presumptive lamina difficult. However, in those double
homozygous optic lobes where a somewhat normal projection pattern was observed (Fig.
3D), glia appeared to migrate to roughly appropriate positions in the lamina but then
seemed to follow the pattern of the photorcceptors rather than organize themselves into
discrete layers in the lamina. Some thick bundles of R2-R5 photoreceptors could be
clearly seen projecting past the lamina and into the medulla (Fig. 3D).

One cause of overshooting the lamina is the loss of compartmental boundaries
between the inner proliferation center (IPC) and the lamina. This boundary loss and
overshooting phenotype is seen in the slit™ hypomorphic mutants and in RNAi
experiments knocking down expression of Robol-3, the receptors for Slit (98). Slit and
Robo are molecules extensively studied and shown to be involved in axonal pathfinding

and cell migration.
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To determine if the cause of overshooting the lamina in the ben and dsd mutants
was due to disruption of the IPC border, Fasciclin III (Fas III) staining was used to
visualize the IPC (98). In the dsd™/Df or ben' single mutants, no compromise of the
compartmental boundary between the Fas III staining and the R2-R5 axons appeared to
occur (Fig. 4B,C), though the photoreceptors showed uneven spacing compared to wild
type (Fig. 4A). In the ben’;dsd”/Df double homozygous, the IPC again appeared to be
intact with no mixing of conipartmental boundaries (Fig. 4D), though the spacing of the
photoreceptor axons was even more uneven than that seen in the single mutants. These
results indicated that the projection of the R2-R5 axons through the lamina seen in the
single and double homozygous mutants was not due to compartmental boundary defects.

During the transition from the larval to adult visual system, photoreceptor axons
in Drosophila induce the proliferation and differentiation of their secondary neurons in
the optic lobe, the lamina precursor celis, as well as go through extensive morphogenic
changes (20, 66, 97). To determine whether the pathfinding defects observed in ben', dsd”
and ben':dsd” third instar larvac might impact the adult morphology, adult male heads
were examined for visual system structural abnormalities (Fig. 5A-D). While no
abnormalities in adult brain morphology were visible at this level of resolution in either
of the single mutants, the double homozygous ben':dsd” flies showed marked structural
abnormalities of the optic lobe at Day 1 post eclosion (Fig. 5D), with the lamina and
medulla no longer separated and even derangement of the lobula shape. Thus, the
photoreceptor pathfinding abnormalities of the double homozygous animals had striking
consequences in the adult animal and indicated that the morphogenetic movements of the

optic lobe compartments in the ben':dsd” double homozygous flies were compromised.
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The genetic and biochemical data outlined above supports the critical role of the
Dsd/Ben interaction during photoreceptor pathfinding. Data in the previous chapter
shows that Dsd is expressed most highly throughout the eye and antennal discs with
lower levels of staining in the optic lobes and thoracic ganglion. Dsd staining in the eye
disc colocalizes with 24B 10 staining, which identifies photoreceptor cells, although Dsd
expression is not limited to these cells during eye development. Thus, Dsd is expressed
in appropriate spacio/temporal pattern to have an impact on photoreceptor axon
pathfinding, although its broad expression pattern suggests a permissive rather than
instructive role for Dsd in this process.

Neurodegeneration associated with ben and dsd mutations

Mutations in mammalian genes encoding Atrn result in progressive
neurodegeneration, characterized by the age-dependent vacuolization of the CNS (36,
54). To determine if age-dependent neurodegeneration was also associated with
mutations in dsd or ben in Drosophila, sections of adult heads were prepared from flies
carrying dsd, ben, or both mutations and assessed for the presence of age-dependent CNS
vacuoles. As the flies aged, vacuoles appeared in both the optic and antennal lobes of
mutant but not wild-type flies (Fig. SE-H). Since the degeneration present in optic lobes
may have arisen from the photoreceptor pathfinding defects generated by these mutations
(20, 31), age-dependent vacuolization of optic lobes was not quantified. However, since
no gross morphological defects appeared to be initially present in the antennal lobes, we
quantified vacuole formation in this region of the CNS as flies aged.

Vacuoles appeared in the antennal lobes of the double mutant animals three days

post eclosion (Fig. 6A). The antennal lobes of ben' mutants also exhibited vacuolization

12



at this time, although at reduced levels from double ben';dsd” mutants. Antennal lobe
vacuoles were not present in dsd mutant flies at three days of age (data not shown).
Vacuolization continued to increase in both ben' and ben’;dsd” flies until Day 6.
However, between Day 6 and Day 12, there was no additional significant increase in the
number of vacuoles (Fig. 6A). Double mutant flies consistently survived up to twelve
days post eclosion. Therefore, single and double mutants as well as wild-type controls
were aged twelve days and the number of vacuoles present throughout the antennal lobes
counted. After twelve days, dsd” mutants showed a small, though consistent, and
significant increase in the number of antennal lobe vacuoles compared to controls (Fig.
6B), while ben' mutants showed much higher levels of antennal lobe vacuolization than
the dsd mutants (note scale differences) (Fig. 6C). The double ben';dsd” mutants
exhibited a synergistic increase in the number of antennal lobe vacuoles compared tobdsd”
and ben' mutants alone (Fig. 6C). These results demonstrated that mutations in the
Drosophila dsd gene result in age-dependent neurodegeneration, as do mutations in the
genes encoding Atrn in a variety of mammals. Furthermore, the genetic interaction
between dsd and ben observed in photoreceptor axonal pathfinding was also reflected in
the context of enhanced age-dependent neurodegeneration seen within the antennal lobes
of the combined mutations of these two genes.
DISCUSSION

The identification of UBC13/Ben as a partner for Atrn/Dsd allows greater insight
into possible molecular functions of the Atrn family of proteins in the nervous system.
Direct physical interaction between the Drosophila homologues of Atrn and UBCI3, Dsd

and Ben, has been demonstrated by yeast two-hybrid and GST pulldown assays,
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confirming the original results of yeast two-hybrid screens of an adult mouse brain
library with the Atrn C-terminal tail. We have demonstrated that the interaction between
Dsd and Ben is functionally relevant by characterizing the phenotypic interaction
between ben and dsd mutant alleles during the establishment of the fly visual system. As
previously noted, mutations in ben result in defects both in giant fiber and photoreceptor
pathfinding (69, 78). Our characterization of the dsd® mutant flies has shown that dsd”
and dsd™, which have 70% and 38% expression levels of dsd transcript respectively,
result in defects in photoreceptor axonal pathfinding very similar to those seen in ben'
mutants; the spacing of the photoreceptor axons is uneven and lamina formation is
aberrant. Additionally, the shape of the projection field and formation of the medulla is
altered. The increase in P value when the dsd” alleles are over the deficiency would secem
to indicate that they are indeed hypomorphic though the characterization of the wild-type
dsd allele over the deficiency would be the true test. One reason perhaps that the dsd”
scores are not statistically different from the dsd”'IDf scores are that the categorization of
the photoreceptor phenotype is too broad to differentiate the difference in single allele
strength as the categorization used to quantify the photoreceptor phenotypes had to be
necessarily broad in order to cover the range of phenotypes observed from C.S. to the
ben’:dsd” double homozygous mutants.

In ben':dsd” double mutant larvae, a greater percentage of the photoreceptor
projections are aberrant, as would be expected if the direct physical interaction between
the two gene products (established by the biochemical assays outlined above) play a
functional role during the establishment of the fly visual system. The disruption of

photoreceptor pathfinding is also more severe in the double ben’;dsd” mutants, with often
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no formation of a lamina or aberrant projections extending beyond the medulla. The
normal array of the photoreceptor axons is also compromised, which fits with a previous
study showing inhibition of neurite outgrowth when exogenous At is incubated with a
cell line of differentiating cortical neurons (93). Additionally, specific staining of the R2-
R5 photoreceptors reveals that some of these axons do not stop at the lamina in the single
mutants though glial migration is not grossly compromised. In the ben';dsd” double
mutant larvae, the disruption of the photoreceptor pathfinding is much more severe but,
again, the glial cells did appear to migrate appropriately, although they were not arranged
in the ordered fashion observed in wild-type controls.

Photoreceptor axons have been shown to participate in both the guidance of glial
migration and the differentiation of their secondary neurons in the optic lobe (20, 66, 97).
Thus, the photoreceptor pathfinding defects that we observed may be due to defects in
signaling within the axons themselves or in the failure of glial cells to respond to
appropriate cues in mutant larvae. Further study of glial migration in mutant larvae by
clonal analysis should help to define more precisely the key target cells and the
mechanisms of action of the dsd/ben interaction, ultimately leading to the pathfinding
defects observed.

Immunohistochemical analysis shows expression of Dsd protein in the eye-
antennal disc and the brain of third instar larvae (see chapter three). Expression of Dsd
coincided with sites of ben mRNA expression, which is seen in the eye-antennal disc
along with abundant expression in the optic lobe and ventral nerve cord (69). The
generalized presence of Dsd and ben in the developing CNS suggests that Dsd and Ben

may have additional roles in the developmental and morphological changes that occur
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throughout pupation and formation of the adult brain. Still, both Dsd and Ben appear to
be expressed in a correct spatio/temporal context to affect photoreceptor pathfinding,
although our data suggest that they are likely serving a permissive rather than instructive
role.

