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Abstract

The formation of stable adhesive contacts between pre- and post-synaptic neurons represents the
initial step in synapse assembly. The cell adhesion molecule N-cadherin, the receptor tyrosine
phosphatase DLAR, and the scaffolding molecule Liprin-a play critical, evolutionarily conserved
roles in this process. However, how these proteins signal to the growth cone, and are themselves
regulated, remains poorly understood. Using Drosophila photoreceptors (R cells) as a model, we
evaluate genetic and physical interactions among these three proteins. We demonstrate that DLAR
function in this context is independent of phosphatase activity, but requires interactions mediated by
its intracellular domain. Genetic studies reveal both positive and, surprisingly, inhibitory interactions
amongst all three genes. These observations are corroborated by biochemical studies demonstrating
that DLAR physically associates via its phosphatase domain with N-cadherin in Drosophila embryos.
Together, these data demonstrate that N-cadherin, DLAR, and Liprin-o function in a complex to
regulate adhesive interactions between pre- and post-synaptic cells, and provide a novel mechanism
for controlling the activity of liprin-a in the developing growth cone.
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Introduction

During development stable, precise connections form between pre- and post-synaptic cells.
The establishment of these contacts is dependent upon both instructive cues that determine
which neurons connect, as well as permissive interactions that are necessary for the subsequent
assembly of synapses. The molecular mechanisms that lead to the formation of stable contacts
between neurons, and that catalyze synapse formation after an axon reaches its target, are only
incompletely understood (reviewed in Huber et al., 2003; Shen, 2004). Indeed, it is unclear
how a developing neuron transitions from a mode of axon extension toward a prospective target
to the formation of a stable adhesive contact, to the assembly of a synapse. Here we examine
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genetic and physical interactions amongst a group of proteins that appear to play an
evolutionarily conserved role in stabilizing the interactions between pre- and post-synaptic
cells.

Classical cadherins, receptor tyrosine phosphatases and the synaptic scaffolding molecule
liprin-a play critical roles in axon targeting and synapse formation in many systems (reviewed
in Suzuki and Takeichi, 2008; Stryker and Johnson, 2007; Lilien and Balsamo, 2005). The
scaffolding protein Liprin-a and the receptor tyrosine phosphatase LAR regulate synapse
morphogenesis, and genetic interactions between these genes suggest that LAR recruits Liprin-
a to synapses in both worms and flies (Zhen and Jin 1999; Kaufmann et al. 2002; Ackley et
al. 2005). These proteins also mediate recruitment of AMPA receptors and cadherin-catenin
complexes to synapses in cultured rat neurons (Wyszynski et al. 2002; Dunah et al. 2005).
Genetic epistasis experiments demonstrate that DLAR requires Liprin-o. for its function at the
Drosophila neuromuscular junction and that both Liprin-a. and LAR depend on each other for
localization (Kauffman et al., 2002; Ackley et al. 2005). Indeed, LAR can bind Liprin-o via
interactions between its D2 phosphatase domain and C-terminal sterile alpha motifs (SAM) on
Liprin-a (Serra-Pages et al. 1995; Serra-Pages, et al. 1998). Additionally, Liprin-a interacts
with the kinesin KIF1A and is required for anterograde transport and accumulation of synaptic
vesicles pre-synaptically (Shin et al. 2003; Miller et al. 2005; Patel et al. 2006). Interestingly,
LAR also has axon guidance functions in Drosophila and vertebrate motor neurons (Krueger
et al. 1996; Sun et al. 2000; Uetani et al., 2006), but such a role has not been identified for
Liprin-a. Together, these studies suggest that LAR may stabilize nascent synapses by recruiting
Liprin-a associated synaptic vesicles.

Classical cadherins also regulate synaptic morphogenesis. In hippocampal neurons the
cadherin associated protein B-catenin is required pre-synaptically for synaptic vesicle
localization, a process regulated by BDNF through effects on catenin phosphorylation and
cadherin association (Bamji et al. 2003). Cadherins also control dendritic spine morphogenesis
and activity dependent remodeling (Togashi et al. 2002; Okamura et al. 2004). Indeed, dynamic
regulation of vertebrate N-cadherin levels post-synaptically plays a key role in coupling
synapse plasticity to morphological changes in dendritic spines (Tai et al., 2007). Finally,
biochemical studies at both mature synapses, and in developing axons, have demonstrated
direct and indirect associations between vertebrate N-cadherin, LAR, liprin-a, and p-catenin
(Kypta et al. 1996; Brady-Kalnay et al. 1998; Dunah et al. 2005). While these studies raise the
possibility that N-cadherin cooperates with LAR and Liprin-a during axon target selection and
synapse formation, no in vivo functional interactions between N-cadherin and DLAR or liprin-
a have been described. Here we examine genetic and physical interactions amongst these three
proteins in an experimental context in which all three play critical roles.

The formation of precise connections between pre- and post-synaptic cells has been studied
intensively in the Drosophila visual system, where individual photoreceptor axons are
genetically programmed to make stereotyped projections to specific targets (reviewed in
Clandinin and Zipursky, 2002). Photoreceptors (R cells) are organized into unit eyes called
ommatidia. Each ommatidium contains eight R cells that enter the optic lobe in a common
fascicle until they reach the brain, before making specific stereotyped connections with their
neuronal targets. These axons choose their synaptic partners through two steps, the first of
which requires ganglion specific targeting whereby R1-R6 axons terminate in the first optic
ganglion, the lamina, while R7 and R8 axons terminate in a deeper ganglion, the medulla. In
the second stage of target selection, within the lamina, R1-R6 axons make precise lateral
connections innervating specific target neurons arranged in a regular columnar pattern. In the
medulla, in contrast, R7 and R8 axons innervate distinct layers within the neuropil
(Meinertzhagen and Hanson 1993). All of these targeting decisions are independent of visual
input and neuronal activity, and are thus genetically programmed (Clandinin and Zipursky,
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2000; Hiesinger et al., 2006). Finally, a variety of genetic screens have identified many loci
that play important roles in different aspects of visual system development (reviewed in Mast
et al., 2006).

