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UNC-16 (JIP3) Acts Through Synapse-Assembly
Proteins to Inhibit the Active Transport of Cell Soma

Organelles to Caenorhabditis elegans Motor
Neuron Axons
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ABSTRACT The conserved protein UNC-16 (JIP3) inhibits the active transport of some cell soma organelles, such as lysosomes, early
endosomes, and Golgi, to the synaptic region of axons. However, little is known about UNC-16’s organelle transport regulatory
function, which is distinct from its Kinesin-1 adaptor function. We used an unc-16 suppressor screen in Caenorhabditis elegans to
discover that UNC-16 acts through CDK-5 (Cdk5) and two conserved synapse assembly proteins: SAD-1 (SAD-A Kinase), and SYD-2
(Liprin-a). Genetic analysis of all combinations of double and triple mutants in unc-16(+) and unc-16(2) backgrounds showed that the
three proteins (CDK-5, SAD-1, and SYD-2) are all part of the same organelle transport regulatory system, which we named the CSS
system based on its founder proteins. Further genetic analysis revealed roles for SYD-1 (another synapse assembly protein) and STRADa
(a SAD-1-interacting protein) in the CSS system. In an unc-16(2) background, loss of the CSS system improved the sluggish locomotion
of unc-16mutants, inhibited axonal lysosome accumulation, and led to the dynein-dependent accumulation of lysosomes in dendrites.
Time-lapse imaging of lysosomes in CSS system mutants in unc-16(+) and unc-16(2) backgrounds revealed active transport defects
consistent with the steady-state distributions of lysosomes. UNC-16 also uses the CSS system to regulate the distribution of early
endosomes in neurons and, to a lesser extent, Golgi. The data reveal a new and unprecedented role for synapse assembly proteins,
acting as part of the newly defined CSS system, in mediating UNC-16’s organelle transport regulatory function.
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NEURONS have a unique architecture consisting of a cell
soma, one or more dendrites that receive information,

and a single axon, which can be a single process or intricately
branched. Part of the axon is specialized to form synapses,
which integrate and transmit information to other neurons
or muscle cells via synaptic vesicles and dense core vesicles.
This unique architecture and cell biology places extraordi-
nary demands on the membrane-trafficking and transport
machinery. In addition to transporting synaptic vesicles
and dense core vesicles long distances into axons, motor
neurons must also restrict, or even prevent, the flow of some

organelles, including Golgi, lysosomes, and endosomes, into
the synaptic region of their axons, which, under normal
conditions, are relatively devoid of these organelles com-
pared to cell somas. However, there may be special condi-
tions, such as the need for axon repair or growth, where
neurons require cell soma organelles in their axons, so the
regulatory system for organelle transport must include com-
ponents that inhibit, as well as promote, axonal transport.
The association of mutations in the axonal transport machin-
ery with neurodegenerative disorders in mice and humans
underscores the importance of a properly functioning trans-
port system for the long-term viability of neurons (Holzbaur
2004; El-Kadi et al. 2007; De Vos et al. 2008; Millecamps
and Julien 2013; Maday et al. 2014).

The neuron’s axonal transport system consists of a system
of microtubule tracks and motor proteins that carry cargos
along the tracks, as well as proteins that regulate the system.
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Microtubules have an intrinsic plus- and minus-end polarity,
and axonal microtubules are oriented with their plus-ends
pointing outward toward the synaptic region (Burton and
Paige 1981; Heidemann et al. 1981; Baas and Lin 2011).
Plus-end-directed motors from the large family of kinesins
carry synaptic vesicles and organelles outward, while
the minus-end-directed motor dynein moves them in the
opposite direction (Vale 2003; Holzbaur 2004; Hirokawa
et al. 2009, 2010). The transport of synaptic vesicles, dense
core vesicles, and at least some organelles is bidirectional
(Kumar et al. 2010; Ou et al. 2010; Wong et al. 2012;
Edwards et al. 2013; Hoover et al. 2014), suggesting that
regulated directional biases determine their steady-state
distributions.

Based on its strong interactions with Kinesin-1 in multiple
invertebrate and vertebrate species, and its biochemical
ability to enhance Kinesin-1 motility, several studies have
concluded that UNC-16 (JIP3) functions mainly as an adap-
tor that connects Kinesin-1 to specific cargos to promote
plus-end-directed transport into axons (Bowman et al.
2000; Cavalli et al. 2005; Sun et al. 2011). Indeed, there
is genetic evidence in mice that JIP3 can function as an
adaptor that promotes the Kinesin-1-mediated transport of
TrkB receptors as well as one or more unidentified cargos
relevant to axon elongation and neuronal degeneration
(Huang et al. 2011; Sun et al. 2013; Sato et al. 2015; Watt
et al. 2015).

However, in multiple species, both invertebrates and
vertebrates, a major neuronal phenotype of mutants lacking
UNC-16 (JIP3) is the massive accumulation of cell soma
organelles in axons (Bowman et al. 2000; Brown et al.
2009; Drerup and Nechiporuk 2013; Edwards et al. 2013),
which is also accompanied by the mislocalization of synaptic
vesicle proteins (Byrd et al. 2001). There is no evidence
that this anti-accumulation function of UNC-16 involves
a Kinesin-1 adaptor function or the stimulation of Kinesin-1
activity. Indeed, the massive accumulation of organelles at
microtubule plus ends in mutants lacking UNC-16 (JIP3)
shows that this function of UNC-16 normally inhibits, rather
than promotes, the plus-end-directed transport of those
organelles, which include lysosomes, early endosomes, and
Golgi (Edwards et al. 2013).

An attempt to explain the massive organelle accumula-
tion in UNC-16 (JIP3) mutant axons in terms of a defective
UNC-16–Kinesin-1 adaptor function led to the stalled trans-
port model (Bowman et al. 2000). This model was based on
the fact that fly Sunday Driver (JIP3) mutants die as larvae
and thus must be derived from heterozygous mothers. The
model posited that a small amount of wild-type JIP3 from
the maternal contribution of messenger RNA allows organ-
elles to enter axons, but that transport stalls as the maternal
JIP3 supply is depleted (Bowman et al. 2000). However, this
hypothesis was never tested until Caenorhabditis elegans
studies proved it likely to be wrong by demonstrating that
the axonal organelle accumulation also occurs in unc-16
homozygous mutants derived from homozygous parents

(Brown et al. 2009; Edwards et al. 2013). Furthermore,
the organelle accumulation in unc-16 mutants occurs in the
absence of Kinesin-1 (Brown et al. 2009; Edwards et al.
2013). A zebrafish study showed that this organelle transport
regulatory function of UNC-16 is conserved in both verte-
brates and invertebrates (Drerup and Nechiporuk 2013).

Little is known about this regulatory function of UNC-16.
In this study, we used an unbiased forward genetic screen in
C. elegans to discover a previously unknown system through
which UNC-16 acts to inhibit the active transport of organ-
elles to axons. The proteins in this system had not previously
been implicated in the active transport of cell soma organ-
elles in neurons. Instead, previous studies have suggested
that they have highly specialized roles in synapse assembly/
and stability. In an analysis of this new system, we combined
the genetic strengths of C. elegans with quantitative imaging
techniques and time-lapse imaging of lysosomes in motor
neurons of living animals. The data revealed that UNC-16’s
organelle transport regulatory function is unexpectedly
mediated by synapse assembly proteins acting as part of
a newly defined organelle transport regulatory system: the
CSS system. In an accompanying article in this issue, we
show that several CSS system proteins also regulate synaptic
vesicle transport, further underscoring the counterintuitive
dual roles of some synapse assembly proteins in regulating
active transport and synapse assembly/stability (Edwards
et al. 2015).

Materials and Methods

Worm culture and strains

Worm culture and manipulation essentially followed pre-
viously described methods (Brenner 1974; Sulston and
Hodgkin 1988; Stiernagle 2006). Briefly, culture media
was Nematode Growth Medium Light Only Back-peptone
(NGM-LOB; Hoover et al. 2014). Prior studies defined the
culture plate types “spread plates,” “streak plates,” and
“locomotion plates” (Miller et al. 1999; Edwards et al.
2008). We produced “24-well plates” by dispensing 2.3 ml
NGM-LOB media into wells of 24-well untreated tissue cul-
ture plates (Corning 3524), seeding each well 2 days later
with 6 ml of OP-50 culture, immediately drying the plates
with their lids off for 1 hr 15 min in a 37� room, and keeping
the plates at room temperature lid side up for an additional
5 days before wrapping them in plastic wrap in sets of six
and storing at 4�. To produce 96-well solid media culture
plates, we prepared NGM-LOB media supplemented with
three times the normal amount of peptone and 1 g/liter of
yeast extract. We used a WellMate Microplate Dispenser
(Matrix) to dispense 375 ml of media to each well using
standard bore tubing. Water for prewarming and priming
the input lines and the molten media were kept in a 73�
water bath while dispensing to prevent solidification. After
solidification of the wells, we used the WellMate to dispense
10 ml of OP-50 bacteria culture to each well with small-bore
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tubing. We then dried the plates with their lids off for 1 hr
15 min in a 37� room before putting their lids back on,
repacking and sealing them in their original packaging,
and incubating them at 37� for 64 hr. At the end of this time,
we unpackaged the plates, removed the condensation from
each lid using a Kimwipe, repackaged them, and stored
them at 4� for up to 1 month before use. Supporting
Information, File S1 lists the genotypes and molecular
lesions of all strains used in this study.

unc-16 forward genetic suppressor screen

We mutagenized 9000 L4’s of the strain KG3035 ceIs134
(unc-17::CTNS-1-RFP, unc-17::GFP) with 27.6 mM EMS in
M9 supplemented with OP-50 bacteria for 4 hr at 20�. After
growing this P0 generation for 72 hr at 14� on four spread
plates, we bleach-treated the cultures to release the F1 gen-
eration eggs, dispensed the eggs to a single locomotion
plate, and allowed them to hatch overnight at 23�. F1 hatch-
lings were collected and counted, and 3000 were plated on
each of 16 spread plates and grown for 24 hr at 14� + 54 hr
at 23� to produce gravid F1 adults. We then bleach-treated
the F1 adults to release the F2 generation eggs, dispensed
the eggs onto three unseeded NGM-LOB plates, and then
allowed them to hatch overnight at 20�. F2 hatchlings were
collected in M9 buffer and counted, and 5000 were plated
on each of 18 spread plates. Half of these plates were grown
for 48 hr at 20� and half were grown for 48 hr at 14�+ 24 hr
at 20� so that screening could be done on 2 successive days.
These growth times produced mid-L4 stage synchronous F2
grandprogeny. For each half day of screening, we harvested
animals from three of these plates by adding 5 ml of sterile
PBS per plate and transferring the suspension to 8 ml of
sterile PBS, stirring slowly in a 50-ml beaker. We counted
12, 50-ml aliquots of this suspension, obtained an average
concentration, and adjusted the concentration to 24 worms
per 50 ml. At 20-min intervals, we pipetted 50 ml (�24
worms) from the stirring suspension into each of the 12
center wells of a 96-well Mat-Tek glass-bottom plate (Mat-
Tek, Ashland, MA; P96G-1.5-F-F) that had been preloaded
with 50 ml of 300 mM Levamisole per well. We began
screening 10 min after loading the first well and screened
the animals in the 12 wells over the next 20 min using
a 0.75-numerical aperture, 320 dry objective on a Nikon
TE-2000E inverted microscope with a Universal stage con-
taining an inset for 96-well plates. In each half day of
screening, over 2 successive days per week, we screened
nine such rows of 12 wells. We screened animals in each
well for decreased CTNS-1-RFP fluorescent puncta in the
dorsal cord. At the end of each 20 min screening session,
after noting the wells containing mutants, we pipetted the
contents of each mutant-bearing well onto a predried streak
plate using a Pasteur pipette; rinsed the well with 100 ml of
M9; and then, immediately after the liquid dried in, clonally
distributed up to 24 animals to a 96-well solid-media culture
plate containing a thick layer of OP-50 bacteria (see Worm
culture and strains). Depending on the relative size of the

mutant animal, we often did not plate animals that were
outside the relative size range observed for the mutant. After
4 d at 20�, we used a sterile toothpick to pick approximately
six L4 larvae from each well into Mat-Tek wells containing
150 mM Levamisole. After rescreening on the inverted
microscope, we noted wells with 100% mutant phenotype
and used the corresponding well on the 96-well plate to score
behavioral and other phenotypes and to set up stocks. We
screened 24,192 F2 animals for a calculated 3.5-fold genomic
coverage, taking into account an experimentally determined
23% loss of animals during recovery of the mutant.

Complementation tests and mapping of new mutations

For complementation tests we crossed unc-16(ce483);
ceIs134 males to mut-1; unc-16(ce483); ceIs134 hermaphro-
dites (where mut-1 is the unknown mutation). After 3 d at
23� we tested for X-linkage by scoring L4 males from the
cross for the CTNS-1-RFP phenotype in Mat-Tek wells on the
inverted microscope. After allowing cross-progeny to grow
an additional day at 20�, we crossed mut-1/+; ce483;
ceIs134 males to mut-2; unc-16(ce483); dpy-11(e224)
ceIs134 (using dpy-11 as a marker for self-progeny), where
mut-2 was ce749. After 3 days at 23�, we determined
whether the two mutations complemented or noncomple-
mented by scoring L4 hermaphrodite progeny from this
cross in Mat-Tek wells on the inverted scope for the CTNS-
1-RFP suppressor phenotype. By this method we determined
that ce748, ce749, ce755, and ce757 are allelic, that ce759 is
an allele of a different X-linked gene, and that ce752 is an
allele of a different autosomal gene. To map selected muta-
tions, we crossed the ceIs134 transgene into the CB4856
mapping strain 12 times and then used ceIs134 [CB4856]
males to cross the CB4856 polymorphisms through a mut-1;
ce483; ceIs134 strain (where mut-1 is the unknown muta-
tion). We cloned 20 non-Unc-16 L4 hermaphrodites from
this cross and, after 4 days at 23�, cloned 96 Unc-16 or
Mut-1; Unc-16 animals from the next generation to 24-well
plates. After 3 days at 23�, we then scored the L4-stage
progeny of these animals in Mat-Tek wells on the inverted
microscope for the CTNS-1-RFP phenotype to identify the
24-well plate addresses containing homozygous mut-1 ani-
mals that had been crossed through the CB4856 mapping
strain. We then used such lines to map the mutation relative
to single nucleotide polymorphisms (SNPs) as previously
described (Schade et al. 2005). By this method we mapped
ce749 and ce753 to the same subregion of X and ce759 to
a different subregion of X, and we also determined that
ce752 is loosely linked to unc-16 on chromosome III.

Whole-genome sequencing and identification of
new mutations

To produce genomic DNA for whole-genome sequencing, we
plated �25 larvae onto each of two spread plates and grew
them to starvation (8 days at 23�). We harvested larvae by
adding 4 ml TEEN (24 g Tris base, 37 g EDTA, 23 g NaCl/
liter; pH 7.5 with 1 N HCl) per plate and collecting them by
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centrifugation for 2 min at 1500 3 g into a 15-ml conical
tube. We then removed the supernatant by vacuum suction,
washed twice with 12 ml of TEEN, spinning as above after
each wash, and resuspended the final worm pellet in�200 ml
of TEEN in a 1.5-ml snap-cap tube. After centrifuging for 30
sec at 14,000 3 g, we removed the supernatant, froze the
tubes in liquid nitrogen, and thawed them at room temp for
1.5 min followed by incubation in a 65� temperature block
for 1 min. We then followed the manufacturer’s instructions
for DNEasy preps (Qiagen) to purify genomic DNA from the
samples. To produce libraries for whole-genome sequencing,
we quantified the DNA concentrations using the Qubit fluo-
rimeter (Invitrogen) and the Qubit dsDNA BR Assay Kit
(Invitrogen), sheared the DNAs to �350 bp by transferring
1080 ng of each DNA in 60 ml of water to Covaris Micro-
tubes using two 25-sec cycles in a Covaris S2 at 4�, and then
followed the manufacturer’s instructions for the NEBNext
Ultra DNA Library Prep Kit for Illumina (NEB E7370S) and
NEBNext Multiplex Oligos for Illumina (Index Primers set 1
and set 2; E7335S and E7500S). We analyzed the average
size and concentration of the fragments in each library using
the Agilent 2200 Tape Station and adjusted the concentra-
tion of each library to equal that of the lowest concentration
library. We then combined 5 ml of each library in a 250-ml
screw-cap tube and submitted the combined samples for
sequencing using the Rapid Run PE100 protocol on a single
flow cell on a HiSequation 2500 (Illumina). We analyzed
the sequences using “Whole Genomes,” which is a set of
web-based applications produced by Bob Barstead for ana-
lyzing whole-genome sequences. For sequence alignment to
C. elegans sequences, we used the analysis pipeline “BWA/
GATK C. elegans WS220 SNP/Indels single RG dups
allowed.”.= We then used the resulting alignment file (in
VCF format) to produce annotated lists of mutations by us-
ing the “Annotate Points” feature of Whole Genomes. We
used the “Comparison” feature to subtract-out mutations
that were common to another mutant isolated in the same
genetic screen and “Filters” to specify homozygosity of
mutations, high-quality “PASS” sequences, and nonsilent
GC-to-AT mutations (as are produced by the EMS mutagen)
and to restrict the analysis to the specific intervals of the
genome where we mapped the mutations.