In adult Drosophila, severely aberrant morphology is present in the optic lobes of
ben':dsd” double mutants. The morphogenetic failure of the lamina, medulla and even
lobula suggest that the compartments of the optic lobe fail to move properly during
pupation. We show that the IPC boundary is intact at the third instar stage in both single
ben' and dsd” mutants and double ben';dsd” mutants. Therefore the loss of
compartmental boundaries seems unlikely, though there may be defects in the
differentiation of downstream neurons. Thus, the morphogenetic defects seen in the optic
lobes of adult double homozygous ben’;dsd” mutants seem most likely to arise during the
morphogenetic events of pupation, perhaps due to failure of the lamina to twist properly.
Nevertheless, these findings support the conclusion that ben and dsd participate in the
same or parallel signaling pathways required for axonal pathfinding of Drosophila
photoreceptors and, thus, the subsequent differentiation and organization of the optic
lobe.

Besides the suppression of A’-generated obesity (67), the most prominent
phenotype of Atrn-deficient mammals is neurodegeneration and hypomyelination (36,
54). Neurodegeneration in Afrn mutants begins in the brain stem and then spreads
throughout the nervous system. In dsd” and ben’ single mutants and in ben';dsd” double
mutants, age-dependent neurodegeneration, marked by the formation of vacuoles, is

observed in the antennal and optic lobes, phenotypes analogous to the neurodegeneration
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observed in a variety of mammals carrying Afrn mutations. As the vacuoles in the optic
lobes of the double homozygous ben';dsd” mutants could be due to the extremely
aberrant morphology of this structure that occurs when both mutations are present, we
focused on the vacuolization of the antennal lobe. In dsd” and ben' mutants, vacuoles
appear in the antennal lobes at low levels, but in ben’ :dsd” double mutants, the number of
vacuoles greatly increased compared to either mutant alone. The neurodegeneration
observed in ben’ mutants is a new finding. Indeed, the higher levels of vacuolization
present in the ben' mutants compared to dsd” mutants perhaps suggests the existence of
other targets for Ben-mediated ubiquitination that are required for neuronal cell survival
besides those proteins that Dsd signaling would target. However, even in ben'dsd”
double mutants, degeneration is confined to the antennal lobes and the optic lobes,
despite the expression of both proteins in other areas of the CNS; this may reflect cell-
specific sensitivity of visual and olfactory centers to reductions in the level of Dsd and
Ben.

A similar selective neurodegeneration of the antennal lobe has been recently
described in flies with hypomorphic alleles of futsch, the Drosophila MAPIB
homologue, despite the widespread expression of futsch (19). MAPIB also plays a key
role in meditating the turning of axons, and thus axonal pathfinding, by merit of its ability
to link surface proteins to the cytoskeleton (7, 61, 76). Notably, Atrn has been reported
to interact with a related isoform of MAPIB, MAPIA, and overexpression of Atrn with
neuritin and MAP1A stimulates neurite outgrowth in E14 DRG neurons (21). Our yeast
two-hybrid screen also identified both MAPIA and MAP1B as potential interacting

partners. Therefore, the selective vacuolization of the antennal lobe in the futsch mutants

v



provides an additional avenue to explore Dsd function and a good example of cell
specific susceptibility to degeneration.

Cell specific susceptibility is a common theme in neurodegenerative diseases, as
is the essential role of the immune system, both innate and adaptive (75). Atrn is
expressed on the surface of activated T-cells, secreted by activated human T-cells, and
modulates immune cell interactions (25). UBC13/Ben is essential to innate immunity in
both mammals and Drosophila, and it plays a key role in adaptive immunity in mammals.
Thus, although the mechanism by which vacuoles develop in the CNS of mammals
lacking Atrn function or in Drosophila lacking Dsd or Ben function remains to be
determined, a comparison with the actions of these proteins with respect to immune
responses may ultimately provide insights into these degenerative mechanisms.

Protein ubiquitination involves the sequential action of an ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2) (represented here by the UBC13/Ben
protein), and a ubiquitin-protein ligase (E3) (83). E3s bind both E2 and substrate, thereby
facilitating the transfer of ubiquitin molecules from the E2 to the target. UBC13 E2
function is mediated by a complex of the UBC13 protein and an obligate partner protein,
UEVI1A (46, 103). In this complex, the N-terminal domain of UBC13 is responsible for
binding to the RING domain in downstream E3 ubiquitin ligases (63). However, in
contrast to K48-dependent ubiquitination, which targets proteins for degradation by the
proteosome, K63 ubiquitination, which is mediated by UBC13/UEV 1A, shares common
features with other forms of covalent modification (e.g., phosphorylation) and results in
the activation of signaling cascades (84). For example, both are reversible; thus, part of

the intracellular pathway involving Ben and Dsd is likely to involve a de-ubiquitination
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enzyme (87). In addition, both are highly specific and controlled by a diverse set of
enzymes; both the fly and mammalian genomes encode tens of E2 enzymes and hundreds
of different E3s. Thus, although many substrates are likely recognized by Ben and subject
to K63 ubiquitination, target specification would be mediated by the appropriate E3
partner. Though the identity of the relevant E3 partner, or de-ubiquitination enzyme, has
yet to be defined for Dsd, a potential E3 ligase in the case of mammalian Atrn has been
proposed to be encoded by the mahogunin gene: mahoganoid mutations in the mouse
mahogunin gene lead to phenotypes almost identical to Atrn mutations (44, 67). As
might be predicted, the Drosophila genome contains a gene (CG9941) that encodes a
protein with high similarity to the mouse Mahogunin, suggesting additional functional
conservation in this signaling pathway.

Finally, in the case of the TNFa receptor, the best-characterized mammalian
receptor that uses K63 ubiquitination for initiation of its intracellular cascade, the
- receptor protein itself is not subject to modification by K63-linked ubiquitins (87).
Rather, key members of the complex assembled by the intracellular receptor domains are
modified by this recruitment. TNFo receptor activation leads to the recruitment of a
number of receptor-associated proteins to its intracellular domains, among them RIP and
a K63 ubiquitin ligase, TRAF2. The K63 polyubiquitination by UBC13 of TRAF2 (and
potentially TRAF2 of RIP) then appears to stimulate the binding of a kinase complex to
RIP, thereby activating the TAKI protein kinase, and ultimately resulting in the
expression of NF-kB-dependent genes. In the case of Atrn/Dsd-activated signaling, it is
tempting to speculate then that a similar cascade of modifications also exists, leading to

the activation of transcriptional systems responsible for the recognition and response by
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photoreceptor axons to appropriate guidance cues and to the protection of the antennal
lobe from neurodegeneration.

Our characterization of the physical and genetic interactions between Drosophila
Dsd and Ben provides potential insight into the mechanisms underlying Atrn action: our
data suggest a model whereby Atrn/Dsd activation (by a signal that remains to be
identified) is transmitted through UBC13/Ben, resulting in K63 ubiquitination of a
downstream target, which ultimately mediates appropriate axonal guidance and neuronal
survival. Further studies will clarify the role that interactions between Dsd and Ben play
in photoreceptor pathfinding, optic lobe morphology, neuronal survival, and the identity

of downstream effectors in this pathway.
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Figure 1. Confirmation of the biochemical interaction between Distracted (Dsd) and
Bendless (Ben). (A) Yeast two-hybrid assay showing specific interaction between the
Dsd C-terminal tail (residues 1187-1323) and the N-terminus of Ben (residues 1-68).
Fusions were made to the GAL4 activation domain (AD) or DNA binding domain (DNA-
BD) respectively and tested in combination with each other, with control proteins and the
GAL4 domains alone. (B) GST pulldown assay demonstrates direct interaction between
the Dsd C-terminal tail and both full-length Ben and N-terminal Ben. The MBP fused to
Dsd-C-terminal domains was detected using a monoclonal antibody directed to the T7
epitope. The input represents 20% of the T7-tagged maltose binding protein (MBP) fused

to the Dsd tail used in the pulldown assays.
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Figure 2. Assessment of photoreceptor axonal projections in ben', dsd”, and ben';dsd”
mutants (A-D). Optic lobes with attached eye discs from third instar larvae were
immunostained with the monoclonal antibody 24B10, which labels all photoreceptors and
their axons. (A) Example of wild-type photoreceptor projections to the lamina (R1-R6;
lam) and medulla (R7 and R8; med). (B-D) Disrupted photoreceptor axon projections and
lamina formation in individual ben and dsd” mutants and in double ben':dsd” mutants.
Arrowhead in (B) and (C) indicates gaps or dips in lamina. Defects in the medulla
projections and overall shape of the photoreceptor projections are also apparent. (E-F)
Graphic representation of phenotype distribution of disrupted laminal projections. Each
optic lobe was scored separately. (E) The percentage distribution into categories of
laminal projection formation for the dsd” allele by itself, over Df{3R)ED6274 (Df), and
in the presence of the ben' for the double homozygous ben':dsd” or ben':dsd”'IDf. ben'
(n=38), dsd”' (n=34), dsd”'/Df (n=18), ben";dsd"" (n=36), ben';dsd”'IDf (n=41), (F) The
percentage distribution into categories of laminal projection formation for the dsd”™ allele
by itself, over Df, and in the presence of the ben' for the double homozygous ben';dsd”™
or ben':dsd”IDf. ben' (n=38), dsd”* (n=32), dsd”/Df (n=29), ben'; dsd”? (n=32), ben’;
dsd”/Df (n=25). The single ben’ allele distributions are represented in both graphs.
Scores for C.S. (n=40), dsd”'/dsd" (n=21), ben'; dsd"'/dsd"* (n=32) were also recoreded
(data not shown). Defects in medulla projections and the overall spread and shape of the
photoreceptor projections were also seen with more derangement present when the dsd”

