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Abstract
Maintenance of the shape of biological tubules is critical for development and physiology of
metazoan organisms. Loss of function of the C. elegans FGD protein EXC-5 allows large fluid-
filled cysts to form in the lumen of the single-cell excretory canal tubules, while overexpression of
exc-5 causes defects at the tubule’s basolateral surface. We have examined the effects of altering
expression levels of exc-5 on the distribution of fluorescently-marked subcellular organelles. In
exc-5 mutants, early endosomes build up in the cell, especially in areas close to cysts, while
recycling endosomes are depleted. Endosome morphology changes prior to cyst formation.
Conversely, when exc-5 is overexpressed, recycling endosomes are enriched. Since FGD proteins
activate the small GTPases CDC42 and Rac, these results support the hypothesis that EXC-5 acts
through small GTPases to move material from apical early endosomes to recycling endosomes,
and that loss of such movement is likely the cause of tubule deformation both in nematodes and in
tissues affected by FGD dysfunction such as Charcot-Marie-Tooth Syndrome type 4H.

Keywords
Charcot-Marie-Tooth Syndrome; FGD; EEA1; RME-1; Rab; CDC42; endosome recycling

Introduction
The formation and maintenance of epithelial tubule structure is essential for organogenesis
in all metazoan organisms. Formation of such tubules requires apical polarization to create
the luminal and basolateral membranes, followed by secretion of material to create the
internal lumen (Lubarsky and Krasnow, 2003). Once formed, it is critical that the lumen
diameter be maintained in order to allow proper transport of material (Harris and Torres,
2008). Recent studies have investigated the formation of the tubular apical surface in cell
culture (Martin-Belmonte and Mostov, 2008; Rodriguez-Fraticelli et al., 2010) and in
models such as the Drosophila trachea (Levi et al., 2006; Luschnig et al., 2006) and
mammalian tissues (Kesavan et al., 2009; McCaffrey and Macara, 2009), but less is known
about how such structures maintain their diameter once the tubule is formed.

The excretory canal cell of the nematode C. elegans is a single-celled epithelium that forms
tubules to regulate organismal osmolarity and ionic content (Hahn-Windgassen and Van
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Gilst, 2009; Nelson and Riddle, 1984; Teramoto et al., 2010). During the second-half of
embryogenesis, this cell forms long fluid-filled tubules called canals that continue to extend
throughout the first larval stage (Buechner et al., 1999) (Fig. 1A, B). Extension of these
tubules along the length of the entire organism requires simultaneous creation of basolateral
surface along the outside of the tubule together with apical surface on the luminal side. Once
initial formation of the canals is complete, the material of the two surfaces must further be
recycled so as to alter tubule length and diameter as the animal enlarges through four larval
stages and adulthood, and to repair any damage that occurs to the tubules through body-
bending movement.

Mutations of any of a series of exc genes cause the canals’ apical cytoskeleton to fail, which
allows the lumen to expand into fluid-filled cysts (Buechner, 2002). The cloned canal-
expressed exc mutants encode ion channels and their regulators (Berry et al., 2003;
Hisamoto et al., 2008; Liegeois et al., 2007), cytoskeletal proteins (Gao et al., 2001; Gobel
et al., 2004; Praitis et al., 2005; Suzuki et al., 2001; Tong and Buechner, 2008), and an
RNA-transport protein (Fujita et al., 2003). Loss-of-function mutations of exc-5 causes
defects in the apical (luminal) surface of the excretory canals by allowing formation of large
cysts predominantly at the growing tips of excretory canals (Fig. 1C), while overexpression
of exc-5 causes failure of the basolateral surface of the cell, so that the normal-diameter
luminal surface is convoluted inside a cell body that fails to extend (Fig. 1D) (Suzuki et al.,
2001). exc-5 encodes a homologue of the FGD family of mammalian guanine exchange
factors (Suzuki et al., 2001, Mattingly, 2011). Mutation of human FGD genes cause
Faciogenital Dysplasia (FGD1) (Pasteris et al., 1994), and Charcot-Marie-Tooth disease type
4H (FGD4) (Delague et al., 2007). The human EXC-5 homologue FGD1 activates the small
Rho-GTPase CDC42 when overexpressed in 3T3 fibroblasts in tissue culture (Olson et al.,
1996). CDC-42 has multiple roles in transport of vesicles in synthesis and recycling in
epithelial cells (reviewed in (Harris and Tepass, 2010)), and can mediate differential
transport of vesicles at the apical vs. the basolateral surfaces (Harris and Tepass, 2008;
Rojas et al., 2001).

In order to understand the subcellular processes that underlie the cystic and convoluted
tubule phenotypes we observe when dosage of exc-5 is perturbed, we created a set of
excretory canal markers to label various subcellular compartments. We found that within the
excretory canals, the number and distribution of several of the compartments depended
heavily on normal levels of EXC-5. The most strongly affected compartments, early
endosomes and recycling endosomes, recycle cellular components. In addition, expression
of a fragment of WSP-1 that binds to activated CDC-42 caused similar effects on canal
structure as did expression of EXC-5. These results support the hypothesis that EXC-5 and
other FGD proteins modulate small GTPase activity to move material from early endosomes
to recycling endosomes, and this movement maintains the structure of the apical surface of
these epithelia.

Materials and Methods
Nematode Genetics

C. elegans mutants were derived from the N2 Bristol strain background. All strains were
grown on E. coli strain BK16 (a Streptomycin-resistant derivative of OP50) and maintained
as described (Brenner, 1974).
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DNA Constructs
The exc-5∷gfp construct was a gift from K. Matsumoto. It contains 12.6kb of genomic DNA
comprised of 7.2kb of upstream sequence from exc-5 and 5.3kb of exc-5 coding region
placed into pPD95.75 (gift from A. Fire) in front of the gfp gene and an unc-54 3′ UTR.

Plasmid pCV01 is the generous gift of T. Oka and M. Futai, and contains the promoter for
vha-1 in front of gfp (Oka et al., 2001); this construct is strongly expressed in the excretory
canal cell and head mesodermal cell. Nematode lines BK30 and BK36 contain a stable
integration (qpIs11) of pCVO1 together with the unc-119 gene, transformed into unc-119
animals that were either wild-type (BK36) or exc-5(rh232) (BK36) for canal morphology,
via biolistic transformation by the method of (Praitis et al., 2001). Each integrant was
outcrossed at least 5 times. For BK36, the site of integration was mapped to LG I.

Plasmids containing constructs expressing constitutively active (ca, G12V) and dominant-
negative (dn, T17N) forms of nematode cdc-42 linked to the marker gfp were the gift of E.
Lundquist. A 1.2 kb NheI genomic fragment was amplified and recloned into pPD117.01
(created by A. Fire, gift of L. Timmons) by use of standard molecular techniques.

Subcellular marker Gateway® (Invitrogen Corporation) constructs were a generous gift
from B. Grant. The vit-2 promoter in the mCherry expression vector was excised as a 326bp
SphI-KpnI fragment and replaced with a 1.4kb exc-9 promoter by use of standard molecular
techniques. The modified vector was then used in a series of nine Gateway® reactions with
each of the donor vectors containing either the cDNA of nematode rab-5, rab-7, rab-11,
glo-1, or rme-1 (splice form d); or genomic copy of nematode cdc-42, eea-1, or chc-1 genes;
or the GRIP (Glutamate Receptor-Interacting Protein) domain of nematode gene T05G5.9
(gift of B. Grant and S. Eimer). The result of each reaction was the exc-9-promoted mCherry
cDNA fused N-terminally to the specific subcellular gene.

The G-protein-binding domain (GBD) of wsp-1 (Kumfer et al., 2010) was PCR-amplified
from constructs generously provided by Jayne Squirrel, Kraig Kumfer, and John White, and
then cloned into a pENTR™/D-TOPO® vector (Invitrogen Corporation). This sub-clone
was used as above to create mCherry cDNA fused N-terminally to GBDwsp-1 expressed via
the exc-9 promoter.