Plasmids

File S1 lists all of the plasmids used in this study along with
sources and/or construction details. In all constructs involv-
ing the cloning of PCR fragments, we sequenced the inserts
and used clones containing no mutations in the fragment of
interest to make the final stock.

Production of transgenes and genomic insertions

We prepared plasmids for microinjection using the Qiagen
Tip-20 system according to the manufacturer’s instructions,
except that we added a 0.1 M potassium acetate/2 vol eth-
anol precipitation step after resuspending the isopropanol-
precipitated pellet. We produced transgenic strains bearing

extrachromosomal arrays by the method of Mello et al.
(1991). For the cdk-5 rescue experiment, the host was
KG2430 ceIs56, and we crossed the ceEx450 transgene into
unc-16(ce483); ceIs56. For the sad-1 and syd-2 rescue experi-
ments, the hosts were KG4498 unc-16(ce483); sad-1(ce749)
ceIs56 and KG4563 unc-16(ce483); syd-2(ok217) ceIs56, re-
spectively. For all other injection experiments, N2 was the
host. We used pBluescript carrier DNA to bring the final
concentration of DNA in each injection mixture to 175 ng/ml
and integrated the transgenes into the genome using
9100 Rads of gamma rays as described (Reynolds et al.
2005). File S1 lists all the transgenes in this study, their
DNA contents, and the injection concentration of each
DNA. We mapped the insertion sites of ceIs259 and ceIs267
by crossing the integrant through CB4856, re-isolating and
cloning homozygous animals in the F2 generation, and using
the resulting mapping lines to map the integration sites rel-
ative to SNPs as described (Schade et al. 2005).

Strain constructions

We outcrossed the strains bearing the ce749, ce753, ce759,
and ok217 mutations two, two, two, and three times, re-
spectively, before using them for the experiments in this
article. File S1 includes a table of all the mutations used
in this study and the methods we used to genotype/confirm
homozygosity of each mutation during strain constructions.
To cross an integrated transgene into a mutant background,
we typically crossed a male integrant strain made by the
heat-shock method (Sulston and Hodgkin 1988) to the mu-
tant, although in some cases we used integrant/+ heterozy-
gous males. After incubating 3 days at 20�, we cloned five
L4-stage cross-progeny carrying the fluorescently marked
transgene. After 4 days at 23�, we cloned 12 bright fluores-
cent (putatively homozygous for the transgene) mutant
adult hermaphrodites and grew them for 4 days at 23� be-
fore choosing one homozygous mutant line (genotyped/con-
firmed as indicated in File S1) that was also homozygous for
the transgene to make the stock. To construct strains carry-
ing two mutations plus a transgene, we typically first
crossed the insertion into each single mutant and then used
homo- or hemizygous integrant males for the first cross to
mutant A, allowing the entire construction to be done in
a background that is homozygous for the insertion. We con-
structed these strains, as well as the double mutants used for
the locomotion assays (the latter lacking transgenes), using
the standard method of crossing heterozygous males of mu-
tant A with homozygous hermaphrodites of mutant B and
cloning virgin F1 cross-progeny. From plates segregating mu-
tant A in their F2 progeny, we cloned mutant A and/or mu-
tant B animals and looked for segregation of the double
mutant in the next generation using behavioral pheno-
types (for doubles involving unc-16, syd-1, and/or syd-2)
or genotyping as indicated in File S1. After making a strain
composed of two or more mutations, we confirmed the
homozygosity of each mutation using the methods described
in the mutations table in File S1.
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Quantitative fluorescence imaging and image analysis
of organelle marker distributions

File S1 provides the detailed procedures that we used for
quantitative fluorescence imaging and image analysis, in-
cluding growth and mounting of strains, image acquisition,
processing images, quantifying images, and producing rep-
resentative images.

Time-lapse video microscopy of organelle movements in
live animals

File S1 provides the detailed procedures that we used for
time-lapse imaging, including growth and mounting of
strains, image acquisition, processing time-lapse images,
quantifying movements from kymographs, pause analysis,
and producing time-lapse movies.

Locomotion rate assays

Previous studies described the basal locomotion rate assays
(Miller et al. 1999; Reynolds et al. 2005). We kept the tem-
perature at the assay location at 22�–23.5�.

Statistical analysis

We performed all statistical comparisons using the unpaired
t-test, Welch-corrected (for comparisons between two se-
lected groups), or ANOVA followed by the Tukey–Kramer
post-test (for comparisons involving three or more groups)
or Fisher’s exact test (as indicated) using Graphpad Instat 3
(Graphpad Software). The P-value cutoff for statistical sig-
nificance was #0.05.

Data availability

Strains and reagents are available upon request. File S1
contains Supplemental Materials and Methods and a de-
tailed description of all of the strains, plasmids, and trans-
genes produced in this study.

Results

A forward genetic screen reveals a role for CDK-5, SAD-
1, and SYD-2 in promoting the axonal accumulation of
lysosomes in unc-16 mutants

To identify proteins that contribute to the axonal accumu-
lation of organelles in unc-16 mutants, we screened the
grandprogeny of EMS-mutagenized unc-16 mutants for sup-
pressor mutants in which lysosomes in the dorsal axons were
reduced or absent. To mark lysosomes, we used a genomically
integrated transgene that expresses CTNS-1-RFP in C. elegans
cholinergic motor neurons. Prior studies confirmed that this
marker, which encodes a lysosome cysteine transporter (Kalat-
zis et al. 2001), specifically localizes to lysosomes in C. elegans
(Mangahas et al. 2008; Edwards et al. 2013). The transgene
also expresses soluble GFP in the same neurons to monitor
expression effects (Figure 1A). A screen of �24,200 F2 animals
(�3.5-fold genomic coverage) netted seven mutants with few
or no detectable lysosomes in their dorsal axons and normal
GFP levels. Complementation tests and mapping revealed that

the seven mutations represent five alleles of one gene and
single alleles of two other genes. Sequencing the genomes of
these mutants and analyzing the mutations in the mapped
intervals revealed that the group with five alleles had single
mutations in sad-1 (three with premature stop codon muta-
tions and two with missense mutations), while the other two
mutants had premature stop codons in syd-2 and cdk-5, sug-
gesting that the suppressor phenotypes of these mutants are all
associated with loss of function. The three genes encode pro-
teins known as SAD-1 (SAD-A Kinase), SYD-2 (Liprin-a), and
CDK-5 (Cyclin-dependent Kinase 5) (Figure 1, B and C).

CDK-5, SAD-1, and SYD-2 act together to promote
axonal lysosome accumulation in an unc-16 null mutant

To quantify the extent to which eliminating the function of
each of these proteins affects the distribution of CTNS-1-RFP
lysosomes in neurons in unc-16(+) and unc-16(2) back-
grounds, we crossed putative null mutations of each gene
into an integrated transgene background that expresses
CTNS-1-RFP in a subset of nine cholinergic motor neurons
in which the axons, cell somas, and dendrites of each motor
neuron are segregated and thus easily identifiable (Figure
2A). For these experiments, we used the independently iso-
lated deletion alleles cdk-5(gm336) and syd-2(ok217) along
with the sad-1(ce749) premature stop codon allele, and we
quantified both the number of puncta per micrometer
exceeding a predefined threshold (lysosome punctal density)
and the total fluorescence per micrometer of axon length
(CTNS-1-RFP fluorescence/mm). The total fluorescence/mm
parameter includes both lysosome puncta and nonpunctal
CTNS-1-RFP fluorescence.

In an unc-16(+) background, wild-type and all three sin-
gle mutants had lysosome punctal densities of zero. Wild
type’s CTNS-1-RFP fluorescence/mm was �12% of the unc-16
null mutant, and neither the cdk-5 nor the sad-1 single mutant
was significantly different from the wild type. The syd-2mutant
was slightly, but significantly, lower at �6% of the unc-16 mu-
tant (Figure 2B).

In an unc-16(2) background, the lysosomal punctal den-
sity was strongly reduced in the unc-16 cdk-5, unc-16; sad-1,
and unc-16; syd-2 doubles relative to unc-16 single mutants,
thus confirming the suppression phenotype that we detected
in the genetic screen. The strongest reduction occurred in
the unc-16 cdk-5 double (�3% of unc-16), whereas sad-1
and syd-2 doubles showed reductions to 12 and 26% of
unc-16, respectively. All three doubles showed similar but
smaller reductions in fluorescence/mm (to �50% of wild
type; Figure 2C). Independently isolated alleles of sad-1
and syd-2 showed quantitatively similar reductions in lyso-
some punctal density and fluorescence (data not shown). In
addition, expressing cdk-5, sad-1, or syd-2 transgenically in
the same neurons significantly rescued the suppression phe-
notype in unc-16 cdk-5, unc-16; sad-1, and unc-16; syd-2
double mutant axons, demonstrating that all three proteins
function in the motor neurons that express the unc-16 sup-
pression phenotype (Figure S1B).
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To determine whether the cdk-5, sad-1, and syd-2 muta-
tions disrupt the same or different systems regulating axonal
lysosome content, we analyzed all possible combinations of
the mutants in unc-16(+) and unc-16(2) backgrounds and
compared their axonal lysosome density and fluorescence/mm
parameters to the component single mutants. In an unc-
16(+) background, none of the mutant combinations dif-
fered significantly from the component mutants from which
they were constructed for either parameter (i.e., they all
showed zero puncta and had low fluorescence levels similar
to wild type; Figure 2B). In an unc-16(2) background, none
of the mutant combinations, including the unc-16 cdk-5;
sad-1 syd-2 quadruple mutant, showed a significant differ-
ence in lysosomal punctal density relative to the lowest level
of any individual component mutant. However, for the
fluorescence/mm parameter, the unc-16 cdk-5; sad-1 triple
mutant and the unc-16 cdk-5; sad-1 syd-2 quadruple mutant
showed significant reductions when compared to the unc-16;
sad-1 double mutant, and the unc-16 cdk-5; syd-2 triple

mutant showed a significant reduction when compared to
unc-16; syd-2. However, these reductions were relatively
minor, decreasing from 50% of the unc-16 single mutant
to 39, 31, and 31%, respectively, and none of the other
mutant combinations showed a significant difference when
compared to the lowest level of the component mutants
(Figure 2C).

In summary, although these results show that the three
proteins do not have equally important roles (CDK-5 appar-
ently having the strongest role, at least for lysosomal punc-
tal density), they do suggest that CDK-5, SAD-1, and SYD-2
largely act together and cell-autonomously as part of a sys-
tem that promotes axonal lysosome accumulation in the
absence of UNC-16. In addition, because elimination of
CDK-5, SAD-1, or SYD-2 strongly suppresses axonal lyso-
some accumulation in unc-16 mutants, the data are con-
sistent with UNC-16 directly or indirectly inhibiting the
CDK-5/SAD-1/SYD-2 system from promoting axonal accu-
mulation of lysosomes.

Figure 1 Forward genetic screen for mutations
that suppress axonal lysosome accumulation in
unc-16 mutants. (A) Drawings illustrate the for-
ward genetic screen for unc-16 suppressor
mutants. The screen used EMS to mutagenize an
unc-16 null mutant carrying the integrated trans-
gene ceIs134, which uses the unc-17b promoter to
co-express CTNS-1-RFP (to mark lysosomes) and
GFP (as an expression control) in the ventral cord
cholinergic motor neurons. We screened the F2
grandprogeny of mutagenized animals on 96-well
glass-bottom Mat-Tek plates using an inverted mi-
croscope and selected animals with few or no lyso-
somes in their dorsal axons and normal GFP
expression. (B) Summary of mutations identified
in the unc-16 suppressor screen. “Conserved”
means that the amino acid is conserved in the hu-
man ortholog of SAD-1, known as SAD-A/B or
BRSK2. ce753 and ce755 are weaker suppressors
of unc-16 than the sad-1 nonsense mutants, and
they contain some lysosomes in their dorsal axons.
(C) Representative images of wild-type, the unc-16
mutant, and a double mutant carrying the unc-16
null mutation in combination with one of the sup-
pressor mutations. Lysosomes (red puncta) are inside
GFP-labeled cholinergic motor neurons (green).
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CDK-5, SAD-1, and SYD-2 act together to inhibit dendritic
lysosome accumulation in an unc-16 null mutant

We next investigated how the same mutations affect the
lysosome content of dendrites. In an unc-16(+) background,
wild type had a relatively low lysosomal punctal density in
its dendrites, averaging �1 puncta every 52 mm in the re-
gion bounding the DA6/DB6 motor neurons. Dendritic lyso-
somal puncta density and fluorescence/mm for sad-1 and
syd-2 single mutants were not significantly different from
wild type; however, the levels of puncta and fluorescence
in cdk-5 single mutants were significantly higher (approxi-
mately two-fold), demonstrating that CDK-5 has a role in
regulating dendritic lysosome content even in the presence
of wild-type UNC-16 (Figure 3, A and B).

Similar to cdk-5 single mutants, unc-16 mutants had den-
dritic levels of lysosomal puncta and fluorescence that were
�2-fold higher than wild type. However, the unc-16 cdk-5

double showed a nonadditive synthetic effect in which den-
dritic puncta and fluorescence levels increased to �10-fold
higher than wild type. Furthermore, even though sad-1 and
syd-2 single mutants had wild-type levels of lysosomes in
their dendrites, their doubles with unc-16 had levels that
were 6–10-fold higher than wild type (Figure 3C). Indepen-
dently isolated alleles of sad-1 and syd-2 in doubles with
unc-16 showed quantitatively similar dendritic accumula-
tions of lysosomes (data not shown). In addition, expressing
cdk-5, sad-1, or syd-2 transgenically in the same neurons
significantly rescued the suppression phenotype in unc-16
cdk-5, unc-16; sad-1, and unc-16; syd-2 double mutant den-
drites, demonstrating that all three proteins function in the
motor neurons that express the unc-16 suppression pheno-
type (Figure S1C).

To determine whether the cdk-5, sad-1, and syd-2 muta-
tions disrupt the same or different systems for regulating

Figure 2 CDK-5, SAD-1, and SYD-2 act
together to promote axonal lysosome ac-
cumulation in an unc-16 null mutant. (A)
Drawing illustrates the location and anat-
omy of the cholinergic motor neurons im-
aged in this figure. Dashed box outlines
the region imaged. (B and C) Representa-
tive, identically scaled images and quanti-
fication of CTNS-1-RFP lysosomal puncta
and total fluorescence per micrometer of
the indicated genotypes in an unc-16(+)
background (B) or an unc-16(2) back-
ground (C). CTNS-1-RFP is expressed from
the integrated transgene ceIs56. Data are
means and SEMs from 13–14 animals.
Asterisks indicate values significantly differ-
ent from wild type (B) or unc-16 (C): *P ,
0.05; **P , 0.01; ***P , 0.0001. For ly-
sosome punctal density in an unc-16(2)
background, none of the CCS mutant
combinations differed significantly from
the component single mutants. However,
for the fluorescence/mm parameter, the
unc-16 cdk-5; sad-1 triple mutant and
the unc-16 cdk-5; sad-1 syd-2 quadruple
mutant showed small but significant
reductions when compared to the unc-16;
sad-1 double mutant (P = 0.02 and
,0.0001), and the unc-16 cdk-5; syd-2 tri-
ple mutant showed a small but significant
reduction when compared to unc-16; syd-
2 (P = 0.03).
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dendritic lysosome content, we analyzed all possible combina-
tions of the mutants in unc-16(+) and unc-16(2) backgrounds
and compared their dendritic puncta and fluorescence levels
to the component single mutants. None of the mutant com-
binations in unc-16(+) or unc-16(2) backgrounds, includ-
ing the unc-16 cdk-5; sad-1 syd-2 quadruple mutant, showed
a significant difference in dendritic lysosomal punctal den-
sity compared to the highest level of any individual compo-
nent mutant. However, for the fluorescence/mm parameter,
the unc-16 cdk-5; syd-2 triple mutant was 1400% of wild
type, which was a significant increase compared to the
unc-16; cdk-5 double mutant (1000% of wild type). How-
ever, none of the other mutant combinations in unc-16(+)
or unc-16(2) backgrounds, including the quadruple mu-
tant, showed a significant difference in fluorescence/mm
compared to the highest level in the component mutants
(Figure 3, B and C).