mutants or the dsd” mutants over the Df were combined with ben'.
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Figure 3. Failure of R2-R5 photoreceptor axons to respond to the lamina glia and
terminate appropriately in mutants. Ro-Tau-lacZ was used to mark the R2-R5 axons
(red) and anti-Repo (green) was used to stain mature glia. (A) No R2-RS5 axons project
past the lamina glia in control eye discs; R2-R5 axons stop between the two rows of glia.
(B) In ben' mutants, some of the R2-R5 axons project past the lamina to the medulla
(arrowhead). The lamina glia still form two layers though less organized. (C) R2-R5
axons in eye discs from dsd”/Df{3R)ED6274 larvae showed a similar phenotype to ben',
the arrowhead indicating axons projecting into the medulla. Similarly, the lamina glia
were layered but less organized compared to wild-type. (D) In ben';dsd”/Df, both the
photoreceptors and glia were disorganized, though the glia were associated with the

photoreceptors. Scale bar = 20 um.
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Figure 4. The border of the Inner Proliferation Center (IPC) was not compromised in the
mutants (B-D). Ro-Tau-lacZ was used to mark R2-R5 axons (red) and anti-Fasciclin III
(Fas I1I; green) was used to stain the IPC cells. The orientation was shifted laterally
compafed to the more dorsal view in Figure 3. (A) The wild type R2-R5 projections were
even and no intrusion of the Fas III staining of the IPC was seen in the lamina, where the
R2-R5 terminate (arrow). (B, C) The ben' (B) and dsd”*/Df (C) single mutants showed
again uneven spacing of the photoreceptor axons but no intrusion of Fas III staining into
the lamina. (D) The ben';dsd”/Df double mutants showed no intrusion of Fas III IPC
staining into the lamina either, despite the more seriously deranged R2-R5 axonal spacing

(arrowhead). Scale bar = 20 um.
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Figure 5. Adult brain architectural defects and age-dependent neural degeneration in
adult flies. (A-D) Representative section from Day 1 flies. (A) C.S. (B) ben' (C)
dsd”'1dsd” (D) ben'; dsd”'ldsd™ No vacuoles were seen on Days 1 though the neuronal
architecture of the optic lobe was severely compromised in the double homozygous
ben':dsd” animals, indicated by the arrow (D). (E-H) Representative sections from
twelve-day-old flies with inset representing an enlargement of the antennal lobe. (E) C.S.
(F) ben' (G) dsd”'ldsd”™ (H) ben';dsd”'ldsd". Day 12 antennal lobe of the single mutants
contained reduced numbers of vacuoles compared to ben’; dsd” /dsd™ adults (H). Lamina

(lam), medulla (med), lobula (lob), lobula plate (Ip) and antennal lobe (al) are indicated.
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Figure 6. Quantification of the antennal lobe vacuoles. (A) Age-dependent progressive
degeneration of ben' and ben';:dsd” antennal lobes showed that vacuole initially appeared
on Day 3, increased on Day 6, and appeared to stabilize in number on Day 12. (B)
Numbers of antennal lobe vacuoles present in dsd” mutants versus control C.S. on Day
12. Statistical analysis by student t-test. ** P< 0.01 *** P< 0.0001. (F) Numbers of
antennal lobe vacuoles in ben':dsd” versus ben’ adults on Day 12. *** P< 0.0001. C.S.
(n=32), ben’ (n=33), dsd”' (n=27), dsd"* (n=29), dsd"'/dsd”* (n=29), ben',dsd”" (n=20),

ben':dsd™ (n=28), ben':dsd"'I1dsd” (n=26).
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SUMMARY AND CONCLUSIONS

Attractin (Atrn) is a single pass transmembrane protein that affects pigmentation,
energy homeostasis, neurodegeneration, myelination and immune cell interaction (49,
54). The Drosophila homologue of Atrn, Distracted (Dsd) has the same domain structure
as Atrn, though, like the C. elegans homologue, lacks the C-lectin domain. Expression of
the dsd transcript is found early during Drosophila embryogenesis and then again during
the third instar larval stage, pupation and adulthood, particularly in the adult head.
Examination of the expression of the Dsd protein in the third instar larval brain shows
Dsd is expressed in the eye-antennal disc of the third instar larvae and at lower levels in
the optic lobe and ventral nerve cord. This broad expression of Dsd mirrors the broad
expression of Atrn in the central nervous system and in peripheral tissues (37, 60).

Tnserts of transposable P-elements just upstream of the dsd start codon results in
hypomorphic expression of dsd, as quantified by real time RT-PCR. Photoreceptor axon
pathfinding has been examined in these dsd” mutants. In the ds d” mutants, the
photoreceptors exit the optic stalk unevenly and the R1-R6 axons have gaps and dips in
the laminar formation and project past the lamina to the medulla. Dsd expression, seen in
the eye disc and optic lobe at the third instar larval stage, is also seen in the antennal disc.
As adults, the dsd” mutants show a slight but significant increase in the vacuolization of
the antennal lobe. This neurodegeneration suggests that Dsd and Atrn are functionally
conserved since one major phenotype of Arrn mutants is neurodegeneration (10, 36, 54).

While the statistical difference between wild-type C.S. and the single dsd”’ and
dsd’? alleles supports the conclusion that there is a difference in the strength of the

disruption in dsd expression, one limitation of our data is that we have not yet rescued the
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phenotype of the dsd mutants following reintroduction of wild-type Dsd, thereby
demonstrating that the disruption in photoreceptor pathfinding or the appearance of
antennal lobe vacuoles is strictly due to ‘the disruption of dsd expression caused by the
insertion of P-element. The increased P values when the dsd” alleles are over the
deficiency are suggestive that the P-element insertions do generate photoreceptor
pathfinding defects and neuronal vacuolization specifically due to hypomorphic reduction
in the levels of Dsd. However, since we have not assessed photoreceptor pathfinding in
flies heterozygous for the deficiency alone, we cannot formally exclude the possibility
that a 50% reduction in the levels of dsd might also generate pathfinding defects, or that
the P-elements may also affect the expression of nearby genes that might be responsible
for the phenotypes observed. The confirmation of the sole need for dsd disruption to
cause these phenotypes awaits the characterization of dsd null alleles or the rescue of
mutant phenotype by specific reintroduction of wild-type dsd into mutant flies. As the
dsd® mutants are presumably hypomorphic, it will be interesting to see if the
neurodegeneration is more severe in dsd null adults.

Using the Atrn C-terminal tail as bait, ubiquitin conjugating enzyme 13 (UBC13)
has been identified from a mammalian yeast two-hybrid screen as an interacting partner.
Using two different assays, we confirm that, like their mammalian homologues Atrn and
UBCI3, the Drosophila homologues, Dsd and Bendless (Ben) can interact. By both GST
pulldown and yeast two-hybrid assays, the C-terminus of Dsd and the N-terminus of Ben
are shown to interact physically. To test whether this interaction would be relevant in
vivo, the ben' hypomorphic mutants were crossed to the dsd” mutants and the phenotypes

examined for enhancement. Indeed, the photoreceptor pathfinding defects seen in ben'
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and dsd” single mutants became significantly more severe when both mutations are
present. Additionally, the vacuolization of the antennal lobe is significantly higher in the
ben':dsd” double homozygous than either ben' or dsd” alone. The ben' mutation did
cause higher vacuolization alone than did the dsd” mutations. This result could simply
indicate Ben has other upstream partners, besides Dsd, that are also important to antennal
lobe vacuolization. The finding that a UBC13 homologue affects neurodegeneration is
new and may indicate a direction for study of UBC13 in mammals.

Photoreceptor pathfinding in Drosophila depends on glial migration (97). Glial
migration is induced by the innervation of photoreceptors into the optic lobe (20). In turn,
however, the lamina glia signal the R1-R6 axons to stop. In the ben' and dsd” single
mutants, the glia appear to migrate normally to the lamina but some of the axons that
should stop do not. Similarly, in the ben'.dsd” double homozygous mutants, the. glia
migrate but seem to follow the deranged pattern of the photoreceptor axons rather than
the normal glial pattern. Given the high expression of Dsd in eye discs and the relatively
normal glial migration in the single mutants, it seems likely that the photoreceptors are
the site of Dsd and Ben action though this remains to be tested to determined whether the
defects seen are due to dsd and ben in the photoreceptors or in the optic lobe. By making
genetic mosaics where cither the eye or optic lobe is mutant for dsd or ben, these
questions can be addressed (74).

Projection of the R1-R6 photoreceptor axons past the lamina can be caused by
disruption of the compartmental boundary between the lamina and the Inner Proliferation
Center (IPC) as seen in s/it™ mutants (98). In the ben’ and dsd® mutants however, the

IPC boundary appears to be intact, even in the double homozygous ben'; dsd” mutants.
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While the compartmental boundary between the lamina and IPC appears normal in the
double homozygous mutants at the third instar stage, by the time they reach adulthood the
lamina, medulla, and sometimes lobula became morphogenetically deranged in shape in
the double homozygous ben';dsd” mutants, a phenotype not seen in the single ben' or
dsd” mutants.