The classical cadherin N-cadherin, the receptor tyrosine phosphatase DLAR and the
scaffolding molecule liprin-a play important roles in late stages of target selection in both the
lamina and the medulla (Lee et al., 2001; Clandinin et al., 2001; Maurel-Zaffran et al., 2001;
Ting et al., 2005, Prakash et al., 2005; Choe et al., 2006; Hofmeyer et al., 2006). In particular,
individual R1-6 axons mutant for N-cadherin, DLAR, or Liprin-a reach the lamina neuropil
but fail to make short extensions to adjacent columns of target neurons. In the medulla, R7
axons mutant for these genes terminate in an inappropriate layer. While R1-R6 axons extend
to their targets during a single developmental period during mid-pupal development
(Meinertzhagen and Hanson, 1993; Clandinin and Zipursky, 2000), layer-specific targeting by
R7 axons occurs in two temporally distinct steps (Ting et al., 2005). In particular, R7 axons
initially project to the R7-temporary layer during early pupal development, before making a
final extension to a deeper layer (Ting et al. 2005). Intriguingly while R7 axons need N-
cadherin both to reach the R7-temporary layer, and to extend to their final layer, the initial
extension to the R7 temporary layer is independent of liprin-a, and DLAR (which are only
required for the final extension to the appropriate layer). These N-cadherin mediated
interactions are thought to be purely adhesive in nature (Yonekura et al., 2007). Thus, while
photoreceptor targeting phenotypes seen in adult N-cadherin, DLAR and liprin-a mutants are
broadly similar, in both the lamina and the medulla, detailed phenotypic studies argue that
targeting in the lamina and the medulla use developmentally distinct mechanisms.

Here we examine the functions of these three loci in detail, focusing on their roles in R1-R6
axon targeting in the lamina. In this context, DLAR function is independent of its catalytic
activity, suggesting that it acts as a molecular scaffold. Moreover, while all three genes display
similar loss-of-function phenotypes, genetic studies reveal that LAR and N-cadherin can also
inhibit liprin-a activity. Single, double and triple mutant analyses reveal that these three genes
have at least partially independent functions, while biochemical studies demonstrate that these
proteins are physically associated. Thus, these studies describe a new model for these proteins’
functions at a specific identified synapse.

DLAR is cell-autonomously required in all R1-R6 cells for normal targeting

To make individual photoreceptors homozygous for a DLAR mutant chromosome in an
otherwise wild-type background we used the MARCM method to generate somatic mosaics
(Fig. 1; Lee and Luo, 1999;Prakash et al., 2005). This method allowed us to examine cell-
autonomous defects in target selection but also provided a mechanism to express DLAR
transgenes specifically in DLAR mutant cells. We scored extension of R1-6 axons in the lamina
at 40% pupal development and categorized axon targeting as normal, aberrant (meaning that
the axon either extended to multiple targets or to the wrong target, or was morphologically
atypical), or failing to extend (meaning that the axon did not extend away from the ommatidial
axon fascicle). Using this method, individual R1-6 cells homozygous for a control chromosome
projected to appropriate targets 100% of the time (Figs. 1A, G; n=98). Among R1-6 axons
mutant for the null allele DLAR?127 43% extended normally, 28% extended aberrantly, and
29% did not extend (Figs 1B, C, G; n=163). As these defects were not significantly differently
across R cell subtypes, data from all R cells were pooled (Fig. 1G). These phenotypes are
qualitatively identical to defects previously described using this method to examine N-cadherin
and liprin-a mutant R1-R6 cells (Prakash et al., 2005;Choe et al., 2006). Thus DLAR is cell-
autonomously required in all R1-R6 cells for normal target selection within the lamina.
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The DLAR extracellular domain is required for DLAR function in R1-R6 axons

Drosophila DLAR comprises an extracellular domain that contains three immunoglobulin-like
and nine fibronectin type-I1l repeats, as well as an intracellular domain that consists of two
phosphatase domains, D1 and D2 (Streuli etal. 1989). To identify which domains and functions
of DLAR are essential in photoreceptor target selection, we used domain specific DLAR
mutations and modified DLAR transgenes to perturb DLAR function (Krueger et al., 2003).
As a prelude to structure function studies of DLAR, we first demonstrated that expressing a
full length DLAR transgene in mutant R cells rescued the DLAR null phenotype nearly
completely, with 95% of rescued mutant axons extending normally and 5% aberrantly (Figs.
1D, G; n=22); none of these axons failed to extend. However, only partial rescue was observed
when photoreceptors expressed DLAR transgenes deleting either the immunoglobulin-like
(Alg1-3) or eight of the nine fibronectin type-I11 repeats (AFn2-9) (Fig. 1G). Normal extension
occurred in 75% (n=28) and 64% (n=86) of cases deleting the immunoglobulin and fibronectin
domains of DLAR, respectively. This rescue by Algl-3 or AFn2-9 was statistically significant
(x2, p<0.01) but intermediate relative to that obtained with the full length DLAR transgene.
These data argue that both of these extracellular regions are required for target selection.