Microinjection and Integration of Constructs
Subcellular constructs were injected into the rachis of young adult N2 animals at a
concentration of 50 and 100ng/μl. Transgenic F1 animals were isolated to separate plates
and screened for array transmission.

A stable low-copy-number array of exc-5∷gfp driven by the exc-5 promoter was obtained via
microinjection of the Pexc-5∷exc-5∷gfp construct at 15ng/μl mixed with 25ng/μl of N2
genomic DNA. Array transmission in this strain was 0.6% (n=300). Unstable low-copy
transient arrays of altered cdc-42 forms driven by the vha-1 promoter were obtained via
microinjection of the Pvha-1∷gfp∷cdc-42 (dn or ca) construct at 10ng/μl.

Stable arrays were integrated into the nematode chromosome through the use of 4,5′,8-
trimethylpsoralen (TMP) (Yandell et al., 1994). Nematodes were washed off plates with M9
buffer, pelleted, and resuspended in a minimal volume. TMP was added to a final
concentration of 30μg/ml. Animals were soaked in the TMP solution for 15 minutes in the
dark and washed twice in M9 buffer. Nematodes were then plated and irradiated by use of a
Spectrolinker™ (Spectronics Corporation, New York) set to 350μJ at 360nm. F2 progeny
from the irradiated animals were isolated and screened for integrants. Plates containing all
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fluorescent transgenic progeny were identified as having the transgene homozygously
integrated. All integrants were then outcrossed at least five times before use.

Microscopy
Nematodes were observed via a Zeiss Axioskop microscope with Nomarski optics and
epifluorescence using 40x and 63x oil-immersion objectives. Animals were placed on 5%
agarose pads in water or PBS containing 0.8% 1-phenoxy-2-propanol as anaesthetic. All
images were taken with an Optronics MagnaFire Camera. Images were cropped and merged
using the programs GIMP and Graphic Converter (Lemke Software, Peine, Germany).

Time-lapse images were taken by use of the same equipment, except that animals were
anaesthetized with 10mM muscimol. Animals were kept at 20°C prior to microscopic
observation. Coverslips were sealed with mineral oil to prevent desiccation of the animals.

Confocal images were taken with an Olympus Fluoview FV1000 laser-scanning confocal
microscope with 60x objective. Animals were anaesthetized with 10mM muscimol and
treated as above.

Canal Measurements
Posterior excretory canal length was measured relative to the animal length as described
(Tong and Buechner, 2008). Animals were kept at 20°C and generally scored as L4 larvae.
Canals that did not extend at all or remained near the cell body were scored as (0). Posterior
canals that extended to between the cell body and the vulva were scored as (1), at the vulva
(2), between the vulva and the tail (3), and full-length canals were scored as a (4). Cysts
were counted and grouped according to size. Cysts with a diameter of over half the body
width were labeled as large cysts; cysts larger than a quarter of the body diameter up to half
the diameter were labeled as medium; cysts a quarter of the body diameter or smaller were
labeled as small cysts. A canal that exhibited a lumen that traversed itself more than once
was counted as a convoluted tubule.

Relative brightness of markers in cysts vs. noncystic tubules was measured by use of the
program NIH ImageJ. Micrographs showing the most anterior cyst of a posterior canal were
used, and where possible, micrographs presenting a cyst not adjacent to other cysts were
used, since two or more closely spaced cysts concentrated cytoplasm more than did a single
cyst. A segmented line of width equal to the widest cyst to be measured was placed over the
entire length of the canal, and plot profile was recorded. The average value of the plot
profile of the same width of a dark section of the micrograph was subtracted as background.
A section of normal-width canal (that did not overlap out-of-focus fluorescence from other
tissues or the opposite-side canal) was normalized to relative brightness = 100. The brightest
reading of cytoplasm at the junction of cyst and noncystic canals was recorded as “peak
brightness,” while the lowest fluorescence along the center of the cyst was recorded as
“trough brightness.”

Results
EXC-5 dosage at the apical surface determines canal morphology

Previous work has shown that null mutation of exc-5 in the excretory canal results in the
formation of large fluid-filled cysts along the length of and especially at the distal tips of the
canal (Fig. 1C), while strong overexpression of exc-5 in the canal causes a “convoluted
tubule” phenotype in which the apical surface and cytoskeleton maintain the correct
diameter, but are wrapped inside a large cell body that fails to extend processes along the
hypoderm (Fig. 1D) (Suzuki et al., 2001). We found that microinjection of higher
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concentrations (>50 ng/μl) of an exc-5∷gfp construct resulted in dead eggs and larvae that
died at the L1 or L2 stage. Microinjection of varying concentrations of the exc-5∷gfp
construct at lower levels (5-25 ng/μl) resulted in progeny exhibiting tubule convolutions of
severity proportionate to concentration of DNA injected (Fig. 1D). In order to examine the
subcellular location of EXC-5 within the canal, we integrated a stable low-copy-number
exc-5∷gfp transgene into the chromosome (integrant qpIs78). This integrated construct,
present as a heterozygote, fluoresces very weakly (barely visible in a compound
fluorescence microscope), and rescues the null mutant Exc-5 phenotype to create near-
normal-length canals that each contain a normal-diameter lumen (data not shown). Since the
null mutant Exc-5 phenotype is fully recessive, our results are consistent with the transgene
expressing approximately a single dose of EXC-5 protein. The exc-5∷gfp transgene was also
expressed in other tissues previously reported to contain this protein, including the pharynx
(Suzuki et al., 2001); confocal microscopy showed the protein appearing along actin fibers
in the pharyngeal muscles (Fig. 1E).

Diploid wild-type N2 animals have 2 copies of exc-5, so when the exc-5 transgene is present
heterozygously in N2 canals, the total dosage of exc-5 is (presumably) 3 copies, and the
animals exhibit a normal canal phenotype. When the transgene is present homozygously
(strain BK179), the total dosage of exc-5 is increased to 4 copies, and the canals are slightly
shortened, and occasionally (8%) form highly convoluted tubules (Table 2). In addition, the
diameter of the apical surface was occasionally irregular, with constricted areas (Fig. 1F).
Examination at high magnification confirmed previous results demonstrating that the EXC-5
protein is located both in the cell body and throughout the length of the canal. The apical
surface of the canal extends into the cell cytoplasm through a network of small vesicular
tubules called canaliculi (Nelson et al., 1983), so that apical EXC-5 generally appears as a
thick layer surrounding the lumen when viewed via light microscopy. Nevertheless, we
found that EXC-5 is enriched on the apical (luminal) side of the cytoplasm, but beneath the
surface of the tubule lumen (Fig. 1G-I). Apical clathrin (CHC-1) appears enriched in the
same area of high concentration of EXC-5, which may indicate that clathrin-coated pits and
EXC-5 are both found in the region of myriad tubulovesicular canaliculi that extend into the
cytoplasm from the apical surface (Nelson et al., 1983). Canal structure appears to provide a
sensitive reflection of EXC-5 dosage, with the degree of shortening and convolution
indicating higher levels of EXC-5 dosage at the apical surface.