As the adult structure has only been examined at the gross level, this can explain
why the single ben' and dsd” mutants show relatively normal optic lobes despite the
photoreceptor pathfinding defects seen at the third instar stage. In the initial description
of the bendless phenotype, the defect in photoreceptor pathfinding in ben’ mutants persist
into the adult but could only be visualized by staining of the axonal tracts, which are
fewer and disorganized in the mutants (69, 78). Therefore, in the single ben' and dsd”
mutants, it would be expected that the gross morphology would appear normal unless the
photoreceptor tracts were stained or the brains examined at the electron microscopic level
for the formation of the optic cartridges in the lamina, which are severely disrupted in the
ben' mutants (78). In the double homozygous ben':dsd” mutants, the morphogenesis of
the optic lobe appears to fail; the ben';dsd” mutants appear unable to make the laminal
twist as normal. This result suggests there is a failure of correct morphogenetic
movement during pupation in the double homozygous ben';dsd” mutants rather than a
loss of compartmental boundaries.

The neurodegeneration seen in antennal lobes of both the single ben’ and dsd” and
double homozygous ben';dsd” animals is reminiscent of the vacuolization seen in the
futsch™ mutants (19). Futsch is the Drosophila homologue of microtubule associated

protein 1B (MAPIB). Atrn has been reported to interact with the MAPIA light chain 2
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(LC2) (21) and our yeast two hybrid screen identifies both MAPIB LC1 and MAPIA LC2
as potential interacting partners for Atrn. Since both MAPs are involved in neurite
outgrowth (7, 61, 76, 80) and futsch mutants show specific antennal lobe vacuolization
(19), it is tempting to speculate that Dsd/Atrn and Ben/UBCI3 interact with and possibly
modify Futsch/MAPIB with K63 polyubiquitin chains. Another MAP, tau, has been
shown to be K63 polyubiquitinated and the accumulation of this ubiquitinated form is
associated with neurodegeneration (2, 56). Another link between UBC13/Ben K63
polyubiquitination and neurodegeneration comes from one of the familial Parkinson’s
disease proteins parkin, an E3 ligase, which facilitates the K63-linked polyubiquitination
of a-synphilin, leading to o-synphilin’s accumulation and possibly formation of
inclusion bodies (58). These studies of K63 polyubiquitination seem to indicate that
misregulation of UBC13 activity would lead to neurodegeneration. Drosophila, having
proved itself a good model system for other neurodegenerative diseases (4, 90), provides
an excellent model for further studies of neurodegeneration involving Dsd and Ben.
Innate and adaptive immunity has been implicated in the progression of such
neurodegenerative diseases as Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, multiple sclerosis and amyotrophic lateral sclerosis (75). Both Atrn and UBC13
have been shown to be important to immunity. Atrn has a probable role in modulating
immune cell interactions and generating of sufficient immune response (25, 85). It has
been observed that patients with common variable immune deficiency (CVID) that
present inadequate T-cell proliferation do not up regulate Atrn in response to T-cell
activation. UBC13 is necessary for both innate and adaptive immune signaling pathways

and Ben has been shown to be involved in Drosophila innate immunity (89, 103, 110,
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111). The activation of NF-kB, which is neuroprotective when activated in neurons (32),
is downstream of UBC13 action in these signaling pathways and it would therefore be
interesting to see if NF-kB or a homologue is downstream of the Atrn/Dsd and
UBC13/Ben interaction.

The roles for both Atrn and UBC13 in immune function (25, 111) point to the
possibility that defects in innate immunity may underlie the neurodegeneration seen in
Atrn mutants and the Drosophila ben', dsd’, and ben';dsd” mutants; defects in innate
immunity have been implicated in other neurodegenerative diseases such as Alzheimer’s
and Parkinson’s (75). Defects in innate immunity could also explain the hypersensitivity
to oxidative stress seen in cells derived from Atrn deficient rats (70). Future studies
could elucidate the potential role of the Atrn family and its interaction with UBC13/Ben
in the process of innate immunity and for innate immunity’s role in the
neurodegeneration seen with mutants in the Atrn family.

Although the described functions of UBC13/Ben fits well into the role of the
molecule downstream of Atrn/Dsd, this does not exclude other molecules such as Pinl or
JIP3, potential Atrn interactors identified in our yeast two-hybrid screen, from
contributing to Atrn/Dsd signaling. Pinl has important roles in activating MAP kinase
cascades (48), which have already been implicated in Atrn action as shown by the
reduced activation of ERK in Asrn mutants and in Atrn-deficient cells when exposed to
oxidative stress (70). Reduction in Pinl activity also has links to neurodegeneration (59)
and could then contribute to the appearance of this phenotype in Arrn mutants. JIP3,
besides being involved in JNK activation (62) as is UBCI3, also is involved in vesicle

trafficking and axonal response to damage in Drosophila (14). So, Atrn could use JIP3



for JNK activation and for transport during nerve injury, which potential fits with the
observed upregulation of Atrn after spinal cord injury (21). Pinl and JIP3 are simply two
additional examples of potential proteins that may be important players in the molecular
function of Atrn.

The discovery of the functional interaction between Dsd and Ben leads to a model
whereby Dsd/Atrn activates Ben/UBCI13 to polyubiquitinate, through K63, some
downstream target to mediate both axonal pathfinding and neurodegeneration. A
potential E3 ubiquitin ligase downstream of the Atrn/UBCI13 interaction in Mahogunin,
which is the protein mutated in the mahoganoid (md) animals which have essentially the
same phenotype as Atrn deficient animals (42, 44, 67, 82). The md animals have darker
pigmentation and the md mutation blocks the yellow pigmentation and obesity of A"
mice. The null md™ allele also causes neurodegeneration similar to that seen in Atrn
mutants. The identification of Mahogunin as an E3 ubiquitin ligase strengthens
ubiquitination as important to Atrn molecular function. The link between UBCI13 and
Atrn does not explain the pigmentation phenotype of Arrn mutants however as UBCI13
has yet to be implicated in the control of pigmentation though UBC13 has been shown to
be involved in the response to DNA damage both in yeast and mammals (1, 46). DNA
damage has been implicated in causing increases in pigmentation (88). Further study
should reveal how much of Atrn/Dsd action is dependent on UBC13/Ben and what other
molecules and pathways are also important.

The interaction between Atrn/Dsd and UBC13/Ben is the first direct insight into a

molecular mechanism for At action and the Drosophila model system provides a means
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by which to further explore the importance of this interaction to neurodegeneration and to

the potential importance of K63-linked polyubiquitin to the signaling of the Atrn family.
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APPENDIX

Al. ATTRACTIN TISSUE AND DEVELOPMENTAL RT-PCR.

Figure Al. The expression of mouse Artractin (Atrn) in multiple tissues and at different
embryonic stages was determined by RT-PCR using the Multiple Tissue mouse cDNA
panel from Clontech, which comes normalized to four housekeeping genes. The RT-PCR
was performed with primers specific to the intracellular tail-encoding portion of the Atrn
mRNA. Expression of Arrn was seen as early as embryonic day 7 and continued

throughout the other embryonic days represented.
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A2. CREATION OF DSD DELETION ALLELES

Mobilization of the P-clements in dsd”’ and dsd”* flies failed to produce imprecise
excisions, which would result in a dsd null allele. Therefore, a new P-element insertion
line, EY05482 was obtained. In this stock the P-element was 1.1 kb upstream of the dsd
start codon. Mobilization of this P-element produced imprecise excisions, causing the
deletion of the beginning of dsd. The imprecise excisions of EY05482 were identified by
Southern. All of the 5 dsd deletion alleles were viable so dsd may not to be essential
zygotically to life but, as seen with the dsd” hypomorphic mutations, may be necessary
for the correct pattern of photoreceptor pathfinding. Further characterization will reveal
whether dsd is needed in the eyes or in the optic lobe to affect photoreceptor pathfinding.
Materials and Methods

To create dsd null alleles the EY05482 stock, which carries the EY P-element 1.1
kb upstream of the dsd start codon, was crossed to transposase source, delta 2-3, ShITM6,
Th. Single male stubble progeny were crossed to TM3, Sb/TM6, Dr females. Single
white-eyed progeny from these crosses were used to create at least 150 lines of
independent hopout events. These lines were screened for deletions in the dsd gene by
Southern blot (Roche Non-radioactive Southern Kit) using a probe to the first part of the
dsd gene. Lack of a band in the hopout lane would indicate that the first part of dsd had
been deleted. PCR was then performed to confirm the deletion of the start of the dsd
gene and sequencing will be done to determine the extent of the deletions. Credit for the

Southern screening and subsequent PCR analysis goes to Jacqueline Parker.
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A3. MELANOCORTIN 5 RECEPTOR PAPERS

A3.1 Melanocortin 5 receptor deficiency promotes defensive behavior in male mice.
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Abstract