The DLAR D2 domain, but not phosphatase activity, is required for DLAR function

The DLAR D1 and D2 phosphatase domains contain a conserved cysteine essential for
enzymatic activity, and are both catalytically active. The construct DLAR-CSX2 contains
cysteine to serine mutations in both phosphatase domains that abrogate phosphatase activity
(Krueger et al. 2003). Surprisingly, expressing this construct in photoreceptors homozygous
mutant for DLARZ127 resulted in rescue of the mutant phenotype that was quantitatively
indistinguishable with that seen using a wild-type transgene, with 94% of axons extending
normally (Figs. 1E, G; n=65). Thus DLAR phosphatase activity is not essential for DLAR
function in R1-6 cell axons. To examine this issue further, we next tested whether the
cytoplasmic domain of DLAR was required for its function. To do this, we took advantage of
the hypomorphic chromosomal allele DLARPYP2SS which is truncated after the D1 domain, and
lacks the D2 domain (Krueger et al. 2003). Embryos homozygous for this allele retain normal
expression of DLAR protein (Krueger et al., 2003). In MARCM clones, 37% of R cells failed
to extend, 6% extended aberrantly, and 58% of homozygous R cells (Fig. 1G, n=106) extended
correctly, displaying a strong phenotype that was nonetheless somewhat weaker than that
associated with a null allele of DLAR, DLAR?127 (42, p<0.001). Thus, the intracellular domain
of DLAR is required for DLAR function in R cell axons. Together, this data suggests that
DLAR function in this context is independent of phosphatase activity but raises the possibility
that DLAR may associate with another protein(s) (such as liprin-a) via its D2 domain, and that
this association is critical to DLAR function in this context.

Liprin-a, LAR and N-cadherin display both positive and negative genetic interactions

If N-cadherin, DLAR, and Liprin-a have similar functions in R1-R6 target selection, these
genes may also interact in other tissues and earlier developmental processes that contribute to
the adult lethality of null mutations in these genes. We therefore took advantage of
hypomorphic mutations in these genes, assembling a series of genetic backgrounds in which
we tested pairwise genetic interactions among N-cadherin, DLAR, and Liprin-o for their effect
on adult viability. Flies bearing heteroallelic combinations of null and hypomorphic alleles of
DLAR or Liprin-« can survive to adulthood at low frequency and provide a sensitized
background to test the effects of modifiers (Table 1). In crosses between flies carrying the
hypomorphic allele DLAR*! and the loss of function allele DLAR?127, 8.9% of adult progeny
are of the heteroallelic genotype DLAR*1/DLAR2127, This heteroallelic class of progeny
should form one-third of survivors if there is no lethal interaction between alleles. To test for
genetic interactions with DLAR, we measured survival of the DLAR**1/DLAR?127 progeny in
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genetic backgrounds in which the activities of either N-cadherin or Liprin-a had been reduced
by 50% using null alleles of each. Here the percentage of DLAR*>Y/DLAR*%! flies dropped
approximately tenfold, to 0.9% (x2, p<0.0001) in genetic backgrounds in which a single copy
of Liprin-a or N-caherin had been removed. This result suggests that both Liprin-o. and N-
cad enhance lethality associated with reduced DLAR activity.

Crosses between flies bearing the hypomorphic allele Liprin-aF and the null allele Liprin-oF
produce viable heteroallelic progeny of the genotype Liprin-a™/Liprin-aF 6.7% of the time
(Table 1). Unexpectedly, when the activity of either N-cadherin or DLAR was reduced by
removal of a single copy of either gene, the viability of this genetic background increased. In
particular, Liprin-aF/Liprin-aF flies bearing a single wild-type copy of DLAR represented
22.8% of progeny (x2, p<0.0001), while those flies bearing a single wild-type copy of N-
cadherin represented 25.2% of progeny (x2, p<0.0001). These data demonstrate that the loss
of function alleles DLAR?127 and N-cad414 suppress the adult lethality of Liprin-a. To test
whether this effect reflected an allele-specific interaction with liprinF, we repeated the same
experiment using a second hypomorphic allele, Liprin-ol. In particular, heteroallelic progeny
of the genotype Liprin-a}/Liprin-aF represent 3.3% of progeny. Liprin-aX/Liprin-oF flies also
carrying DLAR?127 represented 13.9% of progeny (x2, p<0.0001), and those flies also carrying
N-cad414 represented 17.4% of progeny (x2, p<0.0001). These results demonstrate that in
genetic backgrounds in which Liprin-a activity is reduced, null alleles of N-cadherin and
DLAR act as dominant suppressors, increasing viability of this genotype by at least 3-fold.
These interactions are not allele specific since they occur with two distinct Liprin-a
hypomorphs. Thus, they could reflect negative regulatory interactions that N-cadherin and
DLAR exert when Liprin-a activity is reduced. Alternatively, these interactions could reflect
a negative regulatory interaction that is revealed when only a fragment of the Liprin-a protein
retained by both alleles is expressed (see Discussion).

DLAR, Liprin-a, and N-cadherin do not act in a linear genetic pathway

We next sought to evaluate genetic interactions between DLAR, Liprin-a, and N-cad during
photoreceptor target selection, under conditions in which the activity of each protein is
eliminated. Since null mutations in these genes are lethal, we bypassed the early requirements
for these genes by creating somatic mosaics using the FLP/FRT system, expressing the FLP
recombinase under the control of the eyeless promoter (eyFLP; (Newsome et al. 2000). We
then combined this FLP source with the MARCM method (Lee and Luo, 1999), in which cells
homozygous for control or mutant chromosomes do not express the Gal4 repressor Gal80.
Finally, to visualize target selection by individual R cells we specifically labeled R4 axons
using the construct E(spl)md-lacZ (Cooper and Bray 1999). In this genetic background, R cell
clones are typically large, comprising at least 50-100 cells, having undergone considerable
expansion prior to differentiation. Thus, these clones minimize the potential effects of
perduring mRNA and protein on the phenotypes observed. Within this large group of mutant
cells, only the R4 axons are then labeled; typical clones contained between 5-20 labeled R4
axons. Inthe lamina, R4 axons make stereotyped extensions, which could be visualized at 40%
pupal development, immediately after the stage at which they reach their neuronal targets
(Meinertzhagen and Hanson 1993). This approach, then, enabled us to examine the targeting
behavior of hundreds of identical R cell axons, allowing us to quantitatively compare the
behavior of single, double and triply mutant R4 cells.