Subcellular Organelles Appear Throughout the Entire Length of the Excretory Canals
In exc-5 mutants the canals initially form normally, but then develop large cysts
predominantly at the growing tips of the tubules (Buechner et al., 1999). Since the majority
of lumen initially forms with a normal diameter, it is likely that the defect in these mutants
involves the continual reformation of components directed to maintain apical structure as the
animal grows and moves, rather than the initial placement of cytoskeleton. During recycling,
membrane-bound proteins are taken up either via clathrin-coated pits or via clathrin-
independent pathways (Grant and Donaldson, 2009) (Fig. 2A). The material is transported
via endocytic vesicles into early endosomes, where the material is either shuttled via late
endosomes to lysosomes to be destroyed, or brought back to the surface by way of recycling
endosomes. We examined the location of multiple components of the recycling machinery
within the excretory canals by adapting a set of eight constructs expressing marker proteins
specific to different subcellular organelles linked to the fluorescent tag mCherry for canal
expression. We also made similar markers for the putative EXC-5 substrate protein CDC-42
(constructs generously provided by B. Grant) as well as the G-protein-binding domain of the
WASP homologue WSP-1 that binds to activated CDC-42 (graciously provided by J. White,
K. Kumfer, and J. Squirrell) (Kumfer et al., 2010), and transiently expressed constitutively-
active (T17N) or dominant-negative (G12V) forms of CDC-42 (constructs generously
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provided by E. Lundquist). Stably integrated markers were expressed through the exc-9
promoter in the excretory canal starting at the 3-fold stage, as well as in the uterine seam cell
and several neurons (Tong and Buechner, 2008). The exc-5 promoter was not used, in order
to avoid the possibility that expression of the construct would deplete transcription factors
specific to exc-5 in the canal, and thereby decrease expression of EXC-5 in the cell. Under
control of the exc-9 promoter, some of the constructs did cause minor defects in canal
morphology in a wild-type background (Fig. 2B-F) (Table 2). Expression of the wild-type
form of the small GTPase CDC-42 linked to mCherry caused 21% of the animals to develop
very small cysts near the distal tips of the canals. Expression of mCherry-linked WSP-1-
GBD, which binds to GTP-bound CDC-42, greatly shortened the canals, with a widened
(though only occasionally cystic) lumen diameter towards the distal end of the lumen,
sometimes followed by a “tail” of cytoplasm containing no lumen (Fig. 2D). Transient
expression of constitutively-active or wild-type CDC-42 or also caused formation of
cytoplasmic “tails,” while causing convolutions similar to those seen in animals
overexpressing EXC-5 (Table 2). In contrast, the dominant-negative form of CDC-42 caused
formation of cysts throughout the canal in a majority of animals examined (Table 2),
although the cysts were not quite as large or as frequent as in mutants of exc-5. These results
are consistent with EXC-5 functioning at least in part through the activation of CDC-42.

Expression of markers labeling specific subcellular organelles had relatively smaller effects
on canal morphology (Table 2). In 35% of canals examined, RAB-7 expression caused
moderate shortening of the canal with neither cyst nor convoluted tubule formation.
Expression of the endocytic vesicle marker RAB-5 had less of a canal-shortening effect
(19% moderately affected), and caused a convoluted tubule in 9% of the animals. Finally,
expression of the recycling endosome marker RAB-11 on occasion caused small cysts to
form (2% of the animals), and also caused a convoluted tubule in 7% of the animals. In the
great majority of animals expressing these constructs, however, the sensitive canal
morphology was normal, consistent with marker expression not causing substantial changes
in subcellular trafficking.

The fluorescence of all 9 marker proteins was highest near the excretory canal cell body, and
decreased along the length of the canals (Supp. Fig. 1). This distribution mirrors the
placement of endoplasmic reticulum and Golgi bodies, which are also found throughout the
canals as well as in the cell body (Buechner et al., 1999; Nelson et al., 1983). Since cysts
initially develop toward the tips of exc-5 mutant animals during late embryogenesis
(Buechner et al., 1999), when the posterior canals have extended only halfway towards their
full length (Fujita et al., 2003), we examined marker location primarily anterior to the vulva
in order to compare the distribution of subcellular components in wild type and in cystic
mutants. The canals are also wider closer to the excretory cell body (Chitwood and
Chitwood, 1974; Nelson et al., 1983), which facilitates determination of the apical/basal
placement of vesicles in the canals.

The marker for clathrin-coated pits, CHC-1 (clathrin heavy chain), was located in a thin
uniform layer on both the apical and basolateral surfaces of the canals, with frequent higher
concentrations in discrete puncta (Figs. 1G-I, 3A). The bulk of EXC-5 fluorescence did not
overlap with the location of CHC-1.

Early endosomes, as marked by RAB-5 (Chavrier et al., 1990) and by EEA-1 (Mu et al.,
1995), are distributed irregularly along the length of the canal (Fig. 3B, C). Occasional
larger accumulations of EEA-1 were observed near the cell body at both the basal and apical
surfaces of the canal.
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Lysosomes and late endosomes were found in puncta spaced irregularly along the length of
the canals (Fig. 3D, E). Late endosomes were marked with a RAB-7 (Chavrier et al., 1990)
marker, while the marker GLO-1/Rab38 was used to detect lysosomes (Hermann et al.,
2005).

Recycling endosomes were marked by RAB-11 and RME-1 (Fig. 3F, G). RAB-11 displayed
mainly diffuse staining throughout the cell, with a few puncta irregularly placed along the
canals. RME-1-marked vesicles were generally larger and far more numerous than were
puncta labeled by RAB-11. In both cases, the number of puncta was highest near the cell
body, but puncta were evident throughout the entire length of the canals.

Golgi bodies, marked by a Golgi-targeting GRIP domain (Kjer-Nielsen et al., 1999; Munro
and Nichols, 1999) were also seen throughout the canals, though most prominently near the
cell bodies (Fig. 3H). GRIP fluorescence appeared punctate throughout the distal canals.
Finally, CDC-42, the presumptive target of EXC-5, was located diffusely throughout the
cytoplasm of the excretory canals, with highest fluorescence levels towards the apical
surface of the canals. Expression of GBD-WSP-1 linked to mCherry, marking activated
CDC-42, showed diffuse fluorescence throughout the cytoplasm similar to that of CDC-42
(Fig. 3I), but in addition appeared as occasional puncta throughout the canal (Fig. 3J).

All of the markers were evident throughout the length of both growing and adult full-grown
canals, which suggests that material throughout the canals is steadily and continually being
taken up from canal surfaces and recycled, while material from the Golgi bodies can be
transported to the canals.

Loss of EXC-5 Activity Disrupts Endosome Morphology
In order to determine if EXC-5 mediates endocytic trafficking, as has been found for
CDC-42 (Rojas et al., 2001), the subcellular marker expression constructs were crossed into
the exc-5(rh232) null allele strain. Cyst formation caused canal cytoplasm to accumulate at
the point where the tubule widened, and between adjoining cysts, as seen via a cytoplasmic
GFP marker (Fig. 4A). The distribution of labeled CHC-1, CDC-42, GBD-WSP-1, RAB-7,
GLO-1, RAB-11, and GRIP was generally unaffected by loss of EXC-5 activity, as
compared to the cytoplasmic GFP controls (Supp. Fig. 2) (Table 3). The placement,
approximate number, and distribution of puncta in these mutants appeared quite similar to
their appearance in wild-type animals, with similar amounts of marked clathrin-coated pits,
late endosomes, and lysosomes.