The erdogerous melmocortin, zlphamelanocyte stmnisting hormone falpha MSHI, is 2 reurchurmone <ecreted Dy (e cearo-
intermeciste sobe of the poisitary, Alphu-MSET promutes termatle sggression i mice y nllaenceg pheramens secrebon, but the role of
specific melampcortn receplurs hax nat been determined, We assessed mice made defivient in the geee fue the melmocartin-3 rveeptur
IMCSR) 1o dztirmeine its role ‘n phemmone regutsed hebuvior In heteratypic pairs assensed m the secal interaction test (SIT3, MOSR.
iefivierd mice exhibited less sggrossives Behavior and mone dedensive hehaviar thar their witd type eppenurts, By sonirast, when assessed n
kamotypic paits and aga‘nst stimulus amimals in the SIT, MOSR. deficient and wild bpe mice behaved similarly. SMomwver, wrine from
MUSR defcient mive stimulated mare aggression than did urine rom aild-tvpe mice. The rusalts saggest that MOSR deficiency disichibits

an aggresian suppressing pheromonal signal.
£ 20013 Llsevser Ine. AL cighls reserved.
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Introduction

Alpha-melanceyte-stimitating hormoas (alpha-MSH}
and adrenacorticotropic hormone {ACTH} are circulating
melanocarting that are secreted from arceate newrons of the
hypothalamuos (O Dunobue and Doess, (982, O'Dotohoe
and Jacobawitz, 192¢0; Watson and Akil, 1980} and frorn the
pitaitaey’s peureiniermediate Tobe and arterior Tobe, respee-
tively (Kraicer ot al., 1985; Mains and Eipper, 1979), Alphs-
MSH influcnces rodent hebavior through central and pe-
ripheeal actions. Ceotral injection of alpha-MSH has heen
shown to stinwrlate aggression in female rats {Gunazlez et
al.,, 199673 and cireulating alpha-MSH stimulates the growth
of pheramone-producing exacrine glands (Chen ot al,, 1997,
Nowell et al, 1980; van der Kraan et al, 1998). ACTH
stimulates hosvnthess and secrction of adrenal cortico-
steraids {Cammas et al, 1995), which promote aggressive
brhavier in radents (Leshaer of gk, 19737 vz central efftews
(Hayden-Hixson and Feeis, 1991). ACTH may also eogu-

* Corroapynilimg sathur, Ber ne Bevastorl Reserrsh Laborgory, Nea
Yurs-Prosavieran Hespeah 1, Blocer-gdale Rosd, Whie Phme BY
IBnS, Fam < 15144823703

! wvrece ¢ 207 8Emed sorclledu 1 Maongen)

DH S-SR - gee ot nimttsy © 2003 Elsevier Inc. AU nghts rescrvod
i 1Y 10T £ vk 2002 08 434

fate rodene behaviar independently of corticosteraids {Del-
bendse et al, $9831

Chronie melanoeottin admisistration sumulares lpogen-
esig, hyperteapky, hyperplasia, and pheroinone secretion i
the exacrine glands of redents {Ceeper et al, 1975, Oaee-
gowie and Milkovic, 1972, Thaedy and Shuster, 1975, and
tepeated alpha-MSH injection increases the aggression-
praevioting activiey of donunam male unne (Nowell and
Wouters, 19755, Therefore, clevared nwlanocortin fevels
may stimulate biosynthesis or release of & deminance
pheromone. Previous studies have shown that alpha-MSH
teleases pheramones that cliclt agaression (Sowell and
Wouters, 1975; Nowell et ab, 1950% but none have shows
evidence of 8 dominanee pheromone.

Five roceptors are known o mediate belavioral and
physialogical effects of melanocating [Coe et al., 1998),
Melanaoortin-] receptor (IMCLR) 5 expressed ins epidermal
and follicular melarccytes (Chbajlani and Wikbery, 1992),
ark sticnulates melanogenesis {Hadley o al., 1981, Levine
et ab, 19875 MOCIR, in the adrendl corex, mediates the
effects of ACTH un corticostetuid secretion (Desamaad o
al, E9%; Penhoat ec al, 20445 MC3IR (Gan et al, 1993
Roscili-Rehfisss et al, 1993), MCAR (Ganwe 21 al., 1993b),
and MCSE [Labbe et al, E924) all are frond in the beaie.
Cenural MCIR ¢Butler et al., 2000, Chena et al., 2000) amd
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MCAR (Fan ct al., 1997, Hawsler o1 al, 2002) are impotiant
for body weight regulation. & clear fimenion for the central
MCSR has eot been determeinesd, bua there is cvidence that i
axy he invoived in the control of lueinizng hommoene
secection (Muregy et al, 2000).

Peripherally, the MCER 38 expressed sbundamtly tn
phetomane-producing exorine glands, including seba-
coous, lacheynsal, Hardeefan, sex secessoey, and preputial
gtands {Chen et sk, 197, van der Kraan ot al., 1998). Mice
that are genetically engincered 1o be MUOSR-defieient
(MCSR—/~} have defeetive sehaccous and Harderian
glands (Chen er al, 1997% but linde i known about their
pheromanal signating and pheromone-regulated behavior, A
previaus study bas shown that urie from MCSR—/— mice
elicits agaression toward stimubus mice (Caldwell and Lepri,
2002). B the peesent study, we assess the seetal behavior of
teese mutant mice.

Materiab and methods
Experiment |

Animals ard howsing

Mate wild-type (MC3IR+:/+) and MCSR-deficient
(MCSR——) mice na 2 CS5TBLUG geneue background
{Chen e ab, 1997) were maintaived in group-howsed con-
diting {1-5 ser cage). Roven tomperature was maintained
a1 22 = 27°C on a standard light - dark eyele (12-4 light: 12-
b darkness, Hehs en from 0600~ ERDD h) with feed 2nd
water provided ad I, At 8 weeks of age, mice wee
individually housed For at least 4 weeks before hehavioral
testing. Mice were housed in flur-top cages within d Maxk-
Miser Swstem (Thoren Caging Systems; Hazclton, PA) that
provides positive ventilation and air exhiaust frorm cach cage.
During hasdling, individual cages of miee were transterred
o a fume hood supglicd with negative ventilation. Thus, the
exchange of alfacigry sigaals {ic, pherotnones, odocants,
and dandett hetween mice was minusized. Procedures nsed
in Qds study were appraved by Instituticonsl Animal Cace
and Use Conmmnittec.

Experimental disign

Hewrotypic {iLe, MC3R~= vs. MCSR—'-) pairs of
niice were muttched by body weight and assessed in the
social intersction test during the middle of the tighs phase or
the middle of the dark phase. Before testing. the wail of one
opponent was marked with a black tmarker pen 1o disun-
guish it. At the time of testing, paits of mice were placed in
oeutral cages with fresh bedding. Tess lasting 10 min were
videotaped neder nammal eocen iluminston i the light
phasc or infrared light in the dask phase. The infrared light
source was provided by te TR-VEZ Hi§ video camera
[Sony; New York, NY). Behavioss were scored from video-
tapes by tained shservers who were blind o the trearments.
Aggressive hehavior consisied of the combination of offen-

sive behavior {biting and suiking) and donsinant behavios
{durnitant posturing, chasing, and il ranling). Defeosev e
bchayioe consisted of reactive aggression {responses o the
uppotsent’s approach or stack) and subordinale behavior
{subardivate posturing, fecing, voralizing. and avoidance).
Social behavior consisted of approaching, fhantal nvestigs-
tion, and anogesital investigation. Neasoeial hebavior con-
sisted of seli-groctving and cearing. Each mouse was scored
for each occurrence of these behavioes.

Data were atialyzed with SigmaSar 2.0 statistical sof-
ware {SPRS; Chicage, IL). For belwvioral data thar were nat
nonmally distributed o duat contaimed unequal vartance, the
Mann - Whitney rasik sum test was used. Al other data weer
analyzed using Studont’s ¢ test.

Exprerimert 2

Animaly snd houving

Mafe MCSR</+ srd MCSR—/— mioe were housed s
ahove, Wild-type stinwlus mice were gonadectemized by
the supplier {Taconic Farms; Germantown, NY), group
housed apor arrival, and permitted 3 weeks for postsurgical
recovery, befare testing.

Experimental devign

MCSR+~ and MC3R —/— st mice were asseased with
gonadectottized (GDX) stnubus mice in the social tnterac-
ton test during the middle of te Kebt phase, as described
above. Tests lasting 5 min were videotaped, scored. and
suatistically analvzed as anove.

Experiment 3

Animals and howsing
Male MC3R+'-, MCSR—/~, and GDX muce were
boused as ahave.

Experimental design

MCSR+#+ and MCSR—/— urine donors were injected
intraperitoneally every 48 & for 2 weeks with 300 ag of
[Nle*, d-Phe -alpha-MSH (NDE-MSH} (Peninsula Labors-
tories; Belmont, CA} or vehicle (0.9% saline, 0.] by Unne
was collected se dry ice 48 b inllowlng each injection and
stored at —20°C. Urine wag swabbed onto the perineal
region of stimulus inice. Respoases of intact MOIR— tex¢
mice toward the stimuolus mice wore assessed in the hghe
phase, as above. Tests fasting § min were videotaped,
scored, and statistically analyzed as above.

Results

Exweriment |

When pairest with male MCSR -+ mice, male MCSR-/—
mice were less ageressive and much more defensive than
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were their wild-type opponents (Fig. 1), Social and nensacial
hehaviors were unaliered {data ot showny Compared wlight
phase testing (Fig. 1. upper). dark phase wsting {Fig. 1 laswer)
elevated aggression {£ < 0.05) in MCSR=~ mice and
clovated defense {# < 0.01) in MCSR+'+ and MCSR~/—
mice. Compared to MCIR+~ mice, MCSR—/~ mice
exhibited ieas aggression and move defense in the dark phase
(Fig. lc). Dark phase testing elevated social behavior {£ <
1.85) in MCSR=/+ and MCSR—/—~ mice, but there weie
o effects of MCSR deficiency on social and nonsocial
behaviers (data oot shown).