This work, combined with previous studies examining N-cadherin and liprin-a demonstrated
that R cell axons lacking any of these three genes frequently innervate inappropriate targets in
the lamina and medulla, and that subtypes of R1-6 axons depend equivalently on each gene
(Prakash et al. 2005; Ting et al. 2005; Choe et al. 2006). When the eye was made homozygous
for a control chromosome, 100% of R4 axons targeted normally (Figs. 2A, I; n=113). As
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expected, when large R cell clones were made homozygous for null alleles of DLAR, Liprin-
a, or N-cadherin R4 axons frequently failed to extend, or extended aberrantly (Figs. 2B-D, I).
In particular, in clones homozygous for a molecular null allele of N-cadherin, only 10% of R4
axons extended normally, while 70% extended aberrantly, and 20% did not extend (Fig. 2I;
n=104). In clones homozygous for a null allele of DLAR, 23% extended normally, 61%
extended aberrantly, and 16% did not extend (Fig. 2I; n=172). In clones homozygous for a null
allele of Liprin-a 21% extended normally, 49% extended aberrantly, and 30% did not extend
(Fig. 21; n=166). Thus, R4 targeting defects are quantitatively indistinguishable when
photoreceptors were homozygous mutant for null alleles in DLAR or Liprin-a, but were
somewhat more severely affected when homozygous for a null allele of N-cadherin (y2,
p<0.05). Moreover, consistent with the notion that perdurance effects play only a minor role
in influencing phenotypic severity in these clonal studies, the results are quantitatively similar
to those seen in single cell clones, having no effect on N-cadherin and liprin-a and affecting
the expressivity of DLAR mutants only slightly (Prakash et al., 2005; Choe et al., 2006; this
work). In photoreceptors homozygous for double mutant combinations of null alleles in DLAR,
Liprin-a, and N-cadherin, targeting errors were more frequent than in single mutants. In N-
cadherin DLAR double mutants (Figs. 2E, I, n=136), and N-cadherin Liprin-a double mutants
(Figs. 2F, 1, n=64), no R4 axons extended normally, while approximately equal numbers of
axons extended abnormally and failed to extend. In Liprin-aF DLAR2127 5% of axons extended
normally (Figs. 2G, |, n=140), a phenotype significantly worse than that seen in DLAR?127 and
Liprin-a E single mutants (x2, p<0.05). Finally, in triple mutant clones, 2 % of axons extended
normally, 24% extended aberrantly, and 64% did not extend, but this distribution is not
significantly different from any of the double mutant combinations (Figs. 2H, I, n=136).
Together these data demonstrate that mutations in DLAR, Liprin-o, and N-cadherin act only
additively, enhancing defects in R4 target selection. As all of these mutations are molecular
null alleles, and the clones we generated are unlikely to display significant perdurance, these
observations are inconsistent with N-cadherin, DLAR and liprin-a acting in a simple, linear
genetic pathway. That is, such a linear pathway would predict that double and triple mutant
combinations would be no more severe that single mutant backgrounds.

To further explore the genetic relationship between N-cadherin, DLAR and liprin-a we asked
whether these proteins could substitute for each other’s function in R1-6 target selection. Using
the MARCM method of generating somatic mosaics (Lee and Luo, 1999), we made individual
photoreceptors homozygous for a null mutation in one of these genes, and expressed a transgene
encoding a wild-type copy of a different gene. Expression of the DLAR transgene in N-
cadherin?14 mutant photoreceptors did not rescue the mutant phenotype (data not shown).
Meanwhile expression of a N-cadherin transgene in DLAR?127 or liprin-a! mutant
photoreceptors worsened the mutant phenotype, suggesting that N-cadherin levels are
important for targeting and consistent with experiments demonstrating that expression of N-
cadherin in awild-type photoreceptor can cause targeting errors (Figure 1G and data not shown;
Prakash et al, 2005). The inability of these proteins to substitute for each others’ function in
R1-6 target selection argues against a simple linear genetic relationship between these genes,
and demonstrates that N-cadherin, liprin-o. and DLAR have both overlapping and distinct
functions in the developing growth cone (see Discussion).

N-cadherin and DLAR localization in R1-6 growth cones does not change in N-cadherin,
DLAR, or Liprin-a mutants

One possible function for N-cadherin, DLAR, or Liprin-a may be to transport or localize other
proteins essential for target selection at the growth cone. To investigate this possibility we

examined the localization of N-cadherin and DLAR in R1-6 growth cones at the developmental
time point at which they are extending towards their targets in the lamina. Using the MARCM
method for generating somatic mosaics (Lee and Luo, 1999), large patches of the eye weremade
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homozygous for wild-type (Fig. 3A, E, 1), N-cadherin414(Fig 3B, F, J), DLAR?127 (Fig 3C, G,
K), or Liprin-a E (Fig 3D, H, L) and compared the localization of N-cadherin and DLAR with
surrounding wild-type tissue. When photoreceptors were mutant for N- cadherin - or liprin-
a, expression of DLAR was unchanged, while in photoreceptors mutant for DLAR or liprin-
a, expression of N-cadherin was unchanged. Together, these data argue that N-cadherin and
DLAR localization in the lamina plexus are independent of N-cadherin, DLAR, and Liprin-a
activity.