Loss of EXC-5 activity often caused a strong effect on the distribution of EEA-1 and RME-1
markers, as well as some infrequent but large effects on RAB-5 distribution (Table 3, Fig.
4). Early endosome marker EEA-1 was no longer seen in discrete puncta, but rather
accumulated into large irregular shapes. These accumulations were often evident in the areas
of the canals immediately adjacent to and surrounding the large cysts. In 58% of canals, the
accumulation of labeled EEA-1 surrounding the cysts appeared substantially brighter than in
the normal-diameter tubule anterior to the cyst. Labeled RAB-5 (marking early endosomes)
was also sometimes (24%) enriched near cysts in rh232 animals, but while these
accumulations were much brighter than for some markers, the frequency of RAB-5
accumulations was similar to that of cytoplasm surrounding the cysts. Most strikingly, in
31% of animals, labeled RME-1 was the only marker to exhibit a strong and opposite
phenotype: Other than near the excretory cell body, the amount of labeled RME-1 was
severely depleted throughout the canals, and almost entirely absent in the cytoplasm
surrounding large cysts. Taken together, these results suggest a defect in recycling
endosome transport in exc-5 mutants.
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Overexpressed EXC-5 Affects Recycling Endosomes
The subcellular markers were also crossed into strains containing the integrated exc-5∷gfp
construct (at a presumed expression level of ~4 copies of functional EXC-5).
Overexpression of EXC-5 also showed little effect on most of the subcellular markers
(Supp. Fig. 3), but showed strong interactions with RME-1 and EEA-1 (Figs. 4, 5).
Overexpression of exc-5 together with the rme-1 marker caused higher than normal
accumulation of mCherry∷RME-1 puncta, whereas the level of labeled EXC-5 became
depleted (Figs. 4D, 5A), consistent with a model in which EXC-5 ferried excess amounts of
material from early endosomes to recycling endosomes. The effect of exc-5 overexpression
was even more striking when combined with the mCherry∷eea-1 marker (Figs. 4B, 5B-D).
Expression of homozygous mCherry∷eea-1 was lethal in the homozygous exc-5∷gfp strain;
animals died during late embryogenesis, though no effects on canal morphology were
obvious (Fig. 5C, D). Heterozygous expression of the mCherry∷eea-1 construct in animals
homozygous for the exc-5∷gfp-integrated transgene (with milder overexpression) allowed
animals to survive, and showed somewhat fewer, but larger, puncta of mCherry∷EEA-1
along the apical surface (Fig. 5B). Both loss and overexpression of EXC-5 activity therefore
perturbed EEA-1- and RME-1-marked endosomes.

EXC-5 Shows Genetic Interactions with the Rho GTPase CDC-42
The human EXC-5 homologue FGD1 activates the small Rho-GTPase CDC42 when
overexpressed in 3T3 fibroblasts in tissue culture (Olson et al., 1996). As noted above, in C.
elegans, overexpression of mCherry∷cdc-42 increased the formation of small cysts along the
length of shortened canals in wild-type, exc-5 mutant, and exc-5-overexpressing animals
(Table 2). Expression of mCherry∷cdc-42 in animals that overexpressed EXC-5 resulted in
substantially shorter, more convoluted tubules. In those convoluted excretory cells,
fluorescent CDC-42 is found throughout the cell, but is strongest in the regions surrounding
the convoluted lumens, where the canaliculi associated with tubules are located. (Fig. 6A).
Fluorescent EXC-5 is located almost exclusively in this same region, and is noticeably
greatly enriched just adjacent to the tubule lumen (Fig. 6B, C), which is enriched with dense
filaments (Buechner et al., 1999). These results are consistent with the evidence from Table
2 that EXC-5 acts at least in part through activation of CDC-42.

Accumulation of Early Endosomes Precedes Cyst Formation
To test whether the accumulation of early endosomal material adjacent to cysts was the
cause or a result of cyst formation, we examined the location of early endosomal markers
EEA-1 and RME-1 in rh232 animals prior to and during the formation of excretory canal
cysts (Fig. 7). Cysts initially formed in the late stages of embryogenesis and early first larval
stage. Cysts formed suddenly and were initially small in size. In exc-5 mutants, these cysts
formed at the end of both anterior and posterior canals, but occasionally developed in
additional isolated areas along the length of the canal.

The EEA-1 marker showed altered location during the process of cyst formation. In animals
containing only the mCherry∷eea-1 integrant, there was little visible EEA-1 accumulation
along the length of the canal even after the animal hatched (Fig. 3C). When expressed in
rh232 animals, however, there appeared strong build-ups of mCherry∷EEA-1 during
embryogenesis in regions of the canal prior to cyst formation (Fig. 7). Continuous
observation of these canals showed the rapid development of cysts at the locations where
EEA-1∷mCherry had accumulated. Observation of the embryonic canals is difficult, since
lumen diameter is at the resolution limit of light microscopy and the animals move rapidly
during late embryogenesis. Nevertheless, four embryos were able to be observed closely,
with accumulations of EEA-1 becoming visible in the canals prior to formation of cysts in
those spots in all cases. Since accumulation of EEA-1 precedes the appearance of cysts, we
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conclude that disruption of EXC-5-mediated endosome regulation in exc-5 mutants precedes
and is therefore likely the cause of failure of the structural support of the apical surface that
allows collapse of the tubule into fluid-filled cysts.

Discussion
EXC-5 mediates movement of material from apical early endosomes to recycling
endosomes

All cells must constantly recycle and move material in order to accommodate growth and
movement of the animal. Membrane curvature is most acute in narrow tubules, and cannot
be easily maintained without maintenance of proteins to support that curvature (Graham and
Kozlov, 2010). Osmotic pressure constantly exerts force to expand the tubule. Nematodes
continuously bend back and forth, additionally stressing the narrow excretory canals. In the
excretory canals, loss of proteins such as integrin, intermediate filament A2, or Unc-53
(neuron navigator) at the basolateral surface cause misdirection and shortening of tubule
outgrowth, but does not affect lumen diameter (Hedgecock et al., 1987, Shioi et al., 2001,
Stringham and Schmidt 2009). We hypothesize that failure of the structural support of the
apical surface allows osmotic pressure to form fluid-filled cysts rapidly. EXC proteins thus
prevent loss or weakening of the apical canal surface (Buechner et al., 1999). As seen here
and in previous work, overexpression of EXC-5, EXC-9, or constitutively-active CDC-42
proteins allow the tubule to form and maintain a normal diameter, but prevents extension of
the canals along the basal surface, which results in a convoluted tubule (Suzuki et al., 2001;
Tong and Buechner, 2008). Similar results have been seen in C. elegans mosaic animals
deficient in basolateral or basement membrane proteins (integrin, laminin) (Gettner et al.,
1995; Hedgecock et al., 1987), as well as in the narrow single-celled tubular termini of
Drosophila trachea deficient in talin or integrin (Levi et al., 2006). We infer that EXC
proteins that mediate intracellular trafficking primarily exert their effects on movement of
vesicles to or from the apical surface, but that overexpression of these proteins can prevent
normal basolateral trafficking as well.

Uptake of material via the clathrin-coated pits places material into early endosomes, where it
is either sorted to be destroyed in lysosomes, or returned through recycling endosomes back
to the cell surface (Grant and Donaldson, 2009). Expression of multiple labeled markers for
subcellular compartments found that all of these compartments are at greatest concentration
near the excretory cell body, but are all present throughout the length of the canals. These
results confirm previous electron micrographic studies that showed endoplasmic reticulum,
Golgi, multivesicular bodies, lysosomes, and a myriad of tubulovesicular structures
throughout the excretory canals, especially near the apical (luminal) surface (Buechner et al.,
1999; Nelson et al., 1983).

The results presented here show that the EXC-5 guanine exchange factor plays a critical role
in regulating endosome morphology and probably function at the apical surface in the
canals. When exc-5 is deleted, most of the mCherry-labeled markers retained the position
and intensity observed in wild-type animals, with the exception of labeled EEA-1, RAB-5,
and RME-1. Without EXC-5 present, RME-1/EHD, found on labeled recycling endosomes
(Grant and Donaldson, 2009; Naslavsky and Caplan, 2005), appeared gradually depleted,
while RAB-5 and EEA-1, markers for early endosomes, abnormally accumulated. The
EEA-1 marker in particular formed large irregular accretions especially surrounding cysts.
Such enlarged endosomes are a hallmark of blocked recycling (Chen et al., 2006; Sharma et
al., 2008). Most strikingly, progressive studies showed that the accumulations of EEA-1
formed at these locations prior to the formation of cysts, and could in fact be used to predict
the sites of cyst formation. We infer that EXC-5 is needed for the movement from apical
early endosomes to recycling endosomes. In this model (Fig. 8), when EXC-5 is missing,
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apical surface proteins that guide reformation and strengthening of the cytoskeleton are
taken up into endocytic vesicles, but cannot pass further into recycling endosomes to be
returned to the surface, so that the apical cytoskeleton is thinned and weakened, ultimately
to collapse (Fig. 8B). When exc-5 is overexpressed, the apical surface is maintained; we
hypothesize that so much trafficking occurs at the apical surface that traffic from the basal
surface is slowly winnowed, leading to inability of the canal to extend properly, so that the
cell forms convoluted tubules of normal diameter inside an enlarged cell body (Fig. 8C).
Such a balance of apical to basal endocytic trafficking mediated by Rho proteins such as
Cdc42 has been found to be important for the maintenance of polarity in mammalian
epithelial cells (Rojas et al., 2001; Rondanino et al., 2007), and similar defects in subcellular
trafficking were previously reported in C. elegans coelomocytes upon depletion of CDC-42
via RNAi (Balklava et al., 2007).