We also analyzed cell soma levels of CTNS-1-RFP-
labeled lysosomes in the same set of mutants and found
that cdk-5, sad-1, and syd-2 loss-of-function mutations are
associated with significant, albeit mild-to-moderate,
decreases in lysosomes (�60–90% of the unc-16 single
mutant; Figure S2). This is consistent with a relatively
slow loss of lysosomes to the dendrite in these mutants
(i.e., at a rate that allows cell soma levels to remain rela-
tively stable) and also shows that effects on expression of
the transgene are not the cause of the increased dendritic
lysosome levels.

In summary, although the results again show that the
three proteins do not have equally important roles (CDK-5
and SYD-2 apparently having the strongest roles), they do
suggest that CDK-5, SAD-1, and SYD-2 largely act together
as part of the same general system that inhibits dendritic
lysosome accumulation in the absence of UNC-16.

Figure 3 CDK-5, SAD-1, and SYD-2
act together to inhibit dendritic lyso-
some accumulation in an unc-16 null
mutant. (A) Drawing illustrates the lo-
cation and anatomy of the cholinergic
motor neurons imaged in this figure.
Dashed boxes outline the regions im-
aged (both dendrites were imaged
together and then combined for quan-
tification). (B and C) Representative,
identically scaled images and quantifi-
cation of CTNS-1-RFP lysosomal puncta
and total fluorescence per micrometer
of the indicated genotypes in an unc-
16(+) background (B) or an unc-16(2)
background (C). CTNS-1-RFP is expressed
from the integrated transgene ceIs56.
Data are means and SEMs from 13–14
animals. Asterisks indicate values signifi-
cantly higher than wild type (B) or
unc-16 (C): *P, 0.05; **P, 0.01; ***P
, 0.0001. None of the mutant combi-
nations in unc-16(+) or unc-16(2) back-
grounds, including the unc-16 cdk-5;
sad-1 syd-2 quadruple mutant, showed
a significant difference in dendritic lyso-
somal punctal density compared to the
highest level of any individual compo-
nent mutant. However, for the fluores-
cence/mm parameter, the unc-16 cdk-5;
syd-2 triple mutant was significantly
higher than the unc-16; cdk-5 double
mutant (P = 0.03).
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SYD-1 and STRD-1 (STRADa) act with the CDK-5/SAD-1/
SYD-2 system to regulate axonal and dendritic lysosome
trafficking in an unc-16 null mutant

A previous study found that CDK-5 acts in parallel with the
cyclin-dependent Pctaire kinase PCT-1 to regulate the traf-
ficking of synaptic vesicles in some, but not all, classes of
motor neurons in C. elegans (Ou et al. 2010). To determine if
CDK-5 and PCT-1 also act in parallel to regulate the distri-
bution of lysosomes in cholinergic motor neurons, we com-
pared unc-16 single mutants to unc-16 cdk-5 and unc-16;
pct-1 doubles and the unc-16 cdk-5; pct-1 triple. For this
analysis we used the null deletion allele pct-1(tm2175),
which removes the kinase domain in all three isoforms
(Ou et al. 2010). The unc-16; pct-1 double did have a signif-
icantly lower lysosomal punctal density in its axons com-
pared to the unc-16 single mutant (�50%); however, the
percentage decrease was much less than the unc-16; cdk-5
double, and its CTNS-1 fluorescence/mm was not signifi-
cantly different from the unc-16 single mutant (Figure S3,
A and B). The unc-16; pct-1 double also had a small but
significant increase in fluorescence/mm in its dendrites com-
pared to the unc-16 single mutant (approximately two-fold),
but its punctal density was not significantly different from
the unc-16 single mutant. Also, in the unc-16 cdk-5; pct-1
triple mutant, the severity of the axonal and dendritic phe-
notypes was not significantly increased relative to the unc-
16 cdk-5 double mutant. These results thus show that CDK-5
is the most important/relevant cyclin-dependent kinase in
these neurons for lysosomal trafficking and also suggest that
CDK-5 can mostly substitute for lack of PCT-1, but the re-
verse is not true.

Previous studies in C. elegans and Drosophila found that
SYD-1 acts in the same pathway as SYD-2 to regulate syn-
apse assembly and positioning of active zone components in
motor neurons (Dai et al. 2006; Patel et al. 2006; Li et al.
2014). To determine whether SYD-1 and SYD-2 also act in
the same system to regulate the trafficking of lysosomes in
motor neurons, we compared unc-16 single mutants to unc-
16; syd-1 and unc-16; syd-2 doubles and the unc-16; syd-1;
syd-2 triple. For this analysis we used the null deletion allele
syd-1(tm6234). In the unc-16; syd-1 double, the lysosomal
punctal density in axons was significantly lower than the
unc-16 single mutant (�60% of unc-16). This suppression
phenotype was significantly weaker than the unc-16; syd-2
double, which had a lysosome punctal density that was
�25% of unc-16. In dendrites, the lysosomal punctal density
and fluorescence/mm for the unc-16; syd-1 double were sig-
nificantly higher than the unc-16 single mutant, and, in this
region, the lysosomal punctal density of the unc-16; syd-1
double was not significantly different from the unc-16; syd-2
double. The unc-16; syd-1; syd-2 triple was not significantly
different from the unc-16; syd-2 double for either parameter
in axons or dendrites (Figure S3, A–C). We conclude that
SYD-1 functions in the same system as SYD-2 to regulate the
trafficking of lysosomes in axons and dendrites and that

SYD-2 remains partially functional in the absence of SYD-1
in its axonal lysosome trafficking role, but the reverse is not
true. Neither protein is functional without the other for den-
dritic lysosome trafficking.

We applied a similar analysis to test for a role for NAB-1
(Neurabin) in lysosome trafficking. Previous C. elegans stud-
ies found that NAB-1 is an F-actin-binding protein that also
directly binds SAD-1 (Hung et al. 2007) and SYD-1 (Chia
et al. 2012), and that SYD-2 may form a complex with SYD-1
and NAB-1 (Chia et al. 2012). For this analysis, we used the
nab-1(ok943) null deletion allele (Hung et al. 2007). In
axons, the unc-16; nab-1 double showed no significant dif-
ference when compared to the unc-16 single for lysosomal
punctal density or fluorescence/mm. In dendrites, the unc-
16; nab-1 double had a lysosomal punctal density that was
approximately threefold higher than wild type (significantly
higher than the approximately two-fold increase of the unc-
16 single) with a similar significant increase in fluorescence/
mm. The unc-16; sad-1; nab-1 and unc-16; syd-2; nab-1 tri-
ples were not significantly different from the corresponding
unc-16; sad-1 and unc-16 syd-2 doubles for either parameter
in axons or dendrites (Figure S4, A–C). We conclude that
NAB-1 does not have a nonredundant role in preventing the
axonal accumulation of lysosomes in unc-16 mutants. In
dendrites, it appears to have a minor role in inhibiting lyso-
some accumulation in unc-16 mutants, and this minor func-
tion overlaps with the functions of SAD-1 and SYD-2.

Continuing our search for other proteins that may act
with the CDK-5/SAD-1/SYD-2 system to regulate lysosome
trafficking in neurons, we applied a similar analysis to test
for a role for STRD-1 (STRADa), a STE-20-related pseudo-
kinase. A previous C. elegans study found that STRD-1 forms
a complex with SAD-1 and that loss-of-function mutations in
strd-1 and sad-1 show similar neuronal phenotypes (Kim
et al. 2010). For this analysis, we used the strd-1(ok2283)
null deletion allele (Kim et al. 2010). Like the sad-1 single
mutant, strd-1 single mutants in an unc-16(+) background
showed no significant increase in dendritic lysosomes for
either parameter (S. L. Edwards and K. G. Miller, unpub-
lished results). In axons, similar to the unc-16; sad-1 double
mutant, the unc-16; strd-1 double showed significantly
lower levels than the unc-16 single mutant for lysosomal
punctal density and fluorescence/mm. However, its suppres-
sor phenotype, which was �38 and 65% of the unc-16 single
mutant for lysosomal punctal density and fluorescence/mm,
respectively, was significantly weaker than that conferred by
the sad-1 mutant (which was �12 and 50% of the unc-16
single mutant, respectively). In dendrites, the unc-16; sad-1
and unc-16; strd-1 doubles were not significantly different
for either parameter. The unc-16; sad-1; strd-1 triple mutant
showed no significant differences for either parameter in
axons or dendrites when compared to unc-16; sad-1 (Figure
S5, B and C). We conclude that STRD-1 (STRADa) and
SAD-1 are part of the same system to regulate the trafficking
of lysosomes in axons and dendrites. The data further show
that neither protein can function without the other in
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regulating dendritic lysosome trafficking, but SAD-1 remains
partially functional in the absence of STRD-1 for axonal
lysosome trafficking.

KIF1A (UNC-104) is not the motor that carries lysosomes
to the axonal synaptic region in unc-16 mutants

In the accompanying article in this issue, we found that the
synapse assembly proteins SYD-1, SYD-2, and SAD-1 pro-
mote the plus-end-directed trafficking of synaptic vesicles
by the kinesin KIF1A (UNC-104), preventing their accumu-
lation in dendrites and cell somas in C. elegans cholinergic
motor neurons (Edwards et al. 2015). However, UNC-104
does not contribute to the accumulation of lysosomes in
unc-16 mutant axons because, when we compared unc-16
single mutants to unc-16; unc-104 doubles, the cell soma
and axonal levels of lysosomes in motor neurons in the
unc-16; unc-104 double were not significantly lower than
the unc-16 single mutant (Figure S6). For this analysis we
used the unc-104(e1265) allele, which contains a missense
mutation in the cargo-binding domain that causes a strong
loss of function (Kumar et al. 2010), but we also obtained
the same result using the motor domain temperature-
sensitive allele unc-104(ce782) (Edwards et al. 2015), which
we analyzed at the restrictive temperature of 20� (data not
shown).

cdk-5 and sad-1 null mutations also suppress the
sluggish locomotion of an unc-16 null mutant

unc-16 null mutants have sluggish spontaneous locomo-
tion rates that are �10% of wild type (Edwards et al.
2013). We considered the possibility that the abnormal
presence of high levels of cell soma organelles in motor
neuron axons might directly or indirectly impair neuronal
function and, in so doing, might contribute to the sluggish
locomotion phenotype. If this is the case, then mutations
that suppress axonal organelle accumulation in unc-16
mutants should also improve their locomotion. To test this,
we quantified the locomotion rates of wild type and cdk-5,
sad-1, and syd-2 mutants in unc-16(+) and unc-16(2)
backgrounds. For this analysis, we tested two indepen-
dently isolated null or loss-of-function alleles of each gene.
In an unc-16(+) background, none of the single mutants
had locomotion rates that were significantly slower than
wild type, although one of the cdk-5 mutants had a slightly,
but significantly, higher locomotion rate (Figure 4A). How-
ever, depending on the allele used, unc-16 cdk-5 and
unc-16; sad-1 double mutants showed significant �2.3–
4.5-fold improvements in their locomotion rates compared
to unc-16 single mutants (Figure 4B). unc-16; syd-2 double
mutants did not show improved locomotion compared to
the unc-16 single. However, we also noted that unc-16;
syd-2 doubles had synthetic phenotypes such as slower
growth and short body length, and the extent to which
these and other possible synthetic phenotypes that affect
neuronal function in unknown ways might contribute to
their overall locomotion rate is unclear.

In summary, although such whole-animal behavioral data
cannot allow us to make a causal conclusion about the
extent to which the accumulation of cell soma organelles in
axons impairs neuronal function, they demonstrate a signif-
icant correlation.

Accumulation of lysosomes in the dendrites of unc-16
cdk-5 and unc-16; syd-2 double mutants is dynein-
dependent

In C. elegans motor neurons, including the DA6/DB6 motor
neuron pair that we imaged in this study, axonal microtu-
bules are primarily plus-end-out and dendritic microtubules
are largely minus-end-out (Goodwin et al. 2012; Yan et al.
2013). Because the unc-16 suppressor mutations lead to the
depletion of lysosomes from axons and their accumulation
in dendrites, we tested the hypothesis that this redistribu-
tion is dependent on the minus-end motor dynein by com-
paring unc-16; cdk-5 and unc-16; syd-2 mutants in nud-2(+)
and nud-2(2) backgrounds. nud-2 encodes the C. elegans
ortholog of the Aspergillus nidulans NUDE protein (known
as NUDEL and Nde1 in vertebrates), which forms a complex
with the dynein regulator LIS1 and dynein heavy chain
(Niethammer et al. 2000; Sasaki et al. 2000) that may stim-
ulate the transport of acidic organelles upon phosphoryla-
tion by Cdk5 (Pandey and Smith 2011). For this analysis we
used the nud-2(ok949) null deletion allele (Fridolfsson et al.
2010), which is homozygous viable.

When we analyzed CTNS-1-RFP in axons, the unc-16;
nud-2 double did not differ from the unc-16 single mutant
for lysosomal punctal density. However, in the absence of
both unc-16 and cdk-5, the additional genetic ablation of
nud-2 (i.e., the unc-16; nud-2; cdk-5 triple) resulted in
a 14-fold increase in axonal lysosomal punctal density, to
�60% of the unc-16 single, and increased axonal fluores-
cence/mm to �82% of the unc-16 single. Similarly, ablating
nud-2 restored the axonal lysosomal punctal density of the
unc-16; syd-2 double mutant from �30% of the unc-16 sin-
gle to a level not significantly different from the unc-16
single and increased its fluorescence/mm to a level signifi-
cantly higher than the unc-16 single (Figure 5B).

In dendrites, we found that ablating nud-2 restored the
approximately two-fold increase seen in unc-16 single
mutants to levels not significantly different from wild type
for both punctal density and fluorescence/mm. However,
we observed a much larger effect of the nud-2 ablation on
the dendritic lysosome content of the unc-16 cdk-5 double,
where CTNS-1-RFP levels decreased from .10-fold higher
than wild type in the unc-16 cdk-5 double to levels not
significantly different from the unc-16 single in the unc-
16; nud-2; cdk-5 triple. The nud-2 mutation had similar
effects on the unc-16; syd-2 double, although dendritic
lysosome levels in the unc-16; nud-2; syd-2 triple were
still significantly higher than the unc-16 single (Figure
5D). Lysosome levels in the cell soma were not signifi-
cantly affected in the strains used for this experiment
(Figure S7, A and B).
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In summary, these data suggest that the loss of lysosomes
from the axons of unc-16 cdk-5 and unc-16; syd-2 double
mutants, and the accumulation of lysosomes in the dendrites
of the same mutants, is dependent on the minus-end motor
dynein.

CDK-5, SAD-1, and SYD-2 regulate dendritic lysosome
transport even in an UNC-16(+) background

In a previous study we found that, in wild type, lysosomes
are not restricted to the cell soma, but instead move back
and forth between the cell soma and the axon initial
segment, only rarely moving beyond the initial segment,
and even more rarely attaining the distal synaptic region in
wild-type motor neurons (Edwards et al. 2013). However,
that study did not examine lysosome movements be-
tween the cell soma and dendrite. We therefore used
time-lapse imaging in living animals to view the move-
ments of CTNS-1-RFP-tagged lysosomes both between
the DB7 cholinergic motor neuron cell soma and dendrite
and within the DB7 dendrite in wild-type, cdk-5, sad-1,
and syd-2 null mutants. Similar to the axon/soma bound-
ary, we found that lysosomes in wild-type animals fre-
quently exited the cell soma and entered the dendrite
(and vice versa), either in the form of spherical (symmetri-
cal) puncta or large multi-micrometer-long tubular organ-
elles (Figure 6A; movie File S2). The number of exit and
entry events was approximately equal, and each occurred at
approximately the same rate of 8–10 events per hour at 22�
(Figure 6, B and C). None of the three single mutants
differed significantly from wild type in their percentage
of cell-soma-to-dendrite exit events (i.e., the proportion
of all exit/entry events that were exit events) nor in the
rates at which lysosomes entered/exited the soma to/from
the dendrite (Figure 6, B and C). However, syd-2 mutants

showed a significantly lower rate of lysosomes entering the
cell soma from the dendrite compared to the rate at which
lysosomes exited the cell soma to the dendrite in the same
strain (Figure 6C).