N-cadherin and DLAR form a physical association

Previous studies had demonstrated that liprin-o is physically associated with LAR in a variety
of cellular contexts, in both flies and mammals (Serra-Pages et al., 1995; Kaufmann et al.,
2002; Dunah et al., 2005). The complex genetic interactions we observed raised the possibility
that DLAR may also associate with N-cadherin. As part of a DLAR affinity purification and
mass spectrometry screen in cell culture, we identified N-cadherin as a candidate DLAR-
associated protein (A.G. and D.V.V., unpublished observations), consistent with previous
observations in vertebrate cells (Kypta et al., 1996). As a first approach to confirming this
interaction in vivo, we used antibodies directed against N-cadherin and DLAR to conduct co-
immunoprecipitation experiments using wild-type embryo extracts. We were able to pull-down
N-cadherin from these lysates and demonstrate that DLAR was quantitatively associated with
it, suggesting these two proteins are associated in vivo (Figs. 4A, B). As DLAR undergoes
post-translational cleavage, our antibodies directed against the extracellular portion of DLAR
were unable to pull-down N-cadherin (data not shown). To examine the N-cadherin-DLAR
interaction more closely, we used one untagged DLAR transgene (P4B), one HA-tagged full
length DLAR transgene (Maurel-Zaffran et al., 2001), as well as 3 Myc-tagged DLAR
transgenes (Krueger et al., 2003): one expressing just the extracellular domain, one expressing
the entire cytoplasmic domain and one expressing just the phosphatase domains. We expressed
these constructs in embryos using the pan-neuronal Elav promoter, then immuno-precipitated
the corresponding fragments of DLAR using antibodies directed against HA or Myc tags, and
detected co-immunoprecipitation of N-cadherin with the cytoplasmic domain of DLAR, and
the phosphatase domain construct, but not with either the full-length transgene or the
extracellular domain (Figs 4C, D). Thus, DLAR is physically associated with N-cadherin via
its intracellular domain in vivo.

DISCUSSION

Summary

These studies support three central conclusions. First, our data demonstrate that DLAR has
functions independent of its catalytic activity to allow formation of stable contacts between
R1-R6 axons and their targets. Second, our genetic and physical interaction studies
demonstrate that all three proteins form a complex but do not act in a simple linear genetic
pathway. Finally, our genetic data demonstrate that while N-cadherin, DLAR and liprin-o all
have similar loss-of-function phenotypes, N-cadherin and DLAR also act as negative regulators
of liprin-a.. These genetic and physical interactions suggest a mechanism by which liprin-a
activity can be precisely controlled.

Dissecting DLAR function in R1-R6 axons

Previous studies have demonstrated that DLAR controls target selection by R1-6 photoreceptor
axons in the lamina and R7 axons in the medulla in somatic mosaic flies in which the entire
eye is mutant for DLAR (Clandinin et al. 2001; Maurel-Zaffran et al. 2001) These studies
demonstrated that DLAR is required cell-autonomously in R1 and R6 cells by examining
targeting of single mutant axons in adult animals, but left open the possibility that targeting is
initially normal in DLAR mutants. Indeed, such a late function has been described for DLAR
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in the targeting of R7 axons (Ting et al., 2005). To address this issue directly, we examined
photoreceptor targeting immediately after R1-6 axons make their initial extension to their
targets, in somatic mosaics in which individual photoreceptors were mutant. Such DLAR
mutant photoreceptors fail to extend to their targets in 29% of all cases, while a further 28%
extend aberrantly. These results are quantitatively comparable to previous studies of single
adult R1 and R6 cells homozygous for DLAR, in which 48% of R cell axons failed to extend
(Clandinin et al. 2001). As R1-R6 cell axons extend to their targets in the 10 hours preceding
the time point we examined in this study (Clandinin and Zipursky, 2000), and reach their targets
only 2 hours before we assess targeting phenotypes, these data argue that DLAR is required
for the initial formation of stable contacts between R1-R6 axons and their targets. This
contrasts with the function of DLAR in R7 axons, where the initial targeting of these axons to
a distinct layer is independent of DLAR function, and the targeting defect in DLAR emerges
during a second step in the targeting process (Ting et al., 2005). Of course, we cannot exclude
the possibility that there are two molecularly distinct processes taking place during R1-R6
target selection in the lamina, but that they occur contemporaneously.

Our studies also shed light on the structural domain requirements of this DLAR function. Two
extracellular matrix proteins, the laminin-nidogen complex and heparan sulfate proteoglycans
(HSPGs) bind DLAR via its fibronectin type-111 repeats (FNIII) and immunoglobulin-like
domains (Ig), respectively (O’Grady et al. 1998; Aricescu et al. 2002; Johnson et al., 2006).
We demonstrate that DLAR constructs missing either the FNIII or Ig domains partially rescue
the DLAR mutant phenotype compared with full length DLAR. These data suggest that laminins
and HSPGs function as partially redundant ligands for DLAR during R1-6 target selection.
Consistent with this possibility, the HSPGs Syndecan and Dallylike genetically interact with
DLAR and have complex guidance phenotypes in photoreceptors (Fox and Zinn 2005; Rawson
et al. 2005; Johnson et al. 2006). The intracellular domain of DLAR contains two phosphatase
domains, but only the membrane proximal D1 domain is catalytically active (Pot et al. 1991;
Krueger et al. 2003). The D2 domain can bind to Liprin-a and the cytoskeletal regulators
ena and Abl (Serra-Pages et al. 1995; Debant et al. 1996; Wills et al. 1999). Our data
demonstrate that DLAR phosphatase activity is not required for normal target selection, but
that the D2 domain has a critical function in R1-R6 axons. A similar requirement for the D2
domain but not phosphatase activity was also described for DLAR function in viability, though
the cellular focus of DLAR activity in this context is unknown (Krueger et al. 2003). Our data
argue that DLAR function in R cells is likely to be as a scaffold, linking its extracellular ligands
to the recruitment of proteins like Liprin-a to the membrane. One possibility, then, is that this
association between DLAR and liprin-o. might then serve to recruit pre-synaptic components
that stabilize nascent synaptic contacts, as has previously been suggested for DLAR-liprin-o.
interactions at the neuromuscular junction (Kauffmann et al., 2002). While DLAR may
influence the localization of N-cadherin within the growth cone, we did not observe any gross
changes in N-cadherin localization in DLAR mutant photoreceptors.