The Excretory Canals Are a Sensitive Indicator of Endosomal Movement and Structure
The labeled markers used here have previously been found to label distinct structures in
nematode intestinal cells and coelomocytes (Grant and Donaldson, 2009; Pant et al., 2009;
Shi et al., 2007). Although the distance from apical to basal surface is much smaller in the
canals vs. wide intestinal cells, the markers labeled distinct locations within the canals. In
addition, the great length of the canals (the longest cell in the organism) provides an
exquisitely sensitive indicator of the effects of trafficking on cell structure. The distance
from nucleus to distal cell surfaces is magnified, so that differences in endosome
concentration along the length of the canals are easily apparent. As a result, mild changes in
the dose of EXC-5 produced rapid formation of easily detectable cysts, or of convolutions in
the path of the canals.

Expression of a few of the markers by themselves occasionally showed effects on canal
structure. In rare cases, this expression caused the tip of the apical surface to come loose
from the tip of the basal surface, which resulted in formation of a narrow “tail” of cytoplasm
without a lumen (Fig. 2D). Expression of marked RAB-5 or RAB-11 caused the canals at
low but significant penetrance (7-9%, Table 2) to exhibit the strongly convoluted canal
structure caused by overexpression of functional EXC-5 or EXC-9 (Tong and Buechner,
2008), in which the apical tubule is maintained at its proper diameter and length, but the
basal surface fails to extend. One possible explanation is that overexpression of any of these
proteins increases the rate of turnover of endosomes from the apical surface, which then
monopolizes the recycling pathways such that membrane proteins from the basal surface are
not efficiently recycled. Overexpression of RAB proteins can alter the ratio of endosome
movement via different pathways; e.g. in mammalian cells, RAB-11 overexpression forced
material away from movement into lysosomes towards greater amounts of recycling (Moore
et al., 2004; Ren et al., 1998). Expression of constitutively activated RAB-5 causes the
formation of enlarged endosomes (Bucci et al., 1992; Stenmark et al., 1994), but that effect
was not seen here in canals with wild-type levels of EXC-5. In canals overexpressing
EXC-5, expression of labeled EEA-1 did cause enlargement of endosomes. It will be
interesting to observe the effects on canal structure caused by manipulation of other proteins
that regulate trafficking.

EXC-5 as a Model for FGD Activity
EXC-5 is homologous to the FGD family of four mammalian guanine exchange factors (Gao
et al., 2001; Suzuki et al., 2001, Mattingly, 2011). These genes include FGD1, which is
defective in Aarskog-Scott Syndrome, a developmental syndrome in which the skeleton of
the jaws and limbs are malformed (Pasteris et al., 1994); and FGD4, the locus of Charcot-
Marie-Tooth Syndrome Type 4H (CMT4H), a muscular dystrophy (Delague et al., 2007).
FGD1 has been shown in 3T3 cells to activate the Rho-GTPase CDC42, but also had other

Mattingly and Buechner Page 10

Dev Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effects not mediated through CDC42 (Ono et al., 2000; Whitehead et al., 1998). We found
similar effects here. Transient expression of constitutively active CDC-42, as well as stable
expression of the small GBD-WSP-1 (which binds to activated CDC-42 (Kumfer et al.,
2010)), both exerted effects on the canal similar to that of EXC-5 overexpression. Both in
wild-type animals and mutants lacking EXC-5 function, expression of WSP-1 GBD caused
shortening of the canals and formation of convoluted tubules, similar to the effects of EXC-5
overexpression (Table 2). Transient expression of constitutively active CDC-42 had the
same effect in wild-type animals. In addition, when the exc-5 gene was overexpressed,
expression of WSP-1 GBD had little further effect on canal morphology, consistent with
EXC-5 overexpression having already activated CDC-42. Finally, transient expression of
dominant-negative CDC-42 in wild-type worms caused defects in canal morphology similar
to that caused through loss of EXC-5 activity. We infer that EXC-5 and WSP-1 GBD may
cause similar effects on CDC-42 by causing an increase in the amount of this GTPase
present in the activated, phosphorylated, form. The GEF activity of EXC-5 likely increases
the amount of phosphorylated CDC-42, while perhaps WSP-1 GBD may stabilize
phosphorylated CDC-42 here and prevent its transition back to the GDP-bound state.

On the other hand, we saw no obvious differences in the location of labeled GBD-WSP-1 in
the canals when EXC-5 was present or deleted. GBD-WSP-1 labeled some puncta, but most
of the expression of both GBD-WSP-1 and CDC-42 was cytoplasmic, so it is not clear if
activated CDC-42 would have been easily evident in these animals. In addition,
constitutively-active CDC-42 did not rescue the cystic phenotype in exc-5 mutants, which
suggests that EXC-5 additionally functions through another pathway. EXC-5 does exhibit
genetic interactions with MIG-2, a Rac homologue (Suzuki et al., 2001), and with EXC-9, a
homologue of the mammalian LIM-domain protein CRIP (Tong and Buechner, 2008). It
will be important to determine if these other proteins similarly affect endosome morphology
in the excretory canals and other cells where they are expressed.

In patients with CMT4H, the Schwann cells of the peripheral nervous system develop
properly to wrap around neurons to form single-celled tubular insulation. Over the course of
years, however, tubules in CMT4H patients develop structural defects strikingly similar in
morphology to those of the excretory canals in exc-5-deficient mutants, with apparently
normal tubules juxtaposed next to swollen regions that no longer insulate the nerves (Stendel
et al., 2007). While FGD1 is associated with transport from the trans-Golgi network (Egorov
et al., 2009), FGD proteins all contain a FYVE domain that associates with
phosphatidylinositol 3-phosphate characteristic of early endosomes (Gaullier et al., 1998).
Mammalian FGD1 and FGD2 as well as fungal FGD have all been found associated with
early endosomes or plasma membrane (Estrada et al., 2001; Huber et al., 2008; Schink and
Bolker, 2009). Based on the results presented here, we suggest that, similar to nematode
excretory canals in exc-5 mutants, Schwann cells in CMT4H patients may be blocked in the
recycling of material from early endosomes to recycling endosomes, causing a slow
degradation of the apical membrane surface to the point where the cells can no longer
maintain a tubule in close contact with the neurons.

Several other Charcot-Marie-Tooth syndrome proteins are necessary for proper trafficking
in Schwann cells, including myotubularin-related proteins 2 and 13, LITAF, SH3TC2, and
CMT4K, (Azzedine et al., 2003; Bolino et al., 2000; Roberts et al., 2010; Senderek et al.,
2003; Stendel et al., 2010). The results presented here indicate that the FGD proteins are
likely also involved in regulating the movement of endosomes in Schwann cells. They also
suggest that the narrow single-celled tubules of the mammalian Schwann cells, like those of
the nematode excretory canals, are a difficult cell structure to maintain, and that endosomal
traffic must be delicately balanced in order to accommodate the movement and growth of
these polarized cells over the lifespan of the individual.
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Research Highlights