Upon entering the dendrite, wild-type lysosomes spent
�42% of their time in a paused state. However, lysosomes in
cdk-5, sad-1, and syd-2 mutants spent a significantly higher
percentage of their time in a paused state (60, 57, and 80%,
respectively), suggesting that lysosomes in all three mutants
have decreased processivity in the dendrite.

We also analyzed the directionality of lysosome movements
within the dendrite. Because the dendrites of these motor
neurons are oriented with their minus-ends out (Goodwin
et al. 2012; Yan et al. 2013), anterograde movements (move-
ments outward from the soma) are minus-end-directed and
retrograde movements (movements toward the soma) are
plus-end-directed. This analysis revealed that 55–60% of the
movements in wild-type, cdk-5, and sad-1 were in an antero-
grade (minus-end) direction, whereas lysosomes in the syd-2
mutant moved anterogradely (toward minus ends) 75% of
the time (a difference that was significant compared to wild
type; Figure 6E).

When not in a paused state, lysosomes in wild type
moved anterogradely at a mean velocity of 0.45 mm/sec
and retrogradely at a significantly slower mean velocity of
0.28 mm/sec. Although all three mutants shared the wild-
type pattern of having retrograde movements that were
significantly slower than anterograde movements, their
mean anterograde and retrograde velocities were signifi-
cantly slower than wild type, with the exception of the
retrograde velocity in cdk-5 mutants, which was not sig-
nificantly different from wild type. Correlating with
a higher percentage of time in the paused state, lysosomes
in syd-2 mutants had the slowest velocities: both anterograde

Figure 4 Eliminating CDK-5 or SAD-1 improves the locomotion rate of an unc-16 null mutant. (A and B) Locomotion rates of the indicated genotypes in
unc-16(+) (A) and unc-16(2) (B) backgrounds. Data are means and SEMs from 10 animals. **P , 0.01 and ***P , 0.0001, respectively, when
compared to wild type (A) or unc-16(ce483) (B). Unmarked bars are not significantly different from the wild-type (A) or unc-16(ce483) (B) controls.
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and retrograde velocities were �55% of wild type (Figure
6F). Despite these slower velocities, the mean anterograde
run lengths of wild type and the three mutants were not
significantly different. The mean retrograde run length of
the cdk-5 mutant was also not significantly different from
wild type; however, the sad-1 mutant had a shorter retro-
grade run length that approached statistical significance
(P = 0.08), and the syd-2 mutant had a mean retrograde
run length that was �50% of wild type (a highly significant
difference; Figure 6G).

In summary, all three mutants showed significant differ-
ences from wild type in two or more parameters for the
dendritic transport of lysosomes. Dendritic lysosomes in all
three mutants spend a higher percentage of their time in
a paused state and have slower anterograde (minus-end-
directed) velocities when they are not in a paused state.
sad-1 and syd-2 mutants also have slower retrograde (plus-
end-directed) velocities and shorter retrograde run lengths.
These phenotypes are strongest in the syd-2 mutant, which
also was the only one of the three mutants in which lyso-

somes entered the soma from the dendrite at a significantly
lower rate than the rate in the reverse direction.

In an unc-16(2) background, decreased processivity and
a bias toward anterograde (minus-end) movements
may cause lysosomes to accumulate in dendrites in
cdk-5, sad-1, and syd-2 null mutants

To investigate why lysosomes accumulate at high levels in
the dendrites of unc-16 mutants that also lack cdk-5, sad-1,
or syd-2, we performed the same time-lapse imaging experi-
ments on unc-16 and all three double mutants. Similar to
the results in the unc-16(+) background, none of the three
suppressor mutants significantly affected the percentage of
cell-soma-to-dendrite exit events compared to unc-16 single
mutants (Figure 7B), although all three double mutants had
a lower percentage of cell soma exit events than the corre-
sponding strains in an unc-16(+) background (comparing
Figure 6B and Figure 7B; P , 0.03 for all three mutant
comparisons; P = 0.06 when comparing wild-type and the
unc-16 single mutant). This latter result could be explained

Figure 5 CDK-5 and SYD-2 prevent the
dynein-dependent accumulation of lyso-
somes in dendrites in the absence of
UNC-16. (A) Drawing illustrates the location
and anatomy of the cholinergic motor neu-
rons imaged in this figure. Dashed boxes
outline the regions imaged. (B and C) Rep-
resentative, identically scaled images and
quantification of CTNS-1-RFP lysosomal
puncta and total fluorescence per microm-
eter in the dorsal axons (B) and ventral den-
drites (C) of the indicated genotypes in an
unc-16(2) background. CTNS-1-RFP is
expressed from the integrated transgene
ceIs56. Data are means and SEMs from
13–14 animals per region. Asterisks over
bars indicate values significantly different
from unc-16. Asterisks over brackets de-
note P-values for the selected comparisons:
*P , 0.05; **P , 0.01; ***P , 0.0001.
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by the increased concentrations of dendritic lysosomes
in the double mutants, which would tend to bias toward
dendrite-to-soma entry events.

In unc-16 single mutants the rate at which lysosomes
exited the cell soma to the dendrite was �20% of the

wild-type rate (P = 0.01), although the rate at which lyso-
somes entered the cell soma from the dendrite was not
significantly different from wild type. This is consistent with
previous findings that lysosomes tend to move toward
microtubule plus ends in unc-16 single mutants and thus

Figure 6 Regulation of dendritic lysosome trans-
port by CDK-5, SAD-1, and SYD-2 in an unc-16(+)
background. (A) Representative kymographs of
CTNS-1-RFP-tagged lysosome movements in the
DB7 dendrite of animals with the indicated geno-
types. The bright region at the left of the top three
images is the cell soma. CTNS-1-RFP is expressed
from the integrated transgene ceIs56. See also
movies in File S2, File S3, File S4, and File S5. (B–G)
Graphs plotting various indicated parameters
extracted from the kymographs and time-course
analyses. Error bars in B are 95% confidence inter-
vals derived from Fisher’s exact test. All other error
bars are standard errors of the means. *P , 0.05,
**P , 0.01, and ***P , 0.0001. Black asterisks
compare the marked bar to the wild-type value.
Red asterisks compare the indicated two bars in
a group. Unmarked bars are not significantly dif-
ferent from wild type or the other group member.
Total recorded minutes used for exit/entry analyses
(in order of strains as shown): 213, 356, 229, and
220. Total recorded minutes used for movement
analyses (in order of strains as shown): 199, 311,
195, 207.
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accumulate in axons (Edwards et al. 2013). In unc-16 cdk-5
double mutants, both the entry and exit rates were strongly
and significantly increased compared to unc-16 single
mutants such that they were not significantly different from
the wild-type entry and exit rates (Figure 7B; compare to
wild type in Figure 6B). However, the entry and exit rates
of unc-16; sad-1 and unc-16; syd-2 double mutants were

not significantly different from unc-16 single mutants
(Figure 7B).

Upon entering the dendrite, lysosomes in unc-16 single
mutants spent a significantly higher percentage of their time
in a paused state compared to wild type (95 vs. 42% for wild
type). In unc-16 cdk-5 doubles, lysosomes spent significantly
less of their time in a paused state (80%) compared to

Figure 7 Regulation of dendritic lysosome transport
by CDK-5, SAD-1, and SYD-2 in an unc-16(2) back-
ground. (A) Representative kymographs of CTNS-1-
RFP-tagged lysosome movements in the DB7 dendrite
of animals with the indicated genotypes. CTNS-1-RFP
is expressed from the integrated transgene ceIs56. See
also movies in File S6, File S7, File S8, and File S9. (B–G)
Graphs plotting various indicated parameters extracted
from the kymographs and time-course analyses. Error
bars in B are 95% confidence intervals derived from
Fisher’s exact test. All other error bars are standard
errors of the means. Numbers at the base of the bars
in D are the number of lysosomes analyzed. *P, 0.05,
**P , 0.01, and ***P , 0.0001. Black asterisks com-
pare the marked bar to the wild-type value. Red aster-
isks compare the indicated two bars in a group.
Unmarked bars are not significantly different from
unc-16(ce483) or the other group member. Some sta-
tistical comparisons to the corresponding unc-16(+)
strains (Figure 6) are stated in the text. Total
recorded minutes used for exit/entry analyses (in order
of strains as shown): 264, 214, 264, and 234. Total
recorded minutes used for movement analyses (in or-
der of strains as shown): 244, 128, 263, and 223.
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unc-16 single mutants. However, lysosomes in both unc-16;
sad-1 and unc-16; syd-2 double mutants were not signifi-
cantly different from unc-16 single mutants in percentage
of time spent paused.

Analyzing the directionality of lysosome movements
within the dendrite revealed what appeared to be a lower
percentage of movements in the anterograde (minus-end)
direction in unc-16 single mutants compared to wild type
(38 vs. 53%), but this was not quite statistically significant
(comparing Figure 6E and Figure 7E). None of the double
mutants significantly differed from the unc-16 single mutant
in this parameter.

The high fraction of immobile dendritic puncta in the
unc-16(2) background hindered our ability to acquire high
numbers of moving puncta for velocity and run-length anal-
yses; however, we were able to collect enough data to see
significant and potentially insightful differences. When not
in a paused state, lysosomes in unc-16 single mutants had
mean velocities of 0.28 mm/sec (in either direction), which
is nearly identical to the mean retrograde velocity of wild
type (compare Figure 6F and Figure 7F). However, unlike
wild type, in which anterogradely moving lysosomes had
mean velocities �60% faster than retrogradely moving lyso-
somes (Figure 6F), there was no significant difference in the
mean retrograde and anterograde velocities of dendritic
lysosomes in unc-16 single mutants (Figure 7F). Consistent
with having less resistance for anterograde movements and
suppressing the unc-16 null phenotype, all three double
mutants had mean anterograde (minus-end-directed) veloc-
ities that were 43–96% higher than unc-16 single mutants.
Although this pattern was not quite statistically significant
for the unc-16; sad-1 double (P = 0.066), it was highly
significant for the unc-16 cdk-5 and unc-16; syd-2 doubles,
and lysosomes in all three doubles showed the wild-type
pattern of moving significantly faster in the anterograde di-
rection than in the retrograde direction. This phenotype was
quite strong in the unc-16; syd-2 double. This was the only
one of the three doubles that had a mean retrograde velocity
that was significantly slower than the unc-16 single mutant,
and its mean anterograde velocity was 275% higher than its
mean retrograde velocity (Figure 7F).

Despite the fact that anterograde and retrograde veloc-
ities were not significantly different in unc-16 single
mutants, retrograde (plus-end-directed) run lengths in these
dendrites were almost three times longer than anterograde
run lengths in unc-16 single mutants (Figure 7G). This is
consistent with previous findings that lysosomes tend to
move toward microtubule plus ends in unc-16 single
mutants and thus accumulate in axons (Edwards et al.
2013), where microtubules are oriented with their plus ends
out (Goodwin et al. 2012; Yan et al. 2013). Consistent with
having less resistance for anterograde movements and sup-
pressing the unc-16 null phenotype, two of the three double
mutants (unc-16 cdk-5 and unc-16; syd-2) had anterograde
run lengths that were significantly longer than unc-16 single
mutants, and unlike unc-16 single mutants, all three double

mutants showed no significant difference between antero-
grade and retrograde run lengths when compared in the
same strain (Figure 7G).

In summary, several of the lysosome active transport
phenotypes in the double mutants would be expected to
promote dendritic lysosome accumulation. In the unc-16
cdk-5 double, the strongly increased rate at which lysosomes
flux in and out of the soma (compared to unc-16 single
mutants), combined with spending 80% of their time in
a paused state while in the dendrite, would promote den-
dritic trapping and accumulation of lysosomes, as would the
increased anterograde (minus-end-directed) velocity and
run lengths in the same strain. Similarly, although lysosomes
in the unc-16; sad-1 and unc-16; syd-2 doubles do not differ
significantly in their soma-dendrite flux rates compared to
the unc-16 single, they spend.95% of their time in a paused
state upon entering the dendrite. In addition, like the unc-16
cdk-5 double, their anterograde (minus-end-directed) move-
ments within the dendrite are faster and longer than
the unc-16 single mutant (strongest in the unc-16; syd-2
double).

Synapse assembly proteins also regulate the transport
of early endosomes in neurons

In a prior study we found that, in addition to lysosomes,
unc-16 null mutants also accumulate similarly high levels of
early endosomes in their axons (Edwards et al. 2013). To
determine the extent to which CDK-5, SAD-1, and SYD-2
regulate early endosome transport in neurons, we crossed
the ceIs259 genomically integrated transgene into cdk-5,
sad-1, and syd-2 null mutants in unc-16(+) and unc-16(2)
backgrounds. ceIs259 expresses RFP-SYN-13 at a low level in
the same motor neurons as the CTNS-1-RFP marker that
we used for the lysosome studies. SYN-13 localizes to
early/recycling endosomes (Prekeris et al. 1998; Chun et al.
2008) and was previously shown to precisely colocalize with
YFP-RAB-5, another early endosome marker (Edwards et al.
2013). Because, unlike lysosomes, the endosomal puncta
were often not well separated from each other, we quantified
total integrated fluorescence/mm of axon or dendrite length
in DA6/DB6 motor neurons and did not additionally quantify
punctal density (Figure 8A shows the regions imaged).

In axons in an unc-16(+) background, wild type had very
low, barely detectable levels of the early endosomes, but this
level increased �10-fold in an unc-16(2) background (Fig-
ure 8B). Thus, UNC-16 normally inhibits the accumulation
of early endosomes in axons. None of the three single
mutants differed significantly from wild type in their axonal
early endosome levels; however, in an unc-16(2) back-
ground, all three double mutants had significantly reduced
levels of axonal early endosomes relative to unc-16 single
mutants (38–50% of unc-16; Figure 8B), which was similar
to, or slightly greater than, the total fluorescence mm reduc-
tions that we observed for lysosomes in the same genetic
backgrounds (Figure 2C). Thus, UNC-16’s activity in inhibiting
the axonal accumulation of early endosomes is 50–62%
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dependent on the individual activities of CDK-5, SAD-1, and
SYD-2.

In dendrites in an unc-16(+) background, wild type had
a relatively high endosomal density, in contrast to the rela-

tively low levels of lysosomes in wild-type motor neuron
dendrites (compare representative images in Figure 3B
and Figure 8C). Unlike lysosomes, which showed a two-fold
increase in unc-16 mutant dendrites, the early endosome

Figure 8 CDK-5, SAD-1, and SYD-2
regulate the distribution of endosomes
in unc-16 mutant neurons. (A) Drawing
illustrates the location and anatomy of
the cholinergic motor neurons imaged
in this figure. Dashed box outlines
regions imaged (both dendrite regions
were collected and quantified together).
(B–D) Representative, identically scaled
images and quantification of RFP-SYN-
13 endosomes expressed from the inte-
grated transgene array ceIs259 in the
indicated genotypes in dorsal axons
(B), ventral dendrites (C), or cell somas
(D). Data are means and SEMs from 13–
14 animals per region. **P , 0.01 and
***P , 0.0001. Black asterisks compare
the marked bar with the wild-type
value. Red asterisks compare the
marked bar with the unc-16 single-mu-
tant value. Unmarked bars do not differ
significantly from wild type.
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level in unc-16 single-mutant dendrites significantly de-
creased to �30% of wild type, consistent with the heavy
endosome accumulation in unc-16 mutant axons. Thus,
UNC-16 normally promotes the accumulation of early endo-
somes in dendrites. In cdk-5 single mutants, dendritic early
endosome levels were significantly increased by �1.75-fold
over wild type (similar to the fold-increase of lysosomes in
the same mutant as shown in Figure 3B), but this level was
not further increased in an unc-16(2) background (Figure
8C). In sad-1 and syd-2 single mutants, dendritic early endo-
some levels were not significantly different from wild type.
However, even though unc-16 single mutants had low early
endosomes levels that were just 30% of wild type, the
unc-16; sad-1 and unc-16; syd-2 doubles were either not
significantly different (unc-16; sad-1) or �1.8-fold higher
(unc-16; syd-2; P = 0.001) than the corresponding single
mutants (Figure 8C). Thus, in dendrites, the cdk-5, sad-1,
and syd-2 null mutant early endosome distribution pheno-
type (high, similar to wild type) was completely epistatic to
unc-16’s early endosome distribution phenotype (low/�30%
of wild type). This suggests that UNC-16’s activity in pro-
moting the dendritic accumulation of early endosomes is
completely dependent on the individual activities of CDK-5,
SAD-1, and SYD-2.

In cell somas, none of the single- or double-mutant
combinations differed significantly from wild type in their
early endosome levels, with the exception of the sad-1 single
mutant, which had slightly (but significantly) higher levels
of the marker (Figure 8D). Thus, any differences in the
distribution of this marker in axons and dendrites are un-
likely to be explained by changes in transgene expression.