N-cadherin, DLAR and Liprin-a work together in a complex genetic pathway

Our analysis of double and triple mutant photoreceptors homozygous for molecular null alleles
in each of these genes, combined with our biochemical studies, shed additional light on how
these proteins promote downstream events in the growth cone. In particular, our results argue
strongly against the possibility that these proteins act in a simple, linear pathway with a single
output (Fig. 5). That is, the strong prediction from such a model would be that single, double
and triple mutant combinations for null alleles would all be quantitatively equivalent, since
eliminating any one component would completely block the pathway. This is not what we
observe when we examine R cell targeting phenotypes in large clones: all double and triple
mutant combinations are more severe that any of the single mutant clones. Furthermore, if
these proteins acted in a linear pathway, we would predict that over-expression of one of these
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proteins could functionally substitute for absence of one of the others. However, we did not
find any evidence that DLAR or N-cadherin could fulfill such a role. These results argue that
while these proteins are physically associated in a complex, each gene has effects on axon
targeting that are at least partially independent of one another. As N-cadherin is required both
pre- and post-synaptically to mediate adhesive contacts between R cell axons and their targets
(Prakash et al., 2005), while DLAR and liprin-a are required strictly pre-synaptically (Choe et
al., 2006), one aspect of DLAR and liprin-o function could be to stabilize these initial adhesive
interactions either directly or indirectly. Moreover, even when all three proteins are eliminated,
R cell axon extension is not completely blocked, arguing that there is at least one additional
pathway that stabilizes pre- and post-synaptic contacts.

N-cadherin and DLAR negatively regulate liprin-a

Loss of function mutations in N-cadherin, DLAR, and liprin-a all display similar targeting
phenotypes in R cell axons, and double and triple mutant combinations display stronger
phenotypes than single mutants. Thus, in a formal genetic sense, all three loci act as positive
regulators of axon extension. However, our genetic interaction studies using heteroallelic
combinations that reduce DLAR and liprin-a activity have uncovered unexpected complexity
in the regulatory relationships between these proteins. In particular, while reducing liprin-a or
N-cadherin activity in a hypomorphic DLAR background causes the expected phenotypic
enhancement, reducing N-cadherin or DLAR activity in hypomorphic liprin-a backgrounds
causes phenotypic suppression. Thus, depending precisely on how the interaction experiment
is conducted, the net genetic interaction between N-cadherin, DLAR and liprin-a can either be
positive, or negative. We propose two alternative models to reconcile these results. One
possibility is that quantitative differences in liprin-a activity are critical to determining the sign
of the interaction. In this view, when liprin-a activity is reduced, N-cadherin and DLAR act
as negative regulators of liprin-a, but when liprin-a activity is either normal, or completely
eliminated, N-cadherin and DLAR act as positive regulators. Inconsistent with this view,
removing one copy of liprin-a, thereby reducing liprin-a activity by half, enhances the lethality
associated with reduced DLAR function, arguing that at least under these conditions of reduced
liprin-a activity, liprin-a and DLAR both act as positive regulators of viability. We therefore
favor an alternate view in which qualitative differences in liprin-a activity cause the complex
genetic interactions we see. In particular, the negative regulatory interactions between these
three genes are only detected when liprin-a hypomorphic mutations are used. These
hypomorphs result from premature nonsense mutations that truncate the Liprin-a protein either
midway through the protein (at amino acid 590 in the case of liprin-at) or immediately before
the C-terminus, at amino acid 1165 (in the case of liprin-a F) (Choe et al., 2006). As neither
of these alleles are phenotypically as severe as the null allele, the remaining protein fragments
encoded by these alleles must be expressed in active forms. We therefore propose that the
presence of the N-terminal fragment of liprin-a that is common to both hypomorphic alleles,
in the absence of the C-terminus, unmasks a novel negative regulatory interaction between N-
cadherin, DLAR and liprin-a.

This proposed function of a liprin-a fragment corresponds to an interesting division in the
protein’s structure. Liprin-a consists of two broad domains, an N-terminal coiled-coiled
domain and three C-terminal sterile-alpha motifs (SAM) that mediate unique interactions with
other molecules (Serra-Pages et al. 1995; Serra-Pages et al. 1998). The coiled-coil domain
mediates homodimerization and binds to the presynaptic active zone components RIM, ELKS
and GIT1 (Schoch et al. 2002; Ko et al. 2003; Ko et al. 2003) and the SAM domain interacts
with LAR (Serra-Pages et al. 1995). Both Liprin-a hypomorphs delete all or part of the SAM
domain, preserving the coiled-coil domain: Liprin-a© is a nonsense mutation that removes the
final SAM motif and Liprin-a? is a nonsense mutation that preserves almost all of the coiled-
coil domain but deletes all three SAM motifs (Choe et al. 2006). These data suggest that the
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ability of N-cadherin and DLAR to inhibit Liprin-a function reflects a direct or indirect
interaction with the coiled-coil domain that can only be seen in the absence of the SAM
domains. Since the SAM domains are required for the association of Liprin-o. and DLAR, we
infer that this inhibition normally occurs only when Liprin-a. is not associated with DLAR, and
that the binding of Liprin-a to DLAR likely serves to relieve this inhibition (Fig. 5). Such a
mechanism would provide a means of regulating liprin-a function, allowing it to be active only
when it associates with DLAR and N-cadherin. Intriguingly, recent work on the worm homolog
of liprin-a has also revealed a prominent role for negative regulatory interactions (Patel and
Shen, 2009). Regardless of the precise model that underlies the genetic interactions amongst
these three loci, these studies highlight the complexity of the underlying molecular mechanisms
by which the formation of stable contacts between pre- and post-synaptic cells is controlled.