• Loss of EXC-5 allows narrow tubules to swell into fluid-filled cysts

• Loss of EXC-5 causes accumulation of early endosome marker EEA-1 in cysts

• Sorting endosome marker RME-1 is depleted in cysts

• Buildup of EEA-1 precedes collapse of tubules into cysts

• CDC-42 activity partially rescues loss of EXC-5, phenocopies EXC-5
overexpression
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Fig. 1.
Varying expression of EXC-5 alters canal morphology. (A) Diagram showing location of the
canals within the nematode; anterior left, dorsal top. Apical (luminal) surface in red,
basolateral surface in blue, lumen in pink. Excretory canal cell body is located on ventral
side midway between the anterior end of the animal and the vulva (black notch) in middle of
animal. (B, C) Animals contain the stable integrant qpIs11, which strongly expresses GFP
beginning in embryogenesis prior to canal extension, driven by the vha-1 promoter,
throughout the cytoplasm of the excretory canal cell and head mesodermal cell (Fujita et al.,
2003). (B) Fluorescence micrograph of animal wild-type for exc-5 shows normal canal
morphology. Left-hand anterior and posterior canals are shown (right-hand canal is out of
plane of focus) branching from cell body (arrowhead). Open arrowhead marks position of
vulva in center of animal. (C) Animal deleted for exc-5 shows a posterior canal terminating
in a large fluid-filled cyst (arrow) anterior to the vulva (open arrowhead). Cyst terminating

Mattingly and Buechner Page 17

Dev Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the opposing posterior canal is partially visible as a blur at even more anterior position
(arrowhead). (D) DIC image of animal overexpressing exc-5∷gfp. Excretory canal cell body,
located just posterior to posterior pharyngeal bulb (asterisk) is filled with convoluted
normal-diameter excretory tubule (arrows); nucleus of excretory cell is shown by
arrowheads. (E-F) Homozygous expression of low-copy number integrant qpIs78
(exc-5∷gfp) in an N2 (wild-type) background (4 copies total of exc-5). Panel E shows
confocal image showing expression along actin fibers in the pharynx, while panel F shows
that expression caused shortening of the canals, but canal extension occurred, and cysts did
not form. Asterisk indicates position of posterior pharyngeal bulb, arrowhead is canal cell
body. (G-I) Higher magnification of posterior canal expressing integrated low-copy-number
constructs of exc-5∷gfp and membrane-delimited marker mCherry∷chc-1 (clathrin) indicates
that EXC-5 is primarily located at the apical (luminal) side of cytoplasm. Most clathrin is
located on the basolateral side of the canal, but some is more apical (arrows in H), possibly
connected to the tubulovesicular canaliculi where EXC-5 appears concentrated: (G) EXC-5,
green; (H) CHC-1, red; (G) superimposed. Anterior is to the left in all figures, ventral to the
bottom in all panels except D. All animals are either L4s or young adults. All fluorescence
panels brightened and contrast-enhanced to show location of highest concentrations of weak
GFP fluorescence. Bars, 100 μm in panels B and C, 50 μm in all others.
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Fig. 2.
Expression of some subcellular markers within the excretory canals occasionally altered
canal morphology. (A) Model of vesicular transport in the excretory canals, with markers
used in this study to indicate various subcellular compartments. (B-G) Fluorescence
micrographs of typical segments of posterior canal in young adult animals. All markers were
expressed in constructs linked to mCherry and driven by the exc-9 promoter. (B) Small
GTPase CDC-42. (C) The domain of WSP-1 that binds to activated (GTP-bound) CDC-42.
(D) Enlarged and brightened area of Fig. 2C at distal tip of GBDwsp-1-labeled canal shows
“tail” of cytoplasm disconnected from lumen. (E) RAB-5; (F) RAB-7; (G) RAB-11. Bars,
50 μm. Micrographs were taken with Optronics camera either in black/white or RGB color
mode, and are not altered, except for contrast enhancement of Fig. 2D and converting Fig.
2G from color to b/w.
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Fig. 3.
Expression of subcellular markers within the excretory canals in wild-type animals.
Fluorescence micrographs of typical segments of posterior canal in young adult animals. All
markers were expressed from constructs linked to mCherry and driven by the exc-9
promoter. Bar, 50 μm. (A) CHC-1; (B) RAB-5; (C) EEA-1; (D) RAB-7; (E) GLO-1; (F)
RAB-11; (G) RME-1; (H) GRIP; (I) CDC-42; (J) WSP-1 GTP-binding domain.
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Fig. 4.
Effect of variation of EXC-5 level on subcellular marker distribution. Young adult animals
of exc-5(rh232) expressing integrated constructs containing subcellular markers. Relative
brightness along the length of the canals is shown beneath each panel of animals deleted for
exc-5, normalized to normal-diameter canal brightness. (A) Animal exhibits cytoplasmic
GFP driven by the strong canal-specific vha-1 promoter. (B-D) Animals express subcellular
markers linked to mCherry, and driven by the exc-9 promoter; stronger expression of these
markers altered canal morphology. (B,C,D) Controls: Markers in animals containing wild-
type levels of EXC-5 (from panels C, B, and G of Fig. 3); (B’, C’, D’) markers in animals
with overexpression of exc-5; (B”, C”, D”) markers in animals lacking EXC-5. (B-B”)
EEA-1. In exc-5 mutant, the highest levels of fluorescence surround area of fluid-filled cysts
at canal terminus (arrow). (C-C”) RAB-5. In exc-5 mutants, this marker shows higher
amounts of fluorescence surrounding the cyst than in normal-diameter tubule. (D-D”)
RME-1. In exc-5 mutant panel (D”), the dashed grey circles outline lumen of large fluid-
filled cysts (arrow) at canal terminus. Bars, 50 μm.
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Fig. 5.
EXC-5 overexpression alters subcellular marker distribution. Excretory canal cells of young
adult animals containing integrated homozygous exc-5∷gfp constructs (presumably 4 copies
total of exc-5), in addition to integrated constructs of subcellular markers linked to mCherry
driven by the exc-9 promoter. (A-A’”) RME-1; (B-B’”) Dying L1 larva homozygous both
for mCherry∷eea-1 and for exc-5∷gfp (in a background wild-type for exc-5, or presumably 4
doses of exc-5 total); (C, D-D’”) Young adult animal heterozygous for mCherry∷eea-1 and
homozygous for exc-5∷gfp (in a background wild-type for exc-5, or presumably 4 doses of
exc-5 total). Panels A, B, C, D: DIC images. Panels A’, B’, D’, expression of EXC-5∷GFP;
images contrast-enhanced to emphasize position of very weakly fluorescent GFP (especially
in Fig. 5b, in which level of GFP fluorescence was very low). Arrows indicate position of
canal. Panels A”, B”, D”, markers linked to mCherry. Panels A’”, B’”, D’”, green/red
merge. Bars, 50 μm.
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Fig. 6.
Confocal images of subcellular location of EXC-5 and activated CDC-42 in convoluted
excretory canal tubule of animal expressing both homozygous mCherry∷cdc-42 and
functional exc-5∷gfp constructs. (A) mCherry∷CDC-42 is concentrated around the
convoluted tubular area, with some elevated levels of fluorescence also evident throughout
the rest of the cell. (B) EXC-5∷GFP is strongly concentrated in the subapical region
surrounding the convoluted excretory canal tubule and canaliculi. (C) Merged micrographs.
All photographs false-colored and contrast-enhanced to highlight areas of highest
fluorescence. Bar, 50 μm.
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Fig. 7.
Alteration of subcellular marker expression precedes cyst formation in exc-5(rh232) animal.
(A-G) DIC and fluorescence micrographs of a single animal expressing mCherry∷eea-1
driven by the exc-9 promoter, beginning at the 3-fold stage of embryogenesis. The
fluorescent marker is evident in many head neurons at this stage as well as in the excretory
canal cell. Images were taken at the times indicated, starting at the point at which
observation of the animal began. Wild-type embryos hatch within 2 hours of the 3-fold stage
at 20°C (Sulston et al., 1983). Cysts appear in DIC micrographs with DIC “shadow” to the
upper left of the cyst. Gut granules and other subcellular organelles show a DIC “shadow” to
the lower right of the object. Animal was moving inside the embryo; DIC and fluorescence
micrographs show similar positions, but cannot always be directly overlaid. Boxed areas
indicate the same areas of the animal, and are enlarged in panels to the right. An asterisk
designates the posterior pharyngeal bulb. Arrows in enlarged DIC micrographs show cysts.
(A) No cysts were evident in the canals, and eea-1 fluorescence was barely detectable in the
left-hand posterior canal. (B) Localized eea-1 accumulation is evident in the canal, while no
cysts have formed. (C) The area exhibiting eea-1 fluorescence in panel (B) now shows small
cysts (right-hand enlarged panels), while eea-1 fluorescence is now evident in a new area
near the cell body (left-hand enlarged panels). (D-F) accumulation of marked eea-1 persists
throughout this area of the posterior canal as cysts become evident. (G) By the time of
hatching, the area of eea-1 accumulation has spread and intensified, many new cysts have
formed, and cysts have greatly enlarged. Brightness and contrast was enhanced in DIC
micrographs only to show cysts more clearly. Fluorescence micrographs were brightened
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and contrast increased to show areas of greatest canal fluorescence. In enlarged panels, DIC
micrographs only were digitally sharpened. Bars, 50 μm.