In summary, these results suggest that UNC-16 has
a strong role in inhibiting the trafficking of early endosomes
in the direction of microtubule plus ends (the anterograde
direction in axons) and/or in promoting movement toward
microtubule minus ends (the anterograde direction in den-
drites). In axonal trafficking, for the fluorescence/mm pa-
rameter of the early endosome marker, UNC-16’s activity is
�50–60% dependent on the individual activities of CDK-5,
SAD-1, and SYD-2, whereas in dendritic trafficking, UNC-
16’s activity in promoting the dendritic localization of early
endosomes appears completely dependent on the CDK-5/
SAD-1/SYD-2 system.

Synapse assembly proteins are less important for Golgi
transport in unc-16 mutant neurons

In a prior study we found that, in addition to lysosomes and
early endosomes, unc-16 null mutants also accumulate sim-
ilarly high levels of Golgi in their axons (Edwards et al.
2013). To determine the extent to which CDK-5, SAD-1,
and SYD-2 regulate Golgi transport in neurons, we crossed
the ceIs267 genomically integrated transgene into cdk-5,
sad-1, and syd-2 null mutants in unc-16(+) and unc-16(2)
backgrounds. ceIs267 expresses PST-2-GFP at a low level in
the same motor neurons as the other markers that we have
used in this study (Figure 9A). PST-2 is a C. elegans ortholog

of a Golgi-resident 39-phosphoadenosine 59-phosphosulfate
transporter (Dejima et al. 2010). A previous study (Edwards
et al. 2013) showed that PST-2-GFP colocalizes with AMAN-
2 (a-Mannosidase II) to Golgi mini-stacks (the form that
Golgi takes in invertebrates).

The axons of wild-type worms had very low (barely
detectable) levels of the PST-2-GFP marker, but this level
increased �20-fold in an unc-16(2) background (Figure
9B). None of the three single mutants differed significantly
from wild type in their axonal PST-2-GFP levels. In an unc-
16(2) background, however, all three double mutants had
significantly reduced levels of axonal PST-2-GFP relative to
unc-16 single mutants, but the reductions amounted to 67–
73% of the unc-16 single mutant (Figure 9B), which are less
significant reductions than the lysosome and early endo-
some reductions.

The dendrites of wild-type worms had low levels of Golgi,
but this level increased significantly by �4.5-fold in the unc-
16 single mutant (Figure 9C). None of the three single
mutants (cdk-5, sad-1, or syd-2) differed significantly from
wild type in their dendritic Golgi levels; and, similarly, none
of the three double mutants with unc-16 differed signifi-
cantly from unc-16 single mutants in their dendritic Golgi
levels, although the unc-16 cdk-5 and unc-16; sad-1 doubles
approached statistical significance for having levels that
were � two-fold higher than unc-16 single mutants (Figure
9C; P = 0.08 and 0.054, respectively).

In cell somas, none of the single- or double-mutant
combinations differed significantly from the control strains
in their PST-2-GFP fluorescence/mm2, with the exception of
the syd-2 single mutant, which had slightly (but signifi-
cantly) higher levels of the marker (Figure 9D). Thus, the
decreased levels of this marker in the double-mutant axons
are unlikely to be explained by changes in transgene
expression.

In summary, these results confirm previous findings that
UNC-16 has a strong role in inhibiting the trafficking of
Golgi to axons, but these new data show that this activity
is only 27–33% dependent on the individual activities of
CDK-5, SAD-1, or SYD-2, in contrast to the heavier depen-
dence of lysosome and early endosome trafficking on these
three proteins. To a lesser but significant extent, UNC-16
also inhibits the trafficking of Golgi to dendrites by a mech-
anism that does not require the individual activities of CDK-
5, SAD-1, or SYD-2, nor does elimination of any one of these
proteins in combination with UNC-16 significantly enhance
the trafficking of Golgi to dendrites, in strong contrast with
dendritic lysosome trafficking.

Discussion

In this study we used an unbiased forward genetic screen in
C. elegans to discover a previously unknown system through
which UNC-16 acts to regulate the active transport of lyso-
somes, early endosomes, and Golgi in neurons. The screen
identified three conserved proteins as key regulators in this
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system: CDK-5, SAD-1, and SYD-2. Because the genetic
results showed that the three proteins are all part of the
same organelle transport regulatory system, we named it
the CSS system based on the first letter of each founder
protein. Further genetic analysis revealed important roles

for the conserved proteins SYD-1 and STRD-1 in the CSS
system. None of these proteins had previously been impli-
cated in inhibiting the plus-end-directed transport of cell
soma organelles to axons. Instead, previous studies have
suggested that they that have highly specialized roles in

Figure 9 CDK-5, SAD-1, and SYD-2
regulate the distribution of Golgi in
unc-16 mutant neurons. (A) Drawing
illustrates location and anatomy of the
cholinergic motor neurons imaged in
this figure. Dashed box outlines regions
imaged (both dendrite regions were col-
lected and quantified together). (B–D)
Representative, identically scaled images
and quantification of RFP-SYN-13 endo-
somes expressed from the integrated
transgene array ceIs259 in the indicated
genotypes in dorsal axons (B), ventral
dendrites (C), or cell somas (D). Data
are means and SEMs from 13–14 ani-
mals per region. *P , 0.05, **P ,
0.01, and ***P , 0.0001. Black aster-
isks compare the marked bar with the
wild-type value. Red asterisks compare
the marked bar with the unc-16 single-
mutant value. Unmarked bars do not
differ significantly from their control
bar (which is either wild type or the
unc-16 single mutant).
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regulating synapse assembly (SYD-1, SYD-2, and SAD-1)
and/or synaptic vesicle transport (CDK-5 and SYD-2). In
an accompanying article in this issue, we provide evidence
that SAD-1 and SYD-1 also regulate synaptic vesicle trans-
port (Edwards et al. 2015). In the current study, we have
combined the genetic strengths of C. elegans with quantita-
tive imaging techniques and time-lapse imaging of lyso-
somes in motor neurons to gain insights into the roles of
CDK-5, SAD-1, and SYD-2 in organelle transport and the
extent to which their functions overlap or intersect.

The CSS system promotes axonal accumulation and
inhibits dendritic accumulation of lysosomes in unc-16
null mutants

The results showed that the heavy accumulation of lyso-
somal puncta in unc-16 mutant axons is 74–97% dependent
on the individual activities of the CSS proteins, with CDK-5
having a significantly more important role than SAD-1 or
SYD-2. Null mutations in all three of the genes reduced
the total fluorescence/mm of the lysosomal marker by sim-
ilar amounts, to �50% of the unc-16 single mutant. The
total fluorescence/mm includes both the puncta and a diffuse
nonpunctal fluorescence from the lysosomal marker, the lat-
ter of which is also present in the unc-16 single mutant. The
source of the membrane(s) from which the diffuse fluores-
cence originates is unclear, but apparently its transport is
regulated differently from the puncta in axons. In dendrites
there was no such difference.

Because none of the individual CSS mutations completely
suppressed the axonal accumulation of lysosomal puncta or
total fluorescence of the lysosomal marker, we first hypoth-
esized that the three proteins may be part of two or three
different systems for regulating lysosomal transport in
neurons. However, in our analysis of all possible combina-
tions of double and triple mutants in unc-16(+) and unc-
16(2) backgrounds we did not see significant additive
effects of the mutations in either axons or dendrites, sug-
gesting that all three proteins function within the same sys-
tem. This does not mean that the proteins interact to
mediate the same function nor that they operate in a single
linear pathway. The genetic results are also consistent with
the CSS proteins mediating two or more parallel but inter-
dependent functions that ultimately converge to promote
axonal accumulation and inhibit dendritic accumulation of
lysosomes in unc-16 null mutants. Consistent with this latter
possibility, our time-lapse studies identified active transport
phenotypes in both unc-16(+) and unc-16(2) backgrounds
where cdk-5 mutants differed from sad-1 and syd-2 mutants,
although most active transport phenotypes were shared be-
tween the three mutants.

Other players

Our genetic screen was clearly not saturating: even though
we found five sad-1 alleles, we only isolated one allele each
of cdk-5 and syd-2. This suggests that further rounds of
screening will identify other important players within this

system. However, for this study, we began by testing null
mutants that eliminate the functions of proteins known to
interact with one or more of the CSS proteins. This comple-
mentary reverse genetics approach was fruitful, resulting in
the identification of SYD-1 and STRD-1 (STRADa) as impor-
tant determinants of lysosome distribution in unc-16 mutant
neurons. In addition, our results suggest that PCT-1 has
a minor role in this system in both axons and dendrites,
although CDK-5 appears mostly able to substitute for lack
of PCT-1 in this context. NAB-1 (Neurabin) also appears to
have a minor role, although only in unc-16 mutant
dendrites.

Synapse assembly proteins as general regulators of
active transport in neurons

Several of the CSS proteins and “other players” noted above
have been found to be important for synapse assembly and
stability. For example SYD-2, SYD-1, SAD-1, and NAB-1 reg-
ulate synapse assembly and positioning of active zone com-
ponents in C. elegans HSN neurons (Dai et al. 2006; Patel
et al. 2006; Chia et al. 2012; Li et al. 2014). High-pressure
freezing electron microscopy followed by tomographic
reconstructions of active zones show that SYD-2 has roles
in tethering/clustering synaptic vesicles near the active zone
(Stigloher et al. 2011; Kittelmann et al. 2013) and in de-
termining the size of the dense projection to which the syn-
aptic vesicles are tethered (Kittelmann et al. 2013). In syd-2
mutants, the rate at which synaptic vesicles dissociate from
mature synapses is increased (Wu et al. 2013), and synaptic
vesicles or clusters of vesicles accumulate in distal regions of
the axon that are normally devoid of synapses and synaptic
vesicles (Li et al. 2014; Edwards et al. 2015).

The phenotype of accumulation of synaptic vesicles in the
distal asynaptic region of motor neurons, which could be
considered diagnostic of reduced synaptic vesicle clustering
activity at synapses, is also shared by syd-1 and sad-1
mutants (Li et al. 2014; Edwards et al. 2015), and prior
studies also demonstrated defects in synaptic vesicle cluster-
ing at other synapses in C. elegans sad-1 mutants (Crump
et al. 2001; Patel et al. 2006). Other studies have proposed
that C. elegans sad-1 and syd-1 mutants also have defects in
axon identity/fate, referred to as a “polarity defect,” based
largely on the accumulation of synaptic vesicles in dendrites
(Hallam et al. 2002; Hung et al. 2007; Kim et al. 2008,
2010). Indeed, SAD-1’s orthologs do have roles in specifying
axon identity in mammalian forebrain neurons (Kishi et al.
2005), where SAD-A/B act downstream of the LKB1 kinase
(Barnes et al. 2007). However, neurons outside of the cor-
tex, including peripheral motor neurons and many other
types of central neurons, do not require the SAD kinases
or LKB1 for axon formation/identity (Lilley et al. 2013). In
the current study, we show that sad-1 mutants have wild-
type locomotion rates, a result that seems inconsistent with
a motor neuron axon/dendrite identity defect.

In the accompanying article in this issue, we provide
evidence that the accumulation of synaptic vesicles in sad-1,

Discovery of the CSS System 135

http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00013132;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003961;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003961;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003516;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003516;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene


syd-1, and syd-2 motor neuron dendrites results from a de-
fect in the regulation of synaptic vesicle transport, as op-
posed to an axon/dendrite identity defect (Edwards et al.
2015). Indeed, the regulation of synaptic vesicle and/or
dense core vesicle transport appears to be another common
theme that ties together several of CSS system proteins.
Prior studies have also demonstrated a role for SYD-2 in
synaptic vesicle and dense core vesicle transport in Drosoph-
ila (Miller et al. 2005) and C. elegans (Wagner et al. 2009;
Goodwin and Juo 2013; Zheng et al. 2014), as well as for
CDK-5 and PCT-1 in synaptic vesicle and dense core vesicle
transport in C. elegansmotor neurons (Ou et al. 2010; Good-
win et al. 2012).

Although Cdk5 has been shown to have a role in the
active transport of acidic organelles in cultured cells
(Pandey and Smith 2011), the current study is the first to
show that several synapse assembly proteins (SYD-2, SYD-1,
and SAD-1) also have general roles in regulating cell soma
organelle transport in neurons. It is unclear whether there is
a common mechanism that ties together the synapse assem-
ble and active transport functions of SYD-1, SYD-2, and
SAD-1 or whether they are simply hyper-adaptable to differ-
ent functions. For example, SYD-2 belongs to a class of “in-
trinsically unstructured proteins” that can bind several
partners in a structurally adaptive process (Wagner et al.
2009).

It is worth noting that SAD-1 and its mammalian ortho-
logs also regulate axon termination (Crump et al. 2001) and
terminal branching (Lilley et al. 2013) in certain classes of
sensory neurons, and it is possible that this latter function
might be related to the cell soma organelle transport func-
tion of SAD-1, since it would be reasonable to expect that
organelle delivery, or lack thereof, could affect the length
and branching of the axon. UNC-16 (JIP3) is also known to
regulate axon elongation and branching as well as axonal
transport and regeneration after injury (Cavalli et al. 2005;
Bilimoria et al. 2010; Suzuki et al. 2010; Sun et al. 2013; Nix
et al. 2014; Watt et al. 2015). However, it is unknown
whether these axon growth functions of SAD-1 and UNC-
16 are related and whether other CSS system proteins also
participate.

Dynein redistributes lysosomes in unc-16 mutants when
the function of the CSS system is blocked

We have not yet identified the plus-end-directed motor that
carries organelles to axons in unc-16 null mutants, although
we have ruled out UNC-116 (Kinesin-1) (Edwards et al.
2013) and UNC-104 (KIF1A; this study). However, our data
show that the loss of lysosomes from the axons of unc-16
cdk-5 and unc-16; syd-2 double mutants, as well as the ac-
cumulation of lysosomes in the dendrites of the same
mutants, is dependent on NUD-2 (NUDEL/Nde1), a regula-
tor of the minus-end motor dynein (Niethammer et al. 2000;
Sasaki et al. 2000; Pandey and Smith 2011). In axons, cross-
ing in the nud-2mutation completely suppressed the unc-16;
syd-2 phenotype back to the state of an unc-16 single

mutant. In dendrites, crossing in the nud-2mutation completely
suppressed the unc-16; cdk-5 phenotype (heavy accumula-
tion of lysosomes) back to the state of the unc-16 single
mutant. In the other two cases (unc-16; cdk-5 axons and
unc-16; syd-2 dendrites), the suppression was nearly com-
plete (60–78% of the unc-16 single mutant). Our data are
consistent with previous results showing that the accumula-
tion of synaptic vesicles and dense core vesicles in cdk-5
mutant dendrites is completely dependent on dynein and/or
NUD-2 (Ou et al. 2010; Goodwin et al. 2012), and the
accumulation of dense core vesicles in syd-2 mutant den-
drites is also completely dependent on dynein (Goodwin
and Juo 2013). These epistatic or near-epistatic results seem
consistent with a model in which the CSS system normally
functions upstream of dynein and inhibits dynein (Figure
10). Thus, in an unc-16 null single mutant, dynein would
be inhibited by the CSS system, and the unidentified plus-
end motor would carry lysosomes to axons. Genetically
blocking the activity of the CSS system in an unc-16 null
mutant would then cause dynein to become overactive
and bias movements toward the minus ends of microtu-
bules, which would deplete organelles from axons and cause
them to accumulate in dendrites (Figure 10). However, we
are cautious to not overinterpret the epistatic suppression by
the nud-2 mutation since this result is equally consistent
with a model in which the normal function of the CSS sys-
tem is to positively regulate a plus-end motor or to regulate
both motors. For example, a mutation in the plus-end motor
UNC-104 (KIF1A) causes a 50% depletion of synaptic
vesicles in axons and a corresponding 15-fold increase in
dendritic synaptic vesicles, and yet crossing in the nud-2
mutation epistatically redistributes synaptic vesicles to the
wild-type state as well as restores wild-type locomotion
(Edwards et al. 2015). By analogy, blocking the CSS system
could decrease activity of the plus-end motor, thus allowing
dynein-mediated minus-end movements to dominate and
giving the appearance of hyperactive dynein, when in fact
its activity could be unchanged. Indeed, a prior study used
a GFP-tagged dynein subunit and time-lapse microscopy to
look for hyperactive dynein in cdk-5 mutant motor neuron
dendrites in C. elegans and found no such evidence (Goodwin
et al. 2012).