MATERIALS AND METHODS

Genetics

Single cell MARCM studies on R1-R6 target selection were performed as described using a
heat-shock inducible FLP recombinase, heat shocking animals for 30 minutes at 37°C during
the third larval stage, labeling R cell axons using the pan-neural promoter elav-Gal4 driving
expression of MCD8GFP (Prakash et al., 2005). In DLAR rescue experiments, this Gal4
element also drove expression of the corresponding DLAR transgene. In studies of N-cadherin
and DLAR expression in the lamina, large contiguous patches of mosaic cells (10-20
ommatidia) were generated by heat shocking earlier during development, during the second
larval stage, for 1 hour at 37°C. Large R cell clones studied using the MARCM method were
generated by replacing the heat shock inducible FLP with one under the control of the eyeless
promoter (eyFLP; Newsome et al., 2000), and by replacing elav-Gal4 with mé-Gal4, which
drives expression strongly in R4, and weakly in R3 and R7 (derived from Cooper and Bray,
1999:; a gift from Paul Garrity; this work). The following alleles were used: N-cadherin 414
(Prakash et al., 2005), DLAR b¥Pass (Krueger et al., 2003), DLAR®MP451 (Clandinin et al.,
2001), DLAR 2127 (Maurel-Zaffran et al., 2001), Liprin-al, Liprin-aF, Liprin-aF (all from Choe
et al., 2006). All DLAR transgenes were from Krueger et al., 2003.

Histology and Imaging

Fly brains were dissected and stained as described (Clandinin et al., 2001). The following
primary antibodies were used: mAB24B10 (anti-chaoptin, 1:50, Developmental Studies
Hybridoma Bank), a Rat monoclonal raised against N-cadherin exon 8 (used at 1:20; Iwai et
al, 1997), and the mouse anti-DLAR antibody 9D8 (1:10, a gift of Kai Zinn). The following
secondary antibodies were also used: anti-rabbit IgG Alexa 488, anti-rat IgG Alexa 543, anti-
mouse 1gG Alexa 594, anti-mouse 1gG Alexa (all from Invitrogen, and used at 1:200). Images
were taken on a Leica TCS SP2 AOBS confocal microscope, using a 40 x 1.25NA oil lens,
deconvolved using Huygens Professional (SV1), and rendered using Imaris (Bitplane). Figures
were assembled in Photoshop (Adobe).

Biochemistry

0-19 h-old dechorionated embryos were used to immunoprecipitate N-cadherin following a
previously described protocol (Oda et al., 1993). N-cadherin was immunoprecipitated on
GammaBind Sepharose beads (GE Lifesciences) with N-Cadherin hybridoma culture
supernatant (DN-In; gift from T. Uemura) used at a ratio of 1:10 or 1:5. Anti-DLAR hybridoma
culture supernatant (108.3C; gift from K. Zinn) was used for immunoblotting. 1ug or 2ug of
purified mouse 1gG antibodies (Jackson Immunochemicals) were used for control
immunoprecipitations. An aliquot of the N-Cadherin immunoprecipitate was immunoblotted
separately with N-Cadherin hybridoma supernatant to ascertain the efficiency of the
immunoprecipitation protocol.
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All UAS-DLAR Drosophila strains used were crossed to Elav-Gal4 virgin females, embryos
were collected and lysed in buffer (50mM Tris pH 7.5, 5% glycerol, 0.2 to 1% NP-40, 1.5mM
MgCl2, 125mM NaCl, 25mM NaF, 1mM Na3V02) supplemented with protease inhibitors
(complete mini tablets, Roche). Embryos were lysed only before use and samples were pre-
cleared with 30ul of Protein G before antibody incubations. Protein G beads were pre-bound
to HA antibody (Covance) over-night at 4°C. Bound beads were then incubated with embryonic
lysate for 2 hours at 4°C. For Myc IP: Myc antibody (Millipore) was used 1:500 to and
incubated overnight at 4°C.. Next, 40ul or protein G (GE lifesciences) was added and samples
were incubated for 2-3 hrs at 4°C. All samples (for HA and Myc IP) were washed 3 times in
lysis buffer containing protease inhibitors (complete mini tablets, Roche) and boiled for 10
minutes in 2.5 x sample buffer containing 50mM DTT and beta-mercapto ethanol. Samples
were then loaded onto either 6% polyacrylamide SDS gels (for identification of full length or
extracellular Dlar) or onto a 7.5% gel (for identification of the cyroplasmic Dlar). Gels were
then transferred onto nitrocellulose, blocked for 1hour in 5% milk in TBS-T and probed
overnight with antibodies directed against Myc (1:1000, Millipore), HA (1:2500, Covance) or
N-Cadherin (1:5 dilution of supernatant, DSHB). The membranes were washed 3x in TBS-T
and incubated with 1:10,000 dilution of goat anti-mouse HRP secondary antibodies (Jackson
labs) in 5% milk in TBS-T (for HA and Myc) or with 1:10,000 dilution of goat anti-rat HRP
(Millipore; for N-Cadherin) blots for 1 hour at RT. Blots were visualized using ECL reagent
(Pierce).
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Figure 1. LAR is required cell autonomously in all R cells for target selection, and its function does
not require phosphatase activity