Mattingly and Buechner Page 25

Dev Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Model for effects of EXC-5 on organelle movement. (A) EXC-5 mediates the passage of
early endosomes to recycling endosomes, presumably through activation of CDC-42 as well
as other small GTPases. (B) Loss of EXC-5 through mutation prevents movement of apical
early endosomes, marked by RAB-5 and especially by EEA-1, which then accumulate. As
less movement of early endosomes is inhibited, the appearance of the recycling endosome
marker RME-1 is depleted. Loss of membrane-bound proteins at the apical surface cause
weakening of this surface, eventually to break under osmotic pressure from the canal lumen,
to form a fluid-filled cyst. (C) Overexpression of EXC-5 enhances apical recycling, so that
the apical surface is maintained and lumen diameter remains narrow. The large amount of
apical endosomes presumably passing through the recycling endosome prevents efficient
passage of material from the basal early endosome, presumably including membrane
proteins such as integrins that bind to the basement membrane. Slow recycling of these
proteins to the basal surface allows delamination of these cells from their basement
membranes, as seen in animals overexpressing exc-5 (Suzuki et al., 2001), and extension of
the canals is halted.
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Table 1
Strains used for this study

Strain Genotype Description Reference

N2 wild-type (Brenner, 1974)

NJ731 exc-5(rh232) exc-5 deletion (Suzuki et al., 2001)

BK36 unc-119(ed3); qpIs11[unc-119; Pvha-1∷gfp] I wild-type with integrated GFP marker
expressed in excretory canals

This study

BK30 exc-5(rh232); qpIs11[unc-119; Pvha-1∷gfp] I NJ731 crossed to BK36 to express integrated
GFP marker in an exc-5 mutant background

This study

BK179 N2; qpIs78[exc-5∷gfp; N2 DNA] X integrated low-copy-number EXC-5∷GFP
fusion

This study

Wild-type strains expressing mCherry-labeled marker genes mCherry Marker labels:

BK219 N2; qpIs102[Pexc-9∷mCherry∷chc-1] CHC-1: clathrin-coated pits This study

BK201 N2; qpIs95[Pexc-9∷mCherry∷eea-1] X EEA-1: early endosomes This study

BK209 N2; qpIs99[Pexc-9∷mCherry∷rab-5] IV RAB-5: early endosomes This study

BK210 N2; qpIs100[Pexc-9∷mCherry∷rab-7] RAB-7: late endosomes This study

BK206 N2; qpIs98[Pexc-9∷mCherry∷glo-1] GLO-1: lysosomes This study

BK211 N2; qpIs101[Pexc-9∷mCherry∷rme-1] X RME-1: recycling endosomes This study

BK205 N2; qpIs97[Pexc-9∷mCherry∷rab-11] V RAB-11: recycling endosomes This study

BK220 N2; qpIs103[Pexc-9∷mCherry∷GRIP] GRIP: Golgi apparatus This study

BK204 N2; qpIs96[Pexc-9∷mCherry∷cdc-42] CDC-42: cytoplasm This study

BK262 N2; qpIs104[Pexc-9∷mCherry∷GBDwsp-1] GBD domain of WSP-1: cytoplasm This study

exc-5 deletion strains with mCherry-labeled markers

BK221 NJ731; qpIs102[Pexc-9∷mCherry∷chc-1] CHC-1: clathrin-coated pits This study

BK218 NJ731; qpIs95[Pexc-9∷mCherry∷eea-1] X EEA-1: early endosomes This study

BK217 NJ731; qpIs99[Pexc-9∷mCherry∷rab-5] IV RAB-5: early endosomes This study

BK216 NJ731; qpIs100[Pexc-9∷mCherry∷rab-7] RAB-7: late endosomes This study

BK213 NJ731; qpIs98[Pexc-9∷mCherry∷glo-1] GLO-1: lysosomes This study

BK214 NJ731; qpIs101[Pexc-9∷mCherry∷rme-1] X RME-1: recycling endosomes This study

BK215 NJ731; qpIs97[Pexc-9∷mCherry∷rab-11] V RAB-11: recycling endosomes This study

BK222 NJ731; qpIs103[Pexc-9∷mCherry∷GRIP] GRIP: Golgi apparatus This study

BK212 NJ731; qpIs96[Pexc-9∷mCherry∷cdc-42] CDC-42: cytoplasm This study

BK273 NJ731; qpIs104[Pexc-9∷mCherry∷GBDwsp-1] GBD domain of WSP-1: cytoplasm This study

Strains with slight overexpression of exc-5 (labeled with GFP) containing mCherry-labeled markers

BK227 BK179; qpIs102[Pexc-9∷mCherry∷chc-1] CHC-1: clathrin-coated pits This study

BK230 BK179; qpIs95[Pexc-9∷mCherry∷eea-1] X EEA-1: early endosomes This study

BK226 BK179; qpIs99[Pexc-9∷mCherry∷rab-5] IV RAB-5: early endosomes This study

BK224 BK179; qpIs100[Pexc-9∷mCherry∷rab-7] RAB-7: late endosomes This study

BK228 BK179; qpIs98[Pexc-9∷mCherry∷glo-1] GLO-1: lysosomes This study

BK223 BK179; qpIs101[Pexc-9∷mCherry∷rme-1] X RME-1: recycling endosomes This study

BK225 BK179; qpIs97[Pexc-9∷mCherry∷rab-11] V RAB-11: recycling endosomes This study

BK229 BK179; qpIs103[Pexc-9∷mCherry∷GRIP] GRIP: Golgi apparatus This study
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Strain Genotype Description Reference

BK231 BK179; qpIs96[Pexc-9∷mCherry∷cdc-42] CDC-42: cytoplasm This study

BK274 BK179; qpIs104[Pexc-9∷mCherry∷GBDwsp-1] GBD domain of WSP-1: cytoplasm This study

Dev Biol. Author manuscript; available in PMC 2012 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mattingly and Buechner Page 29

Ta
bl

e 
2

E
ffe

ct
s o

f m
ar

ke
r 

ex
pr

es
si

on
 o

n 
ex

cr
et

or
y 

ca
na

l p
he

no
ty

pe
a

St
ra

in
/G

en
ot

yp
e

nb
C

on
vo

lu
te

dc
C

an
al

L
en

gt
hd

C
ys

tic
e

# 
C

ys
ts

f
Si

ze
 o

f C
ys

ts
g

Sm
al

l
M

ed
iu

m
L

ar
ge

N
2 

(W
ild

-ty
pe

) a
ni

m
al

s:
10

0
0

4.
0

0

ex
pr

es
si

ng
: m

C
he

rr
y∷

cd
c-

42
92

0
3.

2
20

.7
0.

4
2.

0
0

0

m
C

he
rr

y 
∷ 

w
sp

-1
G

BD
10

0
7.

0
1.

4
2.

0
0

1.
0

1.
0

1.
0

m
C

he
rr

y 
∷ 

ch
c-

1
10

0
0

4.
0

0

m
C

he
rr

y 
∷ 

ee
a-

1
99

0
3.