A previous study found that UNC-16’s N terminus can
interact with the dynein light intermediate chain DLI-1 in
the yeast two-hybrid system. Full-length UNC-16 did not
interact with DLI-1, however, and UNC-16 and DLI-1 could
not be co-immunoprecipitated when co-expressed in COS-7
cells (Arimoto et al. 2011). Still, a study in vertebrates found
that the dynactin subunits p50 and p150 could be co-
immunoprecipitated with UNC-16 (JIP3) from the sciatic
nerve (Cavalli et al. 2005). A later study in zebrafish ob-
served cotransport of lysosomes and UNC-16 and, based
on a decrease in the proportion of dynein-light intermediate
chain-positive lysosomes moving in the minus-end direction
in Jip3 mutants, concluded that UNC-16 functions as an
important adaptor that links lysosomes to the dynein motor

136 S. L. Edwards et al.

http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003961;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006363;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/species/c_elegans/gene/WBGene00006363#0-9e-3
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00004719;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006840;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006831;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011230;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011230;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011230;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011230;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006364;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011230;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006831;class=Gene
http://www.wormbase.org/db/get?name=WBGene00011230;class=Gene
http://www.wormbase.org/db/get?name=WBGene00000407;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001007;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001007;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00001007;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene


through the dynein light intermediate chain (Drerup and
Nechiporuk 2013). However, in that study, 63–85% of lyso-
somes (depending on the age of the animal) moving in
the minus-end direction showed no cotransport with UNC-
16. Thus, if UNC-16 also functions as an adaptor, it appears

to not be required for linking most lysosomes to dynein. Our
results do not exclude direct interactions between UNC-16
and dynein or dynactin. Such interactions could serve to
localize UNC-16 to its sites of action. However, rather than
viewing UNC-16 solely as an adaptor protein, our data seem

Figure 10 Graphic summary of genetic results. Shown is
one possible model consistent with the genetic results. In
wild-type animals, UNC-16 directly or indirectly inhibits the
CSS system (vertical bars indicate inhibition). When CSS
system activity is low, minus- and plus-end motor activity is
properly balanced and cell soma organelles (lysosomes
and endosomes; tan and purple shapes) remain in the
soma and/or enter the dendrite at optimal rates. When
CSS system activity is high, plus-end motor activity domi-
nates due to inhibition of dynein, and organelles accumu-
late in axons. In other equally plausible models, the CSS
system could positively regulate a plus-end motor or reg-
ulate both motors, and the effect on organelle transport
would be the same.

Discovery of the CSS System 137

http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene
http://www.wormbase.org/db/get?name=WBGene00006755;class=Gene


most consistent with a model in which one of UNC-16’s
functions is direct or indirect regulation of the CSS system
proteins, which in turn regulate the minus- and/or plus-end-
directed motors (Figure 10).

Active transport defects in CSS system mutants promote
the dendritic accumulation of lysosomes

Given that our static imaging data showed that the lysosome
levels in the dendrites of sad-1 and syd-2 single mutants do
not differ significantly from wild type, and that the levels in
cdk-5 single mutants were only �2.3-fold higher than wild
type, we expected that time-lapse imaging of lysosomes in
the dendrites of these mutants might not reveal any defects
in active transport in an unc-16(+) background; however,
this was not the case. All three mutants showed significant
differences from wild type in at least two parameters for the
active transport of lysosomes in dendrites. Our finding that
dendritic lysosomes in all three mutants spend a higher per-
centage of their time in a paused state compared to wild
type suggests that the CSS proteins are important for main-
taining the processivity of lysosome movements. Dendritic
lysosomes in all three mutants also had significantly
slower minus-end-directed velocities when not in a paused
state, although sad-1 and syd-2 mutants also had slower
plus-end-directed velocities that resulted in shorter plus-
end run lengths. Consistent with these data, prior studies
in C. elegans reported that both cdk-5 and syd-2 null mutants
have increased numbers of stationary dense core vesicles in
their dendrites, and, additionally, dendritic dense core
vesicles in syd-2 null mutants have slower minus- and
plus-end velocities (Goodwin et al. 2012; Goodwin and
Juo 2013). The fact that we see significant effects of CSS
mutations on dendritic lysosome transport in an unc-16(+)
background shows that CSS proteins regulate the active
transport of dendritic lysosomes even in wild type, and not
just in an unc-16(2) background.

Our time-lapse analysis of dendritic lysosome movements
in unc-16 single mutants revealed several transport pheno-
types that explain the bias toward plus-end transport that
ultimately results in the accumulation of lysosomes in unc-
16 mutant axons. These include a strongly decreased rate of
lysosomes exiting the soma to the dendrite (�20% of wild
type), a possibly lower percentage of movements in the
minus-end direction (not quite significant), a slower minus-
end velocity than wild type (with no difference in plus-end
velocity), and plus-end run lengths that were almost three
times longer than minus-end run lengths. We also saw a two-
fold increase in dendritic lysosomes in the unc-16 single
mutant. This minus-end accumulation seems counterintui-
tive, given the heavy plus-end accumulation in axons; how-
ever, it could result from the trapping of the few lysosomes
that enter the dendrite. Trapping could result from the high
percentage of time that dendritic lysosomes spend in
a paused state in the unc-16 single mutant (�95%).

Given the heavy accumulation of lysosomes in the
dendrites of CSS mutants in an unc-16(2) background, we

expected to see an increased rate of soma-to-dendrite exit
events in all of the double mutants relative to the unc-16
single mutant. That prediction, however, proved to be true
only for the unc-16 cdk-5 double, which had a soma-to-
dendrite exit rate not significantly different from wild type
(i.e., about five times higher than the unc-16 single mutant).
Since soma-to-dendrite exiting is a minus-end-directed ac-
tivity, this result is consistent with the strong nud-2 suppres-
sion of dendritic accumulation of lysosomes in the unc-16
cdk-5; nud-2 triple. However, this strongly increased exit
rate is balanced by a corresponding increase in the soma-to-
dendrite entry rate to a level not significantly different
from either its exit rate or that of wild type. Thus, looking
at entry and exit rates alone, there is no reason to predict
that lysosomes should accumulate in unc-16 cdk-5 mutant
dendrites since they should be no different from wild type.
Instead, the accumulation does occur, and the data sug-
gest that it results from trapping of lysosomes in the den-
drite due to the high percentage of time they spend in a
paused state once entering the dendrite (�80 vs. �40% for
wild type), combined with increased minus-end velocities and
longer minus-end run lengths compared to unc-16 single
mutants.

In contrast to the unc-16 cdk-5 double, the unc-16; sad-1
and unc-16; syd-2 doubles were not significantly different
from the unc-16 single in their soma-to-dendrite flux rates
in either direction. Although they spent a higher percentage
of their time in a paused state than the unc-16 cdk-5 double
(95 vs. 80%), this was not different from unc-16 single
mutants. Thus, based on the soma-dendrite flux and pause
parameters, there is no reason to predict that lysosomes
should accumulate in the dendrites of these double mutants
at levels any higher than the unc-16 single mutant (approx-
imately two-fold). However, consistent with the strong nud-
2 suppression of dendritic accumulation of lysosomes in the
unc-16; syd-2; nud-2 triple, both double mutants (unc-16;
sad-1 and unc-16; syd-2) had higher minus-end velocities
and longer minus-end run lengths, similar to unc-16 cdk-5
double mutants. We thus hypothesize that these minus-end-
directed biases, combined with the high percentage of time
spent in a paused state, leads to trapping and accumulation
of lysosomes in the dendrites of unc-16; sad-1 and unc-16;
syd-2 double mutants.

CSS system also regulates early endosome distribution
in unc-16 mutant neurons but is less important for Golgi

A previous study in zebrafish proposed that UNC-16’s organ-
elle transport function is specifically limited to lysosomes,
because late endosomes and autophagosomes did not ap-
pear to accumulate in zebrafish axons lacking UNC-16
(JIP3) (Drerup and Nechiporuk 2013). However, that study
did not test early endosomes or Golgi membranes. In addi-
tion to lysosomes, C. elegans unc-16 mutants also accumu-
late high levels of early endosomes and Golgi in their axons
(Edwards et al. 2013). In this study, we found that the CSS
system mediates the axonal accumulation of early endosomes
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in unc-16 null mutants to about the same extent that it
mediates the axonal accumulation of lysosomes in unc-16
null mutants (�50–60%, when using fluorescence/mm as
the parameter). However, the 20-fold accumulation of
Golgi in unc-16 mutant axons was significantly less depen-
dent on the CSS system (�30%). This suggests that the
active transport of Golgi ministacks shares some, but not
all, of the regulatory features of lysosomes and early
endosomes.

Our analysis of early endosome and Golgi distributions in
dendrites further emphasized this point and revealed
additional regulatory differences between lysosomes and
early endosomes. In contrast to lysosomes, early endosomes
were relatively abundant in wild-type motor neuron den-
drites, but were decreased four-fold in unc-16 mutant
dendrites, which is consistent with increased plus-end move-
ment of early endosomes into axons. This suggests that
UNC-16 normally promotes the minus-end transport of early
endosomes to dendrites, just as we hypothesize it does for
lysosomes (Figure 10). However, lysosomes are increased ap-
proximately two-fold over wild type in unc-16 mutant den-
drites. Based on our time-lapse data, we hypothesize that this
increase results from rare lysosomes that enter the dendrite
and become trapped in a paused state. Although we have not
yet performed time-lapse imaging of early endosomes in unc-16
null mutants, we hypothesize that they may be less susceptible
than lysosomes to pausing and thus not as vulnerable to be-
coming trapped in the dendrite.

Just as with lysosomes, cdk-5 single mutants were the
only mutants that showed significantly elevated levels of
early endosomes in dendrites in an unc-16(+) back-
ground. In dendrites, the cdk-5, sad-1, and syd-2 null
mutant early endosome distribution phenotype (high,
similar to wild type) was completely epistatic to unc-
16’s early endosome distribution phenotype (low/�30%
of wild type). Thus, in dendritic trafficking, UNC-16’s
activity in promoting the dendritic localization of early
endosomes appears completely dependent on the CSS
proteins, suggesting that UNC-16 directly or indirectly
inhibits the CSS system to produce an appropriate ratio
of plus- to minus-end motor activity that maintains early
endosomes in the cell soma and/or the dendrite at opti-
mal levels (Figure 10).

Unlike early endosomes, but similar to lysosomes, Golgi
membranes are present only at very low levels in wild-type
dendrites. Similar to lysosomes, the dendritic Golgi marker
is increased in the unc-16 single mutant (�4.5-fold over
wild type). Although we have not yet performed time-lapse
imaging of Golgi in unc-16 null mutants, we hypothesize
that, similar to lysosomes, this accumulation results from
rare Golgi ministacks that enter the dendrite and become
trapped due to a high rate of pausing in dendrites in an unc-
16(2) background. However, in an unc-16(2) background,
eliminating individual CSS system proteins did not signifi-
cantly increase the dendritic levels of Golgi, although two
of the three doubles (unc-16 cdk-5 and unc-16; syd-2)

approached statistical significance for having �2-fold higher
levels than the unc-16 single mutant. This again suggests
that the active transport of Golgi ministacks is less regulated
by the CSS system than lysosomes and early endosomes and
thus shares some, but not all, of the regulatory features of
lysosome and early endosome transport.

Conclusion

Using the strengths of the genetic model C. elegans, we have
discovered a new, unprecedented, and counterintuitive role
for synapse assembly proteins in regulating the transport of
cell soma organelles in neurons, where they act downstream
of the conserved protein UNC-16, as part of the newly de-
fined CSS system. Key factors contributing to this discovery
were an unbiased forward genetic screen, genetic tools and
techniques that facilitated the construction of complex strains
for analysis, and the ability to perform high-resolution,
quantitative imaging of organelles in defined regions of
identified motor neurons in live animals. Still, much remains
to be learned about how UNC-16 interacts with the CSS sys-
tem and how the CSS system in turn regulates minus- and/or
plus-end motors. Notably, the relevant plus-end motor in this
system remains unidentified. Future genetic studies, includ-
ing new forward genetic screens, additional cycles of the
current screen, and reverse genetic approaches, should iden-
tify the plus-end motor, as well as positive and negative reg-
ulators of this new system. Such studies should reveal general
principles governing organelle transport in neurons and could
provide important insights into motor neuron diseases that
are associated with axonal transport defects.
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Figure S1. Cell autonomous rescue of the unc-16 suppressor phenotypes of cdk-5, sad-1, and syd-2 mutants. 
 
(A) Drawing illustrates location and anatomy of the cholinergic motor neurons imaged in this figure. Dashed boxes outline 
the regions imaged. 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP lysosomal puncta and total 
fluorescence per micron in the dorsal axons (B) and ventral dendrites (C) of the indicated genotypes. CTNS-1-RFP is 
expressed from the integrated transgene ceIs56. ceEx450, ceEx472, and ceEx474 are transgenic extrachromosomal 
arrays that express the cdk-5 cDNA, sad-1a cDNA, or syd-2 gene in the same neurons as CTNS-1-RFP. Data are means 
and SEMs from 13-14 animals per region. *P<.01; **P<=.001; ***P<=.0001. 
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Figure S2. cdk-5, sad-1, and syd-2 loss of function mutations are associated with mild to moderate decreases in CTNS-1-RFP 
cell soma levels in an unc-16(-) background. 
 
(A) Drawing illustrates the location and anatomy of the cholinergic motor neurons imaged in this figure. Dashed box 
outlines the region imaged (both cell somas were imaged together and then combined for quantification). 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP total fluorescence per square 
micron of the indicated genotypes in an unc-16(+) background (B) or an unc-16(-) background (C). Dashed lines and 
arrowheads on the wild type and unc-16 representative images indicate cell soma boundaries and CTNS-1-RFP – labeled 
lysosomes, respectively. CTNS-1-RFP is expressed from the integrated transgene ceIs56. Data are means and SEMs 
from 13-14 animals. Asterisks indicate genotypes with values significantly different from wild type (B) or unc-16(ce483) 
(C) (*, P=.02 – .0075; **, P=.001 - .003; ***, P<0.0001). Unmarked bars are not significantly different from wild type (B) or 
unc-16 (C). 
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Figure S3. SYD-1 and SYD-2 act in the same pathway to regulate axonal and dendritic lysosome content; CDK-5 can mostly 
substitute for loss of PCT-1 (Pictaire kinase) but PCT-1 cannot substitute for loss of CDK-5. 
 
(A) Drawing illustrates the location and anatomy of the cholinergic motor neurons imaged in this figure. Dashed boxes 
outline the regions imaged. 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP lysosomal puncta and total 
fluorescence per micron in the dorsal axons (B) and ventral dendrites (C) of the indicated genotypes. CTNS-1-RFP is 
expressed from the integrated transgene ceIs56. Data are means and SEMs from 13-14 animals per region. Asterisks 
over bars indicate values significantly different from unc-16. Asterisks over brackets denote P values for the selected 
comparisons: *, P<.05; **, P<.01; ***, P<.0001; n.s., not significant. 
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Figure S4. NAB-1 is not required for axonal accumulation of lysosomes in unc-16 mutants, but it has a minor role in regulating 
the dendritic accumulation of lysosomes in unc-16 mutants, where it acts in the same pathway as SAD-1 and SYD-2. 
 
(A) Drawing illustrates the location and anatomy of the cholinergic motor neurons imaged in this figure. Dashed boxes 
outline the regions imaged. 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP lysosomal puncta and total 
fluorescence per micron in the dorsal axons (B) and ventral dendrites (C) of the indicated genotypes. CTNS-1-RFP is 
expressed from the integrated transgene ceIs56. Data are means and SEMs from 13-14 animals per region. Asterisks 
over bars indicate values significantly different from unc-16. Asterisks over brackets denote P values for the selected 
comparisons: *, P<.05; **, P<.01; ***, P<.0001; n.s., not significant. 
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Figure S5. The function of STRD-1 overlaps with SAD-1 to regulate the trafficking of lysosomes in axons and dendrites. 
 
(A) Drawing illustrates the location and anatomy of the cholinergic motor neurons imaged in this figure. Dashed boxes 
outline the regions imaged. 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP lysosomal puncta and total 
fluorescence per micron in the dorsal axons (B) and ventral dendrites (C) of the indicated genotypes. CTNS-1-RFP is 
expressed from the integrated transgene ceIs56. Data are means and SEMs from 13-14 animals per region. Asterisks 
over bars indicate values significantly different from unc-16. Asterisks over brackets denote P values for the selected 
comparisons: *, P<.05; **, P<.01; ***, P<.0001; n.s., not significant. 
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Figure S6. KIF1A (UNC-104) is not the motor that carries lysosomes to the axonal synaptic region in unc-16 mutants. 
 