Experiment 2
When paired with GDX opponents, MCSR—— mice

showed [evels of aggression and defemse that were simlar
o their wild-type literrates (Fig. 2, upper). MOSR= % arnd

byd
n
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Fig. 1. Behasiss owand hetemtypic opecnenss. In 1enin secral =
adion Yoxtx MCSR- - vy, VSR~ - paire fr = &1 werr ansesicd 5 the
light phase. Uper panel In the ght poase. aguronvs beuvinr was
reduicd smh delensive Schaner was ghmaing = MOSR—— mice. Lomvr
parl In the Gark piase. apgprasne haviar was reduend amd defissive
brhavior wes cevated = MOUSR-/— mice Means (= SEMY are st
POP « GOE R

0.4
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|_ MGSR -
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Fig 2 Rehasion weward somubn and homenes vogooents, In -
iyl interstion toas MOTRecr and MUOSR - tes) mhoe [0 - 6y were
pained web G sticxstos Tioe in the Tight phass 1 Smwr papeh, Aggeesive
wd awlonsiveg ehevomy wor womila in MOSRY - and MUFR - - e
Lower pancl Tn I0emin sacish intemitioe oty MUSR - s, MOTR
iive (4 = i amd MCSR~— va. MOSR ~ — e [m o+ "M wrere wesessed m
the hett phese. Aggressive and Sedensive dchavson wewe samilar in
ACSHY = and MESR - e that setergel ooy homaty e puings 3
souhsly dieaant. NMeans 1+ SEM are shran,

MOSR—/— individuals were ssasssed aganst GDX stiw-
ulus mice. Under these conditions, MCSR deficieney did
nae alter aggressive or defensive bebavioes (Fig. 2.
upper). MCSR deficieney shse faded to alter socral and
nonsocial behaviors fdata aot shown} It should be noted
that sggressive behavior of wildtype mice toward GDX
mice was reduced, compared v MCSR-/— (Fig. 2,
upper vs. Fig. §, upper) and MCSR+/- (Fig. 2, upper vs.
Fig. 2, lower) oppenents. Mice were also tested in homo-
typic (MCSR-/= vs. MOSR-+ and MOSR-:- vs

MOSR—i=) paiss. Under dese conditions, MOSR defi-
clency did not alter aggressive o¢ defensive bohaviors in

individuals that emerged a3 domumant (Fig. 2, lower).
MOSE deficiency glso failed to aller aggressive and de-
fensive behaviors in individuals that emerged as subordic
nate {dara not shawn).
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Experiment 3

When utine from NDP-MSH-injeceed MCOIR—— and
SCSR ~'— rmice was swahbed onte GDX mice that wezs
subsequendy paired with intact test mice, MC3R—/— wring
promoted mory aggressive behavior than did wige fum
MCSR+/+ mice, and the effect was increased By NDP-
MSH treatment {Fig. 3, uppery. Urine from both groops of
NDP-MSH-treazed mice reduced defimse in the est mice
(Fig. 3, lower), but there were oo statigeieally sigpificane
effects of genotype on defensive (Fig. 3, lower), or an
social and peosociel behavioes [dawta oot shown) Urne
fram MCSR—/— mica reduced he attack Jateney by 1.7
min {P < 0.635) in vehicle-treated mice fdata o1 showny
Atsek larenicy was reduced in both groups by XDe-MSH
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pgainsl sieiis mowe duhjeited w goaadocany (Lalixy Sumulus mice
wre swahied it wine from MOSR- » zoe MR e tal wery
impected every $% h far 2 weeas with NDFMSIL IS0ty ipr oo sehice
.7 mi ipy pper peos Agressive b was o fev it d 5 mosponse e
wring fron MU SR i mreve amd szine frm NDP-MSH = com MOSRe -+
ok MOSE == miee, Lawer pancd Dafensive seluotar waa smgd vred in
response o wrine from MCTR -~ ticr, i ww reood ty unne o
NEP-MSH-njested MOSR -+ god MR-~ per Mrang (> SEMG are
shawn (**F < B2}

Dundr $a 0d ol

peateat (P < 005}, but there was no effect of genotype
(data ne abiowal

Discussion

In the present study, we have demeonsirated that iv
hetezotypic pairs MCSR deficiency reduces aggression and
elevates defense in male mice. The differences are not due
w & beoad bebaviorsl defect, Becamse social and nonsecial
behayvives are unaliered in the mutant mice. This finding is
supported by the lack of ohvieus differences in te physical
characteristics (Le. Body weight, stze, lean mass, pignuen-
tatica, etc.) beowesn MOSR-+ and MCSR—{— mice (Chen
o al, 19975 Abundant MCSR expression m pheromone-
producing execrine glands (Chea et al, 1997} suggests 2
ruie in pheromonal signaling.

Melanaeosting, tncloding alpha-MSH, are secreted from
the reurcintermediale lobe of the pimitary in s diurnal
thythi {Millingron et b 1986, Tanaka et al., 1978, Tibders
and Seeelik, 1973 Wilson and Morgan, 1979). Elevared
secretion occurs during the active portion of the 24-h light-
dark eycle (e, the dark phase for rodeats). Aggressive
behaviar is elevated in MCIR~-% mice, but MCIR—/—
gaice, during the dark phase. We find no cvidence that the
hehayvioral difference s due to a shift in circadizn thyih-
maicity, becanse MCSR—/— and MCIR+'~ mice exhibit
nocturnal increases i defensive and social Behaviors.
Moreover, assesstent of noctanal behavior onder infrared
Mumination confirms tat differeaces in visual signaling or
physical appearance do not play 2 major rale in the
hehavioeal defects. Because MCSR is expressed in brain
and peeipheral tssues, behavioral effeets of MCIR deficien-
oy enight be contral and peripheral. The present findings do
rirt permit us to rale et cither passibility.

Heterotypic pairing pernits rapid asscssment of behav-
foral differences and detcrimination that the differsnees are
seleetive. The reselis do not poim to the specifie nature of
the behasioral defect caused by MCSR deficiency. Howey-
¢z, pairing against stimohs and homotypic opponerits dem-
onstrates 3 context dependency of Qe hehavioral defeet, and
suggests that porenal dominane~ subordinate relarienships
may be established among groups af musar mice. o the
tamer two tests, MOSR deficiency dees not significamly
alier any of the behaviors measured. Taken together, the
results suggest that bebavior of cither the wild-type or
rmaznt mice is altered in the heterotypic pairing. Given
the impottanee of olfseticn in the social intractions of mice
and the abundant expression of the MCSR in pherormone-
producing glands (Chen et al, 1997 van der Kraan et al.,
19981, i is plausinle that MCIR deficiency alters an aspect
of pheronsowal signaling.

The expeciment iavelving urine taken from NDP-MSH-
and vehicle-injectd MCSR=+ and MC3IR—/— mmice sug-
wests that melanocortins may stimulate an aggression-elicit-
ing pheromone, which is greater in the absence of the
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MCSR. The effect is consistent with studies demonstrating
thar alpha-MSH injection acutely releases such a signal in
fmale price and s Nowell and Weouters, 1975, Nowell et
al., 1980), and it reveals thas f3) the MOSR is not invoived
in the stinselation of an aggeession-cliciting pheramane: and
(b} MC3R activation atienuates this ssivmlatoey effeer of
alpha-MSH, perhaps by stimudating an aggression-suppress-
ing pheromone. The present study further demwmstrates that
basal and melanceatia-induced control of the pheromonal
gignal & altered by MCSR deficivacy.

A previous stady has shown that veine from MCSR /-
mice stimulates aggrossion toward stimulus mice by oduc-
ing atack latencics {Caldwell and Lepri, 2001). The authors
of that swmdy interpret theie findings o suggest thse the
ntant mice have reduced levels of aggression-suppressing
pheromones, but the findings do not exclude the possibility
of elevated levels of aggression-eliciting pheromenes. If
however, elevation of an aggression-cliciting signal were the
principal defect, hoenaty pic pairs of mutant mice would be
expected w exhibit very high tevels of agpressive. Because
that is not the case, reduction of an aggression-suppressing
signat is plaosible.

Melanocorting elevate sgeression ia opponcits, as shawn
in the present study, and central injection of melanoconting
levates agereasion i test animals {Gonaalez et al., ey
Taken together, these findings sugges: that the melanpcortin
gystery pleys a rofe in courdinating central and peripheral
signals for aggression. In the present study, gomadectomy
reduced attschs from oppanents. Theeefoee, gowadal steeoids
also might stimolate aggression s apgoncs, wdependently
of MCSR activation. Heth seis of hormonts stimalste
aggression when admiristered 10 the venuoenedial hypo-
thatasms and medial preopric ares (Geazalez ot al., 19346,
Nyhy et al., 19223 o addition, melanoeveting and teseng-
terone act svnergistically to increase activity of pherontone-
peaducing glands {Cooper et al., 1975 Ebling « al., 1973).
Behavine of the MCSR-deficiem mice in homotygic pairs
way indicate 3 balance between the reduction of an aggres-
sion-sisppressing pherormong! signal and the elevation of an
angression-stimulating sigral in the brais. In future stodies,
it would he intcresting @ deteemine whether activation of
the MCSR and sex steroid receptors coordinates centrad and
peripheral signals for agaression.