R4 cells homozygous for a wild-type chromosome (A), or for LAR2127 (B-E), or for the
LARDYPEss gllele (F). In (D), the homozygous cell expresses a wild-type LAR transgene under
UAS control. In (E), the homozygous cell expresses a catalytically inactive LAR transgene,
UAS-LAR CSX2. Marked clones expressed GFP and their projections were imaged in the lamina
(green) at 42% pupal development. Photoreceptor axons form donut shaped cartridges
(magenta). Each panel depicts an R4 axon, and the photoreceptor bundle it originates from
(arrowhead) and its intended cartridge (arrow). Depending on genotype of the clone, the R4
axons extends normally (A, B, D, E), extends aberrantly (C), or does not extend at all (F). Scale
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5 um. (G) Quantification of targeting phenotypes for LAR mutant R cell clones, pooled across
all R cell subtypes. R1-6 extensions in the lamina were categorized as normal (white bars),
aberrant (light grey bars), or not extending (dark grey bars). For each genotype, n denotes the
number of R cell axons scored. UAS-LAR CSX2 encodes a LAR transgene bearing inactivating
C-S mutations in both phosphatase domains; UAS-LAR C1929S encodes a transgene bearing
inactivating C-S mutation in the C terminal phosphatase domain; UAS-LAR 41g1-3 deletes the
first 3 Ig domains; UAS-LAR AFN2-9 deletes 8 of the 9 Fibronectin Type I11 domains.
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Figure 2. N-cadherin, LAR, and Liprin-a display additive genetic interactions in R4 axons
Somatic mosaics of the eye were generated using the eyFLP method. Patches of R cells were
made homozygous for a control chromosome or one carrying the loss of function mutations
N-cadherin414, LAR?127 or Liprin-a E, singly or in combination, in an otherwise heterozygous
(phenotypically wild-type) animal. At 42% pupal development wild-type photoreceptors
(magenta) form regularly arranged donut shaped structures called cartridges (A), but these
structures are disrupted in mutant patches (B—H). Individual R4 axons (green) from wild-type
ommatidia make stereotyped unidirectional projections (A), but in mutant patches axons often
fail to extend or project to the wrong target (B—H). Scale 10 um. (I) Quantification of R4 axon
targeting in N-cadherin?14, LAR?127, or Liprin-a single, double, or triple mutant somatic
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mosaic clones. R4 projections were scored as normal (white), abnormal (gray), or failing to
extend (black). n denotes the number of R4 axons scored.
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Figure 3. Localization of N-cadherin or LAR in photoreceptor growth cones does not depend on
other proteins involved in this step of targeting

Somatic mosaic patches of photoreceptors in the eye were generated using the MARCM
method. These mutant photoreceptors express GFP (white) and their processes can be
visualized in the lamina. Approximate clone boundaries are marked by hashed lines in I-L.
Occasionally, lamina unipolar neurons are also mosaic (*). At 28% pupal development R1-6
axons are beginning to extend towards their targets in the lamina and express N-cadherin (red)
and LAR (green). Cells are made homozygous for wild-type (A, E, 1), N-cadherin®14 (B, F, J),
LAR?127 (C, G, K), or Liprin-aF (D, H, L).
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Figure 4. N-cadherin and DLAR are physically associated in vivo

(A) Immunoprecipitation of DLAR with N-Cadherin. (A) N-Cadherin was
immunoprecipitated from late stage embryonic extracts (Ncad), and the precipitate probed with
antisera raised against DLAR or (B) N-Cadherin. (C) Embryonic extracts expressing either the
entire cytoplasmic region (left panel) or the PTP domains of the Dlar receptor (right panel)
associate with N-Cadherin. Myc was immunoprecipitated from lysates and probed for either
Myc to identify Dlar (top panels) or for N-Cadherin (bottom panels). (D) The extracellular
domain of Dlar is not sufficient to pull down N-Cadherin. Embryonic extracts expressing either
full length HA tagged Dlar (left panel), an untagged full length Dlar (P4B) or a Myc tagged
extracellular domain of the receptor were examined (right panel). The HA tagged full length
receptor undergoes cleavage and after immuno-precipitating the receptor with HA antibody,
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two major bands are present, the first (1), being full length Dlar and the second (2) major band
appearing to be the extracellular portion of Dlar, as identified by comparison to Myc tagged
extracellular Dlar alone (3) (right panel). None of the three Dlar constructs tested were able to
pull down N-Cadherin (middle panels). Bottom panels show that embryos expressing full
length or extracellular Dlar express endogenous N-Cadherin.
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Figure 5. Schematic illustration of the genetic and physical interactions between N-cadherin, DLAR
and liprin-a

N-cadherin (green) is required both pre- and post-synaptically for R cell axons to make
appropriate connections (Prakash et al., 2005), while DLAR and liprin-o are required strictly
pre-synaptically (Choe et al., 2006). As N-cadherin, liprin-o. and DLAR display additive
interactions in double and triple mutant combinations, all three genes must have independent,
positive effects on contact stabilization (black arrows). However, since reducing N-cadherin
and DLAR activity can suppress the lethality associated with liprin-a hypomorphs, these two
genes must also inhibit liprin-o (red arrow). We hypothesize that this inhibition is relieved by
binding of the liprin-a SAM domain to DLAR. Finally, since even R cell axons homozygous
for null alleles of all three genes still occasionally form contact with their targets, we infer a
fourth adhesive factor, X (gray) that can act in parallel to stabilize R cell-target interactions.
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Table 1
Genetic interactions between N-cadherin, LAR and Liprin-« in adult lethality

Flies heterozygous for a null allele of LAR or Liprin-o were crossed to flies heterozygous for hypomorphic alleles
of the same gene. In the F1 generation the percentage of flies heteroallelic for null and hypomorphic alleles of

LAR or Liprin-a were scored. Heteroallelic progeny were of the genotypes LAR43Y/LAR2127  Liprin-aF/Liprin-
aF, and Liprin-al/Liprin-aF. To test for genetic interactions, these crosses were repeated with one parent also
heterozygous for null alleles of Ncad414, LAR?127  or Liprin-aF.

Heteroallelic genotype in F1 % of F1 progeny with genotype Number of F1 progeny scored
LAR®YLARZZ 8.9% 1023
LARSYLAR?? Liprin-of/+ 0.9% 1657
LAR®YLAR?? Ncad*4/+ 0.9% 1424
Liprin-a"/Liprin-of 6.7% 670
Liprin-a"/Liprin-of, LAR??7/+ 22.8% 1555
Liprin-a™/Liprin-a& Ncad®4/+ 25.2% 1255
Liprin-al/Liprin-oE 3.3% 520
Liprin-a1/Liprin-oE, LAR??/+ 13.9% 1286
Liprin-a1/Liprin-oE, Ncad*/+ 17.4% 772
Liprin-a/Ncad®!*, LAR?'?7/+ 35.8% 839
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