(A) Drawing illustrates the location and anatomy of the cholinergic motor neurons imaged in this figure. 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP lysosomal puncta and total 
fluorescence per micron in the dorsal axons (B) and ventral cell somas (C) of strains with the indicated genotypes. CTNS-
1-RFP is expressed from the integrated transgene ceIs134. Data are means and SEMs from 13-14 animals per region. 
The unc-16; unc-104 double mutant is not is not significantly different from the unc-16 single mutant for axonal puncta/ m 
or cell soma fluorescence/ sq. m, but it has slightly more axonal total fluorescence/ m (P=.03). 
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Figure S7. CTNS-1-RFP cell soma levels are not significantly affected in the strains used for the nud-2 experiments. 
 
(A) Drawing illustrates the location and anatomy of the cholinergic motor neurons imaged in this figure. Dashed box 
outlines the region imaged (both cell somas were imaged together and then combined for quantification). 
 
(B and C) Representative, identically-scaled images and quantification of CTNS-1-RFP fluorescence per square micron of 
the indicated genotypes. Dashed lines and arrowheads on the wild type and unc-16 representative images indicate cell 
soma boundaries and CTNS-1-RFP – labeled lysosomes, respectively. CTNS-1-RFP is expressed from the integrated 
transgene ceIs56. Data are means and SEMs from 13-14 animals. None of the double or triple mutant strains are 
significantly different from the unc-16 single mutant. 
 
 
 
 

 



 

 S. L. Edwards et al.  9 SI 
 

File S1. Supplemental Materials and Methods, Strains, Plasmids, Transgenes, and Supporting Information References 

 
 
Supplemental Materials and Methods 
 
 
Quantitative fluorescence imaging of live animals and image analysis 
 
   Growth of Strains: For strains with wild type growth, we plated 12 L2-stage larvae on each of 5 locomotion plates and grew them 1 d 
at 14° + 5 d at 20° (for growth and imaging at 20°) to produce next generation young adult progeny. Growth times and plating numbers 
were modified after growth tests for slow growing or lower fertility strains, such as strains containing unc-104(ce782) or nud-2(ok949). 
~55 - 65 young adults were selected and transferred to an unseeded plate immediately prior to mounting as described below. 
  Agarose pad slide production: We cleaned the glass slides before applying the agarose pad by placing sets of slides in slide staining 
dishes and shaking them for 30 min in dilute dishwasher soap followed by 1 min rinses in tap water and house distilled water, and 5 min 
rinses in 70% EtOH + 1% HCl and house distilled water followed by drying in a 60° oven. Cleaned slides were stored between layers of 
Kimwipes in a plastic container. We produced ~18-19 mm diameter 2% agarose pads using the method of (Sulston and Hodgkin 1988), 
with the agarose made in M9 buffer. We produced agarose pad slides in batches and stored them with the pads covered with a 24 x 30 
mm coverslip to keep the surface smooth for up to 3-4 weeks in humidified containers at 4°. 
  Mounting animals on agarose pad slides: We transferred the pre-picked animals into a 30 l drop of 30 mg/ ml BDM (2, 3-Butanedione 
monoxime; Sigma B0753) in M9 buffer in one pick-full and incubated them for 10 min on a water-moistened 1.5 cm square pad of 
folded Kimwipe tissue under a Petri plate lid. After the incubation, we removed ~27 l of the solution using a P20 microinjection tip 
(Eppendorf 5242 956.003), leaving the worms behind in the remaining anesthetic and inverted the coverslip onto a ~18-19 mm 
diameter 2% agarose pad that had been dried without its protective coverslip for the final 4 min of the incubation. After straightening the 
coverslip slightly and nudging it ~1 mm to possibly help with dorsal/ ventral orientation, we sealed two diagonal corners with a dab of 
clear nail polish and imaged animals over the next 35 – 55 min. 
   Image Acquisition: We acquired images using a Nikon Eclipse Ti-E inverted microscope equipped with a Nikon CFI Apo TIRF 100X/ 
1.49 N.A. objective, a Nikon motorized high resolution z-drive, and a motorized filter turret containing GFP, YFP, and Texas Red filter 
cubes (Semrock). Our illumination source was a SOLA Light Engine LED source (Lumencor). We acquired images with an ORCA Flash 
4.0 16-bit camera (Hamamatsu, Bridgewater, NJ) controlled by Metamorph v. 7.7. We controlled exposure times by using Metamorph to 
turn the LEDs on and off rather than using a shutter. We only collected images from animals with their ventral or dorsal surfaces facing 
the objective. Z-series interval sizes (0.312 m) and plane numbers (16) were the same for all strains and transgenes. Exposure times 
were as follows: ceIs56 strains: 30 mSec, Texas Red filter; ceIs259 strains: 10 mS, Texas Red filter; ceIs267 strains: 85 mS, GFP filter. 
Because of the large field of view of the camera, we only collected the center quadrant of the camera’s chip. The LEDs on the SOLA 
Light Engine were turned off via software control between successive planes. Before imaging each strain, we measured the light power 
of the peak emission wavelength at the objective using an XR2100 power meter (Lumen Dynamics) and an XP750 objective plane light 
sensor (Lumen Dynamics) with the stage position set at a standard distance (z-position) from the objective. We then adjusted the 
percent power of the SOLA Light Engine to produce the targeted mW power for the experiment. The percent power required to reach 
the target value varied by <=1% over the entire course of the experiment. 
   Processing Images: We used AutoDeblur Gold CWF (Media Cybernetics) to deconvolve the image stacks using the Adaptive PSF 
blind method and 10 iterations at the low noise setting. After deconvolving, we used Metamorph to make maximum intensity projections 
of each image stack. 
   Quantifying Images: We used Metamorph 7.7 for all analysis and quantification. To quantify fluorescence intensities per micron, we 
used the Trace Region tool to trace the region and used the Multiline tool to obtain the length of the traced region. We then copied and 
moved the region to a similar “on animal” background region for use in background subtraction. For dorsal axons, we traced the entire 
axon length across the image. To trace the dendrite regions around DA6 and DB6, we used the multi-line tool to trace 20 microns along 
the dendrite starting at one of the cell soma boundaries that faces the other cell soma. If the region between and including the two 
somas was >20 m, we deleted these lines and started each of the two dendrite regions at the outer edge of each soma, proceeding 
outward to each edge of the image. If the region between and including the two somas was <=20 m, we made a 2nd line that follows 
the dendrite in the opposite direction starting at the inner boundary of the other cell soma and proceeding in the opposite direction. If we 
came to the other cell soma before reaching 20 m, we continued measuring across the soma to the dendrite on the other side of the 
soma until we reached 20 m. We then started our dendrite traces at the end of each of these two lines, proceeding outward to each 
edge of the image using the Trace Region tool and combining the data from the two dendrite regions. Axonal and dendritic data were 
logged to a spreadsheet, which subtracted the background and computed the total fluorescence per micron of length. To quantify DA6 
and DB6 cell soma intensity per square micron, we traced each soma separately and added them together, again using the traces to 
make “on animal” background regions for subtraction. To quantify puncta per micron, we set a minimum pixel intensity threshold after 
viewing a series of images collected from unc-16 mutant dorsal axons. We then used the Threshold plug-in of Metamorph to highlight 
all pixels in the region that exceeded the threshold and counted the pixel clusters that exceeded this value, irrespective of the number 
of pixels in the cluster. We used the same threshold value in all strains throughout the experiment. 
   Producing Representative Images: After quantifying an image set we produced representative images for display by saving 8-bit 
versions of an image that was close to mean +/- standard error for the set. All representative images were scaled identically. 
 
Time lapse video microscopy of organelle active transport in live animals 
 
   Growth of Strains: Animals were grown to the young adult stage as described above for quantitative fluorescence imaging, except we 
used as many as 30-40 locomotion plates to provide sufficient numbers of animals for the many time lapse mountings. 
   Agarose pad slide production: To avoid variability in agarose pad dryness, which affects animal compression and can affect active 
transport activity, we standardized a protocol for agarose pad slide production for time lapse imaging. After melting 0.2 g of agarose in 
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10 mls of M9 in a 50 ml glass bottle, we poured 0.5 ml of the molten agarose into several 1.5 ml microcentrifuge tubes in a 100° 
Isotemp block (Fisher). We inserted a blunt P200 pipet tip into each of 4 microcentrifuge tubes filled with distilled water and heated 
them to 100° in the Isotemp block. We preheated 8 clean slides (see above protocol for cleaning slides) along the front and back plastic 
surfaces of the Isotemp block outside of the metal tube holding blocks. We then arranged 4 pairs of spacer slides (slides with 1 layer of 
lab labeling tape + 1 layer of ¾ inch Scotch tape to raise them off the bench), tape side up, in front of the Isotemp block. To make the 
agarose pads, we placed one of the warm bottom slides between the first pair of spacer slides. We then moved one of the warm top 
slides to a Sardstedt Styrofoam block that is in front of the first pair of spacer slides such that the slide is in perpendicular orientation 
relative to the bottom slide. We removed the first hot blunt P200 tip from its hot water tube in the Isotemp block, shook it to get rid of 
excess water, and attached it to a P100 set on 50 l. We then pipetted 50 l from the open tube of molten agarose, lifting the tube out 
of the block briefly during pipetting. We began pipetting immediately when the tip touched the agarose, and then set the tube back in 
the block and pipetted the agarose onto the bottom slide between the spacers. After hovering the top slide over the agarose drop for ~1 
sec, we then applied the top slide perpendicular to the bottom slide. The amount of pressure applied over the spacer slides depends on 
the how the drop spreads/ forms. The goal is for an average size pad to be 18-19 mm in diameter. After the 4 slides had been made, 
we pre-warmed another set of 8 slides and 4 blunt P200 tips for the next set. We then removed the top slide from the first slide pair and 
immediately applied a 24 X 30 mm coverslip to the agarose pad such that the long dimensions of the coverslip and slide are 
perpendicular to each other and the coverslip hangs off the edge of the slide, and then transferred this to a humidified plastic container. 
We repeated this with the remaining 3 slides, and then repeated this for another set of 4 slides if needed.  Slides were stored at 4° until 
they were used the next day. 
   Mounting animals on slides: We first equilibrated the agarose pad slides at the intended temperature in their humidified container and 
prepared fresh 6 mM Levamisole in M9 from a powder stock of Levamisole (Acros Organics; AC187870100; <6 months old). To mount 
animals on a pad, we pre-picked 30-40 young adults to an unseeded plate, applied 30 l of 6 mM levamisole to a 24 X 30 mm 
coverslip, picked the 30 young adults to the droplet in one pick-full, and incubated them for 6:10 min on a moist Kimwipe square under 
a Petri plate lid. Immediately after picking the worms to the drop, we removed the coverslip from one of the agarose pad slides and 
added 10 l of M9 + 6 mM Levamisole to the coverslip, and then re-applied the coverslip to the pad, leaving it on the pad until ~40 sec 
remained on the count-down timer. When removing the coverslip we also removed as much of the 10 l as possible along with the 
coverslip by tilting the coverslip up as soon as it slides off the pad and dragging the liquid away from the pad. We then blotted around 
the edge of the pad with a Kimwipe to remove excess liquid. When the 6:10 timer finished, we put the coverslip back on the Petri plate 
lid (wiping the moisture off of the part that contacted the wet Kimwipe square first) and removed 23.5 - 25.5 l of liquid (average 24.5, 
but adjusted as needed depending on pad size and wetness after removing the M9) by pipetting under the stereomicroscope. We used 
a gel loading tip inserted onto a P20 set on the desired volume to remove the liquid in one attempt. The tip of the gel loading tip should 
be bent sharply, so that the opening points down at the liquid. When applying the new coverslip with worms face down onto the pad, we 
used a pair of jeweler’s forceps to gently lower it onto the pad. On properly mounted coverslips, a small amount of liquid should wick 
across in all directions and slightly overflow the pad. 
   Image Acquisition: We acquired images using the same microscope, camera, and computer system described above for static 
imaging. We adjusted the light power of a SOLA LED light engine to 18% (a good level for reducing bleaching when using the Texas 
Red filter during the time lapse without compromising signal). We mounted the slide on the microscope and scanned the pad left to 
right, top to bottom using transmitted light and DIC optics to find the first animal oriented with its ventral cord facing the objective. Using 
the YFP filter, we then located the DB7 motor neuron and its dendrite and positioned the stage to allow viewing of the soma and as 
much of the dendrite as possible. At 5:30 min after applying the coverslip, we started the time lapse and continued collecting for 10 min. 
Each time lapse consisted of 306 frames collected at 2 sec intervals. 
   Processing Time Lapse Images and Converting them to Kymographs: We used the Review Multidimensional Data Metamorph plug-in 
to convert the time lapse images into a multi-image TIFF file. We then used the Multi-line tool to trace along the center of the DB7 
neuron dendrite, starting at the cell soma boundary and proceeding anterogradely. During tracing we moved back and forth between 
tracing and the slider such that we could visualize the precise path as CTNS-1-RFP lysosomal puncta moved through the dendrite (i.e. 
following the puncta by clicking as they move along the dendrite). After ending the trace, we used the Kymograph plug-in to set the line 
width at a value that included all of the puncta throughout the movie. If animal movement shifted the dendrite’s position during the 
movie, we adjusted the line width to the minimum width that allowed all puncta along the commissure to be included in the boundaries 
(up to ~50 pixels maximum). If necessary, we additionally shifted the position of the line slightly to compensate for movement. In some 
cases where animal movement prevented us from make a kymograph that included all frames in the movie, we made kymographs that 
only included the segments during which puncta moved and used those for analysis, noting that no puncta movements occurred in the 
frames not included if that was the case. Frames were excluded from the total frame count (used in some of the time calculations) if 
puncta movements occurred that could not be quantified via kymographs. We then created, reviewed, and saved the Kymograph, used 
the Save Regions plug-in to save the line traces associated with the file, and noted the optimal line width for each trace. 
   Quantifying Movements from Kymographs: After opening the multi-plane tiff file, using the Load Regions plug-in to re-load the line 
traces, and setting the line width at the above determined optimum, we re-created the kymograph (previously saved kymographs can’t 
be used to log data). We then used the Line tool to trace each anterograde movement and logged the Distance and Time data for each 
movement before repeating for the retrograde movements. A “movement” was defined as being >= 1.25 microns. There is no velocity 
minimum if the movement is >= 2.0 microns. However, if a movement is < 2.0 microns, it must have a velocity of >= 0.1 microns/ sec. A 
movement continues until it pauses for >= 30 sec or until it reverses direction, or until it reaches the end of the time course, or until it 
merges with another punctum and the other punctum does not move (if it merges with another punctum and the combined puncta 
continue moving, then the movement is considered to continue). Movements that changed their velocity without pausing or changing 
direction were treated as single point-to-point straight line movements, with one end of the line at the beginning of the movement and 
the other end at the end of the movement (thus creating an average distance and time from point A to point B). Lysosomal puncta were 
often elongated, in which case we made point-to-point measurements from the center of the tubule. Sometimes elongated puncta will 
either stretch, contract, or break apart without actually moving from point to point. These events were obvious from watching the movie 
and were not treated as point-to-point movements. To quantify puncta entering or exiting the cell soma, we clicked through each time 
lapse movie to score exit and entry events. If a punctum near the boundary of the soma was elongated, we did not score it as an exit or 
entry event unless or until the entire length of the punctum had left or entered the cell soma. 
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  Quantifying Percent of Time in Paused State: Pauses were analyzed on all movies having at least 280 frames for movement analysis 
(out of a maximum of 306 frames). These 280-306 – frame sets were observed for movements/ pauses both frame-by-frame and using 
kymographs. Because of the occasional movement of puncta out of the field of view, each punctum’s time spent paused was compared 
only to its own total time visible and quantified as a proportion of time visible spent paused (i.e. 0.00 indicating that the punctum never 
paused and 1.00 indicating that the punctum was paused for the entire time it was visible). 
  Time lapse movies: We annotated multi-plane TIFF files using Metamorph Display > Graphics > Text or Arrow. We converted selected 
multi-plane TIFF files to movies using Metamorph Stack > Make Movie > AVI, specifying 3/30ths for each frame (which is 20X faster 
than real time). Movies were saved as full frames, uncompressed and converted to Quicktime using Wondershare Video Converter 
Platinum. 