Male mice use aggression w estshish and maintain
social hicrarchies. BEven modest reductions in pormal ag-
gressive hchavior could bave a negative impact on survivat,
Therefore, bebaviotal defects of MCIR —/— mice ohsereed
in the laboratory suggest thar the MCIR is critieal for
qurvival of male mice in their nasural habitat. Furthermore,
we have provided evidence far a peripheral melanccentin
pathway being involved: Alpha-MSH release excers nzur-
endocrine effects 10 clicit augression from oppencets. It is
imeresting o speculate twt the MOIR may controb eaen-
pleeneatary aspects of telanocadtin-regulaed apgression,
and, thes, plavs a role in the coondinate regalation of
aggression. Additional components of the patiway may be

iderificd by futere studics, but gur findings i the presem
ansdy suggest that the MCSR regalaes itermale dggression
in mice.
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Abstract

tice lacking the melarocortin-y receptos IMISR) extubr decreased sens o ty 12 the stimiuatony eftects of opsterr < me ana-
cartin inject on5 on aggressive pehavice. Because e pheramone-grds.c ~f prepranal gland exprasses the MIER, we testeg (re
nypothesis tvad decreases in prepula pheromones underdie the behawcral defiot. Here we show that BMCOR deficency
decreases preputial ang urine evels of the wx prerorones, apha- and perg-farnesene. reatve to wiid-ype mice. We 246
demonsteate that farnesenes patently shmulate aggresaion =~ awnie Noceover, farnesene-surruiates aggression is ceduced in
WeaE-def cant mice, elatae ¢ wald-type mcs. Dur results S.ggest Thal actvaton of tra NCHR promiotes aggresucn by

inereaing ‘arnEeng signanrg.

Key words: 3000855100, armesers, gas Crromatography-mass spectrermetsy, gense dnockout, melanceortn-5 receptor,
2% g

pheremones

Introduction

In male mice, social dominance is acquired during aggressive
ehcounters that are influcnesd by pheromonal signals. The
male rodent preputial gland releases aggression-prometing
pheromencs to the wrine (Jones and Noweil, 1973 MNovoiny
et al, 1983, Ingersoll @i of, 1986} Additionalty, preputial
hypertrophy in dominant males (Hucklebridge e7 al, 1972
and the correlation between induced preputial atrophy and
subordinate behavior (Brain et af., 1991) supgest that prepu-
tial pheromones may promote the acquisition and mainse-
pance of social status. However, these eclationships are
poorly understood.

Preputial activity depends on the circufating melano-
cortitt, atphx-melanocyte-stimulating hormons te-MSH)
{Cooper er al, 1973, Ebling et af, 1973), and chronic
melanccortin adminisiration stimulates preputist lipogen-
esis, hvperuraphy, hyperplesia, and pheromone secretion in
redents {Qzegovic and Milkovie, 1972; Thedy and Shuster,
1975; C. Morgan and R.D). Cone. submitied for publica-
tion). In this regard, melanocorting act synergistically with

ardrogens (Cooper ¢f al, 1975, Ebling er of, 1975, Thedy

ard Shuster, 19751 Therefore, endopenous melanocorting

may stimulate biosynthesis  of aggnession-pramoting
pheromones in the preputial gland.

Of the five kaown melanocortin teceprors {(MCIR-
MC5R} ¢Cone er al, 1996), the MCSR is most abundantiy
expeeased in the peepatial gland (Chen er of, 1397 van der
Krazn o al . 1998). Melanocortin injection releases inte the
urine of male mice an unidentified chemical signal that
stimulates attacking behavior from test miice when swabbed
onto stimulus mice (Nowell and Wouters, 1975; Nowell et
al., 1981), and we and ethers have shown that MCSR dcft.
ciency increases the refease of this signal (Caldwel er af,
2001; Caldwell sand Lepei, I002; Morgan ef al, 2004). We
nave alse shown that MC3R knockout (KO} mice exhibit
reduced ageression and elevated defense toward wild-type
(WT} opponents {Morgan er al, 2004), and that these
mutant mice are kess sensitive to melanocortin stimulation of
aggression and preputial growth {C. Morgan and R.D.
Cone. submitied for publication}. In the present study, we
wested the hypothesis that decreased preputial pheromones
contribute 1o the decreased agaressive responses of MCIR
KO mice.

Chemical Samses vol. 28 np. 2 % Oafard Universicy Press 200.; a* rignes reserurd.
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Materials and methods

Animals and housing

Male wild-type (WT} and MC3R knockout (KO} mice an 2
C3STBLIG penetic background (Chen er al, 1997y were
maintained in group-heused conditions (3-5fcagel. Roam
temperatere was maintained at 222 2*Con s standard light-
dark cvcle (12 h light: 12 b darkness: lights en from 06.00 to
18.00 h) with food and water provided ad iibaruts. At 8 weeks
of age, mice were individually housed for at least 4 weeks
prior to behavioral westing. Mice were housed in fifter-top
cages within a Maxi-Miser System (Thoren Caging Systems;
Hazelton, PA§ that provides pesitive veatlation and air
exbaust froms each cage. During handling, individual cages
of mice were transferred to a fume hood supplied with nega-
tive ventilation. Thus, the exchange of olfactory signals
between mice was minimized. All animal cxperiments were
approved by the Institutionazl Animal Care and e
Committee.

Surgical procedures

Preputialectomy (PFX]

Mice were anesthetized with an intrsperitonea) injection of
160 mekg ketzmine and 10 mgfkg xylazine. A transverse
incision wa3 made throuch the skin of te lawer abdonunal
region. Subcutancous fat and connective  tissue  were
removed, and the preputial gland was excised at 1he basc and
placed on dry ice untl weighed.

Gonadectomy (GOX}

The suppiier (Teconic Farms; Germantown, WY} performed
the gonadeciomies. Surgically aliered mice weee individually
housed {following PPX) or socially housed {following
GDXJ, and permitted at least three weeks for post surgical
recavery, befere being used in behavioral wests,

Behawvior

Tess mice were paired with (DX stimuius mice in neuzral
cages with fresh bedding during the light phase. Prior to
testing, the tail the stimulus mouse was marked with a dlack
marker to distinguish it. Eacounters lasting 3 min wecre
videotaped and behaviors were scored from the videatapes
by trained observers who were blind 10 the treatments.
Aggressive behavior consisted of offensive (biting wad
striking) and dominant {dominznt posturing, chasing, and
1ail rattiing} behaviors. Each mouse was scored for cach
occurrence of these behaviors.

Gas chromatography—mass spectrometry

Analysis by gas chromatagraphy coupled to mass spectrom-
etey (GC-MS) of volatile compounds was performed as
previously described {Novotny ef al, 1974). Preputial
extracts or pooled ¥0 mi aliquots of urine from wild-tyne
and MCSR-deficient mice were homogenized in 1 ml of

distifled water, 200 mg of ammonium sulfate and 4 pl of
internal standard (200 p.p.m. T-tridecanone in methzaol).
Samples were extracted at 30°C with purified helium at
70 mbmin for 3¢ min. The upper phase was passed through
4 water-chilled condenser then x pre-column packed with
4 mg of Tenax GC adsorbent (Applied Science Labor-
atorics” State College, PA). Compounds trapped on the pre-
column were desorbed in the heated injecton port (250°C)
of & Fionegan MAT Magnum GCMS Insurument (San
Jose, CA1and trapped in a liquid nitrogea-cooled capillary
column. The anatytical column wag & 30 mm x .25 mm (1D}
DB-5 (} & W Scientific, Folsum, CA}. Helium was used 25
the carrier at an inlet pressure of {2 PSL The oven tempera-
tere was maintained ai 30°C for § min, and elevated o
200°C at a rate of 2°C/min. Transfer hae temperature was
390°C. Peak areas of compounds were normalized 1o peak
area of the inzernal standard.

Famesene treatment

Mice were permitted to inhale a 230 or 200 p.p.ai. solution
of o- and [-farnesenc or vehicle (distilled water) from 2
cotton swab for E min in their beme cages. The test animals
were maintzined in their home cages for 60 min before
ehavieral teating.

statistical analyses

Data were snalyzed with SigmaStat 2.0 statistical software
(SPSS, Inc. Chicagn, IL). Bocause behavioral data from
farmesene-stimulated mice (Figure 2B) were not normalty
diseribuzed or comnfained unequal variance, the Mann-
Whitney rank sum test was used. All other dats were
analyzed using Student’s r-iest. GC-MS data were log-
transformed before statistical analysis.

Results

GC-MS analysis of preputial extracts revealed smalier
pesks carresponding 1o the sesquiterpenes, a-farncsenc and
B-farnesenc, as well as an unidentified sesquiterpene and
cthyl nonancate in the KO mice, relative to WT ligteemates
(Figure 1A, upper panel). Statstical analysis of log-trans-
formed data, by Student’s r-test, confirmed that in WT mice
the levels of a-farneseme, [farnesene, uncharacterized
sesquiterpene and ethyl nonanoate excoeded those of the
KO mice by 39, 27, 207 and 185%, respectively (Figure 1B,
upper panely.