3
0

m
C

he
rr

y 
∷ 

gl
o-

1
10

0
0

4.
0

0

m
C

he
rr

y 
∷ 

G
RI

P
10

0
0

3.
4

0

m
C

he
rr

y:
ra

b-
5

10
0

9.
0

2.
9

0

m
C

he
rr

y 
∷ 

ra
b-

7
10

0
0

2.
5

0

m
C

he
rr

y 
∷ 

ra
b-

11
10

0
7.

0
3.

0
2.

0
0.

1
2.

5
0

0

m
C

he
rr

y 
∷ 

rm
e-

1
10

0
0

3.
8

0

tra
ns

. e
xp

re
ss

: g
fp
∷C

A
 c

dc
-4

2
84

83
.3

2.
7

1.
2

0
1.

0
0

0

gf
p∷

D
N

 c
dc

-4
2

48
0

3.
1

56
.3

2.
8

2.
6

0.
2

0

N
J7

31
 e

xc
-5

 (r
h2

32
) m

ut
an

ts
96

0
1.

2
10

0
8.

6
7.

5
1.

7
1.

1

ex
pr

es
si

ng
: m

C
he

rr
y∷

cd
c-

42
10

0
0

1.
3

10
0

9.
8

6.
9

2.
3

2.
0

m
C

he
rr

y 
∷ 

w
sp

-1
G

BD
10

4
20

.2
0.

5
50

.0
1.

8
3.

8
1.

1
1.

0

m
C

he
rr

y 
∷ 

ch
c-

1
92

0
1.

4
98

.9
6.

4
4.

4
2.

2
1.

2

m
C

he
rr

y 
∷ 

ee
a-

1
10

0
0

1.
6

97
5.

6
4.

4
2.

0
1.

3

m
C

he
rr

y 
∷ 

gl
o-

1
10

0
0

1.
3

98
7.

8
6.

0
2.

2
1.

2

m
C

he
rr

y 
∷ 

G
RI

P
10

0
0

1.
1

98
8.

7
6.

6
2.

4
1.

3

m
C

he
rr

y:
ra

b-
5

99
0

1.
1

10
0

9.
0

7.
6

1.
9

1.
3

m
C

he
rr

y 
∷ 

ra
b-

7
10

0
0

1.
2

10
0

12
.0

10
.0

2.
5

1.
4

m
C

he
rr

y 
∷ 

ra
b-

11
10

0
0

1.
3

99
8.

3
7.

3
1.

9
1.

2

m
C

he
rr

y 
∷ 

rm
e-

1
99

0
1.

3
89

.9
3.

8
3.

4
1.

8
1.

4

tra
ns

. e
xp

re
ss

: g
fp
∷C

A
 c

dc
-4

2
54

81
.5

1.
6

10
0

8.
0

6.
7

1.
0

0.
3

Dev Biol. Author manuscript; available in PMC 2012 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mattingly and Buechner Page 30

St
ra

in
/G

en
ot

yp
e

nb
C

on
vo

lu
te

dc
C

an
al

L
en

gt
hd

C
ys

tic
e

# 
C

ys
ts

f
Si

ze
 o

f C
ys

ts
g

Sm
al

l
M

ed
iu

m
L

ar
ge

gf
p∷

D
N

 c
dc

-4
2

42
0

1.
6

10
0

11
.7

9.
7

1.
5

0.
5

B
K

17
9 

Lo
w

 e
xc

-5
 o

ve
re

xp
re

ss
10

0
8.

0
1.

5
0.

0

ex
pr

es
si

ng
: m

C
he

rr
y∷

cd
c-

42
10

0
84

.0
0.

5
5.

0
0.

2
3.

7
1.

0
1.

0

m
C

he
rr

y 
∷ 

w
sp

-1
G

BD
10

2
14

.7
1.

1
0.

0

m
C

he
rr

y 
∷ 

ch
c-

1
10

0
2.

6
1.

0
0

3.
0

0.
0

0.
0

m
C

he
rr

y 
∷ 

ee
a-

1
74

0.
6

0.
0

m
C

he
rr

y 
∷ 

gl
o-

1
10

0
1.

3
0.

0

m
C

he
rr

y 
∷ 

G
RI

P
10

2
1.

8
0.

0

m
C

he
rr

y 
∷ 

ra
b-

5
99

13
.1

1.
1

2.
0

0
2.

0
0.

0
0.

0

m
C

he
rr

y 
∷ 

ra
b-

7
99

37
.4

0.
9

0.
0

m
C

he
rr

y 
∷ 

ra
b-

11
10

3
68

.8
0.

6
0.

0

m
C

he
rr

y 
∷ 

rm
e-

1
10

0
2.

1
0.

0

a Su
bs

ta
nt

ia
l i

nc
re

as
es

 in
 c

ys
t n

um
be

r o
r s

iz
e 

fr
om

 th
os

e 
of

 c
on

tro
ls

 w
ith

ou
t m

C
he

rr
y 

co
ns

tru
ct

s a
re

 in
di

ca
te

d 
in

 b
ol

df
ac

e.
 In

cr
ea

se
s i

n 
nu

m
be

r o
f c

on
vo

lu
te

d 
tu

bu
le

s a
nd

 d
ec

re
as

es
 in

 n
um

be
r o

f c
ys

ts
 a

re
un

de
rli

ne
d.

b N
um

be
r o

f c
an

al
s e

xa
m

in
ed

.

c Pe
rc

en
ta

ge
 o

f c
an

al
s t

ha
t e

xh
ib

ite
d 

a 
lu

m
en

 th
at

 tr
av

er
se

d 
its

el
f m

or
e 

th
an

 o
nc

e.

d A
ve

ra
ge

 c
an

al
 le

ng
th

 re
la

tiv
e 

to
 b

od
y 

le
ng

th
 a

s d
es

cr
ib

ed
 in

 M
at

er
ia

ls
 &

 M
et

ho
ds

; 0
 m

ea
ns

 n
o 

ca
na

l g
ro

w
th

, 4
 is

 fu
ll-

le
ng

th
.

e Pe
rc

en
ta

ge
 o

f c
an

al
s t

ha
t e

xh
ib

ite
d 

an
y 

vi
si

bl
e 

cy
st

s a
t a

ll.

f A
ve

ra
ge

 n
um

be
r o

f c
ys

ts
 o

bs
er

ve
d 

fo
r a

ll 
an

im
al

s

g A
ve

ra
ge

 n
um

be
r o

f l
ar

ge
, m

ed
iu

m
, a

nd
 sm

al
l c

ys
ts

 (s
iz

e 
de

te
rm

in
ed

 a
s d

es
cr

ib
ed

 in
 M

at
er

ia
ls

 &
 M

et
ho

ds
) s

ee
n 

fo
r a

ni
m

al
s e

xh
ib

iti
ng

 c
ys

ts
.

Dev Biol. Author manuscript; available in PMC 2012 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mattingly and Buechner Page 31

Table 3
Effects of loss of EXC-5 on marker expression

Strain/Genotype Na
% of animals with cysts noticeably

brighter than in normal tubuleb % of animals with cysts noticeably
fainter than in normal tubule

exc-5 mutants expressing:
 cytoplasmic GFP (Pvha-1∷gfp) 250 28 0

mCherry ∷ cdc-42 135 34 0

mCherry ∷ GBDwsp-1 80 24 0

mCherry ∷ chc-1 90 17 4

mCherry ∷ eea-1 207 58 0

mCherry ∷ glo-1 100 26 0

mCherry ∷ GRIP 100 28 0

mCherry:rab-5 100 24 0

mCherry ∷ rab-7 100 23 0

mCherry ∷ rab-11 135 30 0

mCherry ∷ rme-1 100 0 31

a
Number of canals examined.

b
Number of animals graded as “bright” was normalized to account for variations in brightness between wild-type animals viewed in different

counting sessions.
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