 
C. elegans non- wild type Strains 
 

Strain name Genotype (origin and/ or first use cited if not produced in this study) 
NG4251 cdk-5(gm336) [6X outcrossed] (Juo et al. 2007) 
KG4755 cdk-5(gm336); ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4751 cdk-5(gm336); ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG4485 cdk-5(gm336); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4543 cdk-5(gm336); sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4626 cdk-5(gm336); sad-1(ce749) syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4578 cdk-5(gm336); syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4665 cdk-5(tm613) [2X outcrossed] 
KG2998 ceIs134 [unc-17::CTNS-1-RFP, -GFP] (Edwards et al. 2013) 
KG4671 ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4710 ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG2430 ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] (Edwards et al. 2009) 
KG4575 nud-2(ok949); cdk-5(gm336); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4505 nud-2(ok949); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4574 nud-2(ok949); syd-2(ce759) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4400 sad-1(ce749) [2X outcrossed] 
KG4483 sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4596 sad-1(ce749) syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4757 sad-1(ce749); ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4693 sad-1(ce749); ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG4541 sad-1(ce753) [2X outcrossed] 
KG4401 syd-2(ce759) [2X outcrossed] 
KG4599 syd-2(ok217) [3X outcrossed] 
KG4542 syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4756 syd-2(ok217); ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4712 syd-2(ok217); ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG2338 unc-16(ce483) [5X outcrossed] 
KG4481 unc-16(ce483) cdk-5(gm336) 
KG4758 unc-16(ce483) cdk-5(gm336); ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4691 unc-16(ce483) cdk-5(gm336); ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG4497 unc-16(ce483) cdk-5(gm336); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4579 unc-16(ce483) cdk-5(gm336); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus]; ceEx450 [unc-129::CDK-5 cDNA] 
KG4522 unc-16(ce483) cdk-5(gm336); pct-1(tm2175) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4544 unc-16(ce483) cdk-5(gm336); sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4627 unc-16(ce483) cdk-5(gm336); sad-1(ce749) syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4597 unc-16(ce483) cdk-5(gm336); syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4654 unc-16(ce483) cdk-5(tm613) 
KG4608 unc-16(ce483) strd-1(ok2283); ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG3035 unc-16(ce483); ceIs134 [unc-17::CTNS-1-RFP, -GFP] 
KG4192 unc-16(ce483); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4625 unc-16(ce483); nab-1(ok943); ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4638 unc-16(ce483); nab-1(ok943); sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4639 unc-16(ce483); nab-1(ok943); syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4588 unc-16(ce483); nud-2(ok949); cdk-5(gm336); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4573 unc-16(ce483); nud-2(ok949); ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4587 unc-16(ce483); nud-2(ok949); syd-2(ce759) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4521 unc-16(ce483); pct-1(tm2175); ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4694 unc-16(ce483); pptr-2(ok1467); ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4482 unc-16(ce483); sad-1(ce749) 
KG4498 unc-16(ce483); sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4841 unc-16(ce483); sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus]; ceEx472 [unc-129::sad-1 cDNA] 
KG4538 unc-16(ce483); sad-1(ce749) syd-2(ce759) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
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KG4268 unc-16(ce483); sad-1(ce749); ceIs134 [unc-17::CTNS-1-RFP, -GFP] 
KG4759 unc-16(ce483); sad-1(ce749); ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4719 unc-16(ce483); sad-1(ce749); ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG4656 unc-16(ce483); sad-1(ce753) 
KG4598 unc-16(ce483); sad-1(ce753) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4630 unc-16(ce483); strd-1(ok2283); sad-1(ce749) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4623 unc-16(ce483); syd-1(tm6234); ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4644 unc-16(ce483); syd-1(tm6234); syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4657 unc-16(ce483); syd-2(ce759) 
KG4499 unc-16(ce483); syd-2(ce759) ceIs56 [unc-129::CTNS-1-RFP, -129::nlp-21-Venus] 
KG4658 unc-16(ce483); syd-2(ok217) 
KG4563 unc-16(ce483); syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus] 
KG4843 unc-16(ce483); syd-2(ok217) ceIs56 [unc-129::CTNS-1-RFP, unc-129::nlp-21-Venus]; ceEx474 [unc-129::SYD-2 gene] 
KG4760 unc-16(ce483); syd-2(ok217); ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4720 unc-16(ce483); syd-2(ok217); ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG4754 unc-16(ce483; ceIs267 [unc-129::PST-2-GFP, unc-129::RFP] 
KG4692 unc-16(ce483; ceIs259 [unc-129::RFP-SYN-13, unc-129::Venus] 
KG4375 unc-104(ce782); unc-16(ce483); ceIs134 
KG4405 unc-104(e1265); unc-16(ce483); ceIs134 

 
 
 
Mutation Lesions and Methods Used for Genotyping in Strain Constructions 
 

Mutation Description of Molecular 
Lesion 

Effect on 
Protein 

Method(s) used for 
genotyping 

References for 
mutant isolation 
and/ or mutation 

description 
cdk-5(gm336) 760 bp deletion that starts in proximal 

promoter and deletes exons 1, 2, and 
most of exon 3 (>60% of coding region) 

Putative null PCR with primers inside 
deleted region 

(Juo et al. 2007) 

cdk-5(tm613) 428 bp deletion extending from middle of 
exon 3, including all of exon 4, and 
ending in intron 4. 

Putative null PCR with primers inside 
deleted region 

Japanese National 
Bioresource Project for 
the Experimental Animal 
“Nematode C. elegans” 
and this study. 

nab-1(ok943) 1032 bp deletion that deletes coding 
region exons common to all isoforms, 
including all of the region encoding the 
coiled-coil domain. 

Putative null PCR with primers inside 
deleted region 

C. elegans Gene 
Knockout Consortium 
and (Hung et al. 2007) 

nud-2(ok949) 1109 bp deletion and a 1 bp insertion. 
Starts at the predicted ATG of nud-2 and 
deletes the entire open reading frame 
except the last part of the last exon. 
 

Putative null PCR with primers inside 
deleted region 

C. elegans Gene 
Knockout Consortium 
and 
(Fridolfsson et al. 2010) 

pct-1(tm2175) 733 bp deletion with a 5 bp insertion 
(GAGAG). Removes the kinase domain 
in all 3 isoforms. 

Putative null PCR with primers inside 
deleted region 

Japanese National 
Bioresource Project for 
the Experimental Animal 
“Nematode C. elegans”  
and (Ou et al. 2010) 

sad-1(ce749) Q57Stop (out of 835 or 914 amino acids, 
depending on the isoform). Mutation 
position is the same in both isoforms. 

Putative null Make 250 bp PCR 
product centered on the 
mutation, followed by 
restriction digest with 
Mse I (the mutation 
creates an Mse I site). 

This study 

sad-1(ce753) R147Stop nonsense mutation Putative null Make 500 bp PCR 
product centered on the 
mutation, followed by 
restriction digest with Bst 
UI (site is only present in 
wild type). 

This study 

strd-1(ok2283) 1015 bp deletion that deletes from amino 
acid R174 onward 

Putative null PCR with primers inside 
deleted region 

C. elegans Gene 
Knockout Consortium 
and 
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 (Kim et al. 2010) 
syd-1(tm6234) 1266 bp deletion starting in the intron 

between exons 7 and 8 and ends in the 
middle of exon 11 of the “b” isoform. The 
deletion eliminates R249 – Y471 (out of 
942 amino acids total) and results in a 
frame shift predicted to prevent 
translation of the remaining protein. 

Putative null Behavioral phenotypes 
and PCR with primers 
inside deleted region 

 

Japanese National 
Bioresource Project for 
the Experimental Animal 
“Nematode C. elegans” 
and this study. 

syd-2(ce759) Q387Stop (out of 1139 amino acids 
total) 

Putative null Behavioral phenotypes 
and PCR followed by 
sequencing 

This study 

syd-2(ok217) ~2 Kb deletion covering most of the N-
terminal coiled coil domains. Results in a 
frame shift and stop codon at amino acid 
200 (out of 1139 amino acids total). 

Putative null Behavioral phenotypes 
and PCR with primers 
inside deleted region 

C. elegans Gene 
Knockout Consortium 
and (Wagner et al. 2009; 
Kittelmann et al. 2013) 

unc-16(ce483) Q304Stop (out of1157 amino acids of 
the ZK1098.10b isoform) 

Putative null Behavioral phenotypes 
and PCR followed by 
sequencing 

(Edwards et al. 2013) 

unc-
104(ce782) 

Missense mutation G105E in motor 
domain 

Conditional 
strong 
reduction-of-
function or 
null 

Behavioral phenotypes 
and PCR followed by 
sequencing 

(Edwards et al., co-
submitted) 

unc-
104(e1265) 

Missense mutation D1497N in the cargo 
binding domain 

strong 
reduction-of-
function 

Behavioral phenotypes 
and PCR followed by 
sequencing 

(Kumar et al. 2010) 

 
Plasmids 
 
KG#65 unc-17:: expression vector (Charlie et al. 2006) 
KG#67 ttx-3::GFP Gift of Oliver Hobert, Columbia University 
KG#230 unc-129:: expression vector (Edwards et al. 2009)
KG#240 unc-129::___-mCherry 

expression vector 
(Edwards et al. 2009)

KG#255 ttx-3::RFP (Edwards et al. 2009)
KG#367 unc-129:___-GFP (Edwards et al. 2013) 
KG#374 unc-129::___-Venus expression 

vector 
(Edwards et al. 2009) 

KG#414 unc-129::RFP-SYN-13 (Edwards et al. 2013) 
KG#428 unc-129::SYD-2-GFP Used Pfu Ultra polymerase and primers engineered with restriction sites to amplify the 5.4 Kb syd-2 gene coding region 

(minus its stop codon and with reading frame adjusted for fusing to GFP) from purified N2 genomic DNA and clone into 
Nhe I/ Kpn I cut KG#367 (unc-129::___-GFP). 

KG#611 unc-129::PST-2A-CFP (Edwards et al. 2013) 
KG#695 unc-129::SAD-1A-GFP Used AffinityScript Multiple Temperature Reverse Transcriptase and a primer engineered with a restriction site to make the 

sad-1 ("a" isoform) cDNA (2.7 Kb). Then used Herculase II polymerase and primers engineered with restriction sites to 
amplify and clone the cDNA into Nhe I/ Kpn I cut KG#367 (unc-129::___-GFP expression vector; 7.2 Kb). 

KG#696 unc-17::sad-1a cDNA Used Herculase II polymerase and primers engineered with restriction sites to amplify the 2.7 Kb sad-1 ("a" isoform) cDNA 
from KG#695 and cloned it into Nhe I/ Kpn I cut KG#65 (unc-17 ::___ expression vector; 4.2 Kb). 

KG#717 unc-129::SAD-1 cDNA Used Nhe I/ Kpn I to cut out the 2.7 Kb sad-1a cDNA from KG#696 (unc-17 ::sad-1a cDNA) and cloned it into the like-
digested unc-129:: vector KG#230 (6400 bp). Transform into XL1-Blue electrocompetent cells. 

KG#718 unc-129::CDK-5 cDNA Used AffinityScript Multiple Temperature Reverse Transcriptase and a primer engineered with a restriction site to make the 
cdk-5 cDNA. Used Herculase II polymerase and primers engineered with restriction sites to amplify and clone the cDNA 
into Nhe I/ Kpn I cut KG#230. 

KG#739 unc-17::__-GFP Used Age I/ Apa I to cut out the ~1000 bp unc-54 3' control region from KG#65, leaving the 3.2 kb vector fragment 
containing the unc-17:: promoter To this vector fragment, we ligated the 1800 bp Age I/ Apa I fragment (containing GFP + 
unc-54 3’ control region) cut from pPD94.81. 

KG#740 unc-17::PST-2A-GFP Used Nhe I/ Age I to cut out the 1.1 Kb pst-2a cDNA from KG#611 (unc-129::PST-2A-CFP) and cloned it into like-digested 
KG#739 (unc-17 ::__-GFP vector). 

KG#751 unc-129::PST-2A-GFP Used Nhe I/ Age I to cut out the 1.1 Kb pst-2a cDNA from KG#740 (unc-17::PST-2A-GFP) and cloned it into the like-
digested unc-129::__-GFP vector  KG#367. 

KG#804 unc-129::SYD-2 gene Used the Q5 Site-Directed Mutagenesis Kit (New England Biolabs) to insert a stop codon after the SYD-2 gene in KG#428 
(unc-129::SYD-2-GFP). 

pPD94.81 unc-54::GFP Gift of Andrew Fire, Stanford University 
pPD118.33 myo-2::GFP Gift of Andrew Fire, Stanford University 

 
Transgenic Arrays and Genomically Integrated Transgenes 
 

Array name Insertion 
location 

Experimental contents and injection 
concentrations 

Co-transformation markers and 
injection concentrations 

References for 
transgene or 
integrated insertion 
(if not made in this 
study) 
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ceEx450 extrachromo
somal array 

KG#718 [unc-129::CDK-5 cDNA] (30 ng/ l) KG#67 [ttx-3::GFP] (25 ng/ l) This study 

ceEx472 extrachromo
somal array 

KG#717 [unc-129::SAD-1a cDNA] (2 ng/ l) pPD118.33 [myo-2::GFP] (0.75 ng/ 
l) 

This study 

ceEx474 extrachromo
somal array 

KG#804 [unc-129::SYD-2 gene] (1.5 ng/ l) pPD118.33 [myo-2::GFP] (0.75 ng/ 
l) 

This study 

ceIs56 X: ~9.0 KG#371 [unc-129::CTNS-1a-RFP] (5 ng/ l) KG#255 [ttx-3::RFP] (15 ng/ l) 
KP#1383 unc-129::NLP-21-Venus 
(15 ng/ l) 

(Edwards et al. 2009; 
Edwards et al. 2013) 

ceIs134 V: ~ -2.0 KG#645 [unc-17::CTNS-1A-RFP] (3.5 ng/ l) RM#605p [unc-17::GFP] (10 ng/ 
l) 

(Edwards et al. 2013) 

ceIs259 IV: ~3.4 KG#414 [unc-129::RFP-SYN-13] (1.0 ng/ l) 
KG#374 [unc-129::mCherry] (1.0 ng/ l) 

KG#255 (ttx-3::RFP) (15 ng/ l) This study 

ceIs267 V: -1.9 or 
11.2 

KG#751 [unc-129::PST-2-GFP] (0.35 ng/ l) 
KG#240 [unc-129::mCherry]  (1.0 ng/ l) 

KG#255 (ttx-3::RFP) (15 ng/ l) This study 
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File S2. Time lapse of lysosome movements between DB7 and its dendrite in wild type. 
 
File S2 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma, 
dendrite, and axonal commissure of the cholinergic motor neuron DB7 from a wild type adult. The actual length of the time lapse is 10 
min (acquired at 1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 
 
File S3. Time lapse of lysosome movements between DB7 and its dendrite in cdk-5(gm336). 
 
File S3 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma, 
dendrite, and axonal commissure of the cholinergic motor neuron DB7 from a cdk-5(gm336) adult. The actual length of the time lapse is 
10 min (acquired at 1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 
 
File S4. Time lapse of lysosome movements between DB7 and its dendrite in sad-1(ce749). 
 
File S4 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma 
and dendrite of the cholinergic motor neuron DB7 from a sad-1(ce749) adult. The actual length of the time lapse is 10 min (acquired at 
1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 

 
File S5. Time lapse of lysosome movements between DB7 and its dendrite in syd-2(ok217). 
 
File S5 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma 
and dendrite of the cholinergic motor neuron DB7 from a syd-2(ok217) adult. The actual length of the time lapse is 10 min (acquired at 
1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 

 
File S6. Time lapse of lysosome movements between DB7 and its dendrite in unc-16(ce483). 
 
File S6 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma, 
dendrite, and axonal commissure of the cholinergic motor neuron DB7 from an unc-16(ce483) adult. The actual length of the time lapse 
is 10 min (acquired at 1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 
 
File S7. Time lapse of lysosome movements between DB7 and its dendrite in unc-16(ce483) cdk-5(gm336). 
 
File S7 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma, 
dendrite, and axonal commissure of the cholinergic motor neuron DB7 from an unc-16(ce483) cdk-5(gm336) adult. The actual length of 
the time lapse is 10 min (acquired at 1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 
 
File S8. Time lapse of lysosome movements between DB7 and its dendrite in unc-16(ce483); sad-1(ce749). 
 
File S8 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma 
and dendrite of the cholinergic motor neuron DB7 from an unc-16(ce483); sad-1(ce749) adult. The actual length of the time lapse is 10 
min (acquired at 1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 

 
File S9. Time lapse of lysosome movements between DB7 and its dendrite in unc-16(ce483); syd-2(ok217). 
 
File S9 is available for download at www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.177345/-/DC1. Shown are the cell soma 
and dendrite of the cholinergic motor neuron DB7 from an unc-16(ce483); syd-2(ok217) adult. The actual length of the time lapse is 10 
min (acquired at 1 frame/ 2 sec), but the movie has been sped up ~20 – fold (to 30 sec). 