GC-MS analysis of pooled wrine samples revealed
reduced peaks corresponding to farnescnes in the KO mice
{Figure 1B, lower pancl), relative to WT mice. Quanzitative
analysis of the urine datz suggested that in WT mice the
tevels of @- and [-farnesene exceeded those of KO mice by a5
much as 62 and 92%, respectively {Figure §B, lower panet).
Sample pooling {10 m! from 8--10 mice per treatment groep)
prevented  statistical analysis. Under our experimentat
conditions, the uncharacterized sesquiterpese and cebvi
nonaneale were not detected.

112



A . g
S —
" 2 & H
| = Bl =
£
5 ¥ TS
] o =" -]
o o
= W
2 g
&
[ 3
-3
L
1 1
—wt
z --KQ
- L
] 3
< 2
= S
%
I e
a, S
o [
z T
: 1
b £
: l ,,]
: .
..--.-.J}‘J‘s...,_..j J—-&.&IL

T T
500 61.4 51.2 54.9

Rutention Tine |ptin)

elanocortin 3 Reenpior aad Agressen o Male M @ 113

a
3_
Preputial Gland voiatiles
B .
o
~
x 24 g
4 =
&
4 3
=
"
5 1
\4
0
1 Urine Werlables
g
z "% ¢
x 2 [ Jis]
&
a
2
z
=
3
3
o | L NE NO
7 & & F
& S
- @
S & & N
-.‘5‘ © 5_.,\“# Q}‘a

Flgure 1 Gas ChurgmaiQapin-rasy Seeutrome’sy doshas 2% enla? @ Darpownds of plepatd tapr 1A Loper pave parbal caemaTegian of volate

COretrands etirae il Bom e Grapat 3 g a0 0F 3 e d-Tppe IWTL magse and an A0S
andg BSarnesene) 3rd 3 archd arienrad, Tut Skt Al iated compgard 18 sewgy

Wik &1 K0T Mduse Fears Soreasaand GG 10 88 RierGen 0y |
gegl gee htwry Lowe (0E aaTial Crienatageam of wlatle

COTOUNAS exteactag Yot The Lotk 6f 3 'WT rduse 303 3 K wouse Peabs COOE0000 g 10 0. and B-farnesere are shawer Poegunial sne ning poses fo
elbnd monaroate s mot sficwwn, (B Upsee pare grepulal dves of o ard farrenara, e yrch w3tz sy siburpene, gnd 21l nonardate were

epuced ® KT mxe it - B, relatve 13 WT man in
Eght QD rtate, pedatve 1 A 7T evl sarepie po0 et ‘o 10
these expenmeny’ corditons Baans = 2N gre shader 1P <0 2 03

To determine the effecrs of famesenes on aggression in
WT and KO mice, we tested vehicle-treated and farnesene-
treated mice against stinvulug mice. We also tested preputial-
ectomized (PPX) mice because we have shown previously
that PPX and KQ mice are insensitive 1o stimulatory effects
of melanocorting an aggression (C. Morgan and R.D. Cone,
submirted for publication) Sixty min following a one-
minate inhalation of 2 low (230 ppm.) dose, farnesencs
increased aggression 13-fold in WT mice (Figure 2A)L
Analysis by Student’s r-1est revealed that farnesens-stimu-
lated aggression was reduced in the KQ mice (P < (£G5S} and
PPX mice (P < 0.01} relative to the WT mice.

Analysis by Mann-Whitney rank sum test revealed that
60 min following exposure to a high (500 p.pa.) dose of
farnesenes, WT and KO mice displayed similar increases in
aggression (Figure 2B). The aggression-stimulating effects
of the high-dose farnesenc treatment were trangient, as the

Lower gacel grng eve s of G- 300 F e e aae teiuden
WY e, The ur(R33CEN BT mrut nar Ard 27y 30054030 adme 10T g

~ A 7L sarmphe pooled Fen
MR LN o] KR T 2

tevels of aggressive behasior in WT and KO mice returned
to basal 7 and 14 duws, respectively, afier single exposures
[Figure 2B).

Discussion

The results of the preseat study demonstrate that MO5R
deficiency in mice reduces preputial gland and urine levels of
- and P-farnesene. In addition to their actions as sex
pheromoncs (3a eral, 1999 Novotay eraf 1999, we show
that farnesenes are poten: aggression-promoting pherom-
ones. Although statistical analysis was not performed on the
urine data because of pooling, we collcotively snalyzed by
GC-MS samples from $-10 mice per genotype. Bocause the
reduction in urine farnesenes (and other compounds) was
accompaniod by deereases in preputial farnesenes, we
conclude that decreased biosynthesis and seerction occur in
MCSR KO mice. Therefare, the reduction of endogenous
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farnesene levels may contribute to the reduction of aggres-
sive behavior in the mutant mice toward WT opponcnts
(Morgan er al, 2004).

At a low dose, farnesencs stimulare less aggression in the
KO mice, refative to WT mice. The dimirished respons.
might be partly due to reductions in the evels of preputial
and urine farnesenes of the KO mice. Congistent with this
sdea, farnesene-stimulated aggression is markedly reduced in
PPX mice. The preputial gland is the onfy exocrine gland
known to secrete aggression-promoting pheromones down-
stream of the urinary bladder {Ingersoil er o, 1986}, and
bladder urine docs not contain farnesenes (Novotny er al,
1990, Therefore, our finding that farnesenes stimulatc
aggpression confirms that the preputial glind is the prircipal
source of farnesenes in the urine. Thus, the responsiveness of

WT, KQ, and PPX mice to exogencus farnesenes correlated
with their endogenous faraesene levels,

Inhalation of a high dose of farnesenes transiently
increases ageression similarly in WT and KO mice. Thig
finding demonstrates that, at the high dose, farnesenes are
sufficient to avercome behavioral defects in the KO mice.
Moreover, it suggests that a ffty-percent difference in exog-
enous farnesene concentration (SO0 versus 250 pop.) is
detectable and has important behavioral consequenees for
the KO mice. Presumably, prolenged decreases in sl
cxposure to farnesenes might negstively affect responsive-
ness to these same pheromones. Therefore, it is plausible
that the observed deficits in urine farnesenes contribute o
the decrease of farnesene-suimulated aggression in the
mutant mice.

Even at the high dose, farnesenc-stimulated aggression
diminished more rapidly in the KO mice, relative to WT
mice. The reduced farnesene relzase might have contributed
to the more rapid return to basal levels of apgressive
behavior in the KO mice. Additionally, because the MCSR
is thought to be expressed in the olfactory bulbs and brain
{Griffon et al, 19%4; Chen er al, 1997), reduced farnescne
responsivencss in the KO miice might have been due to
decrcased oifactory detection and central processing of the
farnesenc signal.

1t is unlikely thas the KO mice exhibit a universat defect in
pheromone deteetion. Untreated MCSR KO mice in home-
typie pairs do not exhibit decreased aggression (Morgan et
al, 2004}, demonstrating that the behavioral responses of
these mice are context-dependent. Furthermore, MCIR-
deficiency does not reduce responsivensss to an aggression-
promoting pheromonal signal that is released by melane-
cartin injection {C. Morgan and R.D. Cone, submitted for
publication). Future studics should be able to determine the
specific roke of the MT3F in farnescnc release znd farnescne
processing.

Taken together, the requirement for long-term preputial
stimulation in melanocortin-stimulated aggresston and pre-
puwtial hypertrophy ¢C. Morgan and R.D. Cone, submicted
for publication}, and abundan: preputial MCSR expression
{Chen et o, 1937, van der Kraan er al, [9%8), suggest that
MO3R -deficicncy may reduce biosyathesis and secretion of
preputial pheromanes that stimulate aggression. This view i
supported by the present finding that MCSR-deficient mice
exhibit deficits in famnesenes and other volatile compounds
that oripinate in the preputial gland and arc secreted into the
urine.

Famnesenes are male pheromones that induce esirus in
female mice [Ma et al, 1999}, and they are aversive olfaciory
signals that discourage territorial urine marking in male
mice {Jemiole er &l | 1992). Furthermaore, the preputial gland
is the anly known source of farnesenes in the urine of male
mice (Ingersoll ef ol , 1986; Novotny ¢r al. . 1990). Therefare,
MC5R-deficiency and preputialectomy appear to produce s
commeon physiological defect {i.e. reduced endogenaus
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farnesene levels), as well as a common behavicral defect 6.c.
reduced agaressiont.

We have shown previously that melanocortin-stimulated
aggression, following repeated systemic injoction, requires
preputizl hyperteophy, and that MCSR KO mice arce defi-
cient in the preputhal and behavioral respoases 1o melano-
goriin trezkment (€. Morgan and R.ID. Cone. submicted for
pubtication). We have also shown previously that following
surgical removal of the testes prepucial atrophy accompanics
decreased agzressive behavtor in WT mice (C. Morgan and
R.D. Canc, submitted for publication). Our present findings
supgpgest that the behavioral inzenzitivity to melanocortin
treatment might be due to deficits in a pheromonal pathway
invelving preputial famesenes. Because melanoeortin treat-
ment, in the previous study did not invelve the exchange of
male pheromonal signals between opponenis, it is plausible
that the farnesene signal promotes aggression in sz self-
stimulatory manner.
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