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Repeated molting of the cuticula is an integral part of arthropod and nematode development. Shedding of
the old cuticle takes place on the surface of hypodermal cells, which are also responsible for secretion and
synthesis of a new cuticle. Here, we use the model nematode Caenorhabditis elegans to show that muscle
cells, laying beneath and mechanically linked to the hypodermis, play an important role during molting.

KE)’V\{OTdS-‘ We followed the molecular composition and distribution of integrin mediated adhesion structures called
’L\’[‘:tl]tmg dense bodies (DB), which indirectly connect muscles to the hypodermis. We found the concentration of
ethargus

two DB proteins (PAT-3/p-integrin and UNC-95) to decrease during the quiescent phase of molting, con-
comitant with an apparent increase in lateral movement of the DB. We show that levels of the E3-ligase
RNF-5 increase specifically during molting, and that RNF-5 acts to ubiquitinate the DB protein UNC-95.
Persistent high levels of RNF-5 driven by a heatshock or unc-95 promoter lead to failure of ecdysis,
and in non-molting worms to a progressive detachment of the cuticle from the hypodermis. These obser-
vations indicate that increased DB dynamics characterizes the lethargus phase of molting in parallel to
decreased levels of DB components and that temporal expression of RNF-5 contributes to an efficient

Muscle dense bodies
Caenorhabditis elegans

molting process.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Molting animals (ecdysozoans), such as nematodes and arthro-
pods, form the largest group in the animal kingdom [1], including
many human and agricultural parasites and pathogens [2]. In
developing defenses against such parasites molting is an attractive
target. While not parasitic itself, the nematode Caenorhabditis ele-
gans serves as an excellent genetic model for the study of molting.

Between hatching and adulthood, the nematode C. elegans will
grow fourfold in length and undergo four molts [3]. During each
molt the old cuticle (exoskeleton) must separate from the epider-
mis before new cuticle material can be deposited (apolysis) [4].
At this time the worm enters a sleep-like quiescence termed leth-
argus [5]. Epidermal growth factor signaling in neurons is respon-
sible for the cessation of pharyngeal pumping and locomotion that
occurs during the lethargus period [6].

Cholesterol and steroid hormones signal to initiate molting
[7,8], likely through nuclear hormone receptors [9,10], and low
density lipoprotein receptors [11]. Metalloproteases and other pro-
teases have essential roles in removal of the old cuticle [12,13].
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Hypodermal cells are responsible for production and secretion
of a multitude of extracellular matrix (ECM) proteins, primarily
collagens, to form the new cuticle [4]. Once the new cuticle is in
place, about 2 h later, intense muscle-driven twisting and turning
facilitate the worm’s escape from inside its old cuticle (ecdysis) [4].

A recent genome wide RNAi screen by Frand et al. found 159
genes in C. elegans whose products were essential for completion
of molting. Not surprisingly, among these genes were transcription
factors, proteases, signaling proteins, and ECM components of the
cuticle [14]. Less expected was the discovered involvement in
molting of muscle tropomyosin and unc-52/Perlecan, which is the
ECM substrate of muscle dense bodies (DB).

DB are integrin based cell-ECM adhesion structures homologous
to vertebrate focal adhesions [15]. UNC-52/Perlecan, a heparan sul-
fate proteoglycan, is required for the clustering and activation of
PAT-2/a-integrin and PAT-3/B-integrin [16], which is followed by
the recruitment of DB components such as PAT-4/ILK, talin, UNC-
97/PINCH, UNC-95, DEB-1/vinculin, and PAT-6/actopaxin [17].
Within the muscle cells DB connect integrins with the actin fila-
ments (Z-bands) of the sarcomere. The actin filaments, coupled
with alternating myosin filaments (M-lines), provide the contrac-
tile forces of the muscle [17].

Caenorhabditis elegans body-wall muscle cells lay beneath the
hypodermis, separated by approximately 40-80nm of ECM
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(http://www.wormatlas.org/). DB integrins attach muscle cells to
the inside surface of this ECM, while hypodermal cells are tethered
along their basal membrane to the outer surface of the same ECM
via hemidesmosome-like structures called fibrous organelles (FO)
[15,18]. LET-805/myotactin is the transmembrane receptor on
the basal side of the FO [19]. The pillar-like structure of FO is com-
posed of intermediate filaments and VAB-10/plectin [20,21] and is
connected on the apical side of the hypodermal cell with the cuti-
cle via MUA-3 and MUP-4 transmembrane proteins [22,23]. Inter-
estingly, LET-805/myotactin and MUP-4 are also necessary for
proper molting [14].

Thus, albeit not directly, the muscle is mechanically linked to
the hypodermis and cuticle. This physical coupling is necessary
for locomotion, and several lines of evidence suggest that it
may also play a role in mechanically induced signalling in the
hypodermis. Without muscle activity embryonic development is
arrested at the twofold stage [24], even though it is thought that
the elongation process is driven by hypodermal cells [25]. Re-
cently it was shown that gene expression in the hypodermis is af-
fected by mutations in the DB protein UNC-95 [26]. Strikingly, the
hypodermal genes whose expression was most dramatically af-
fected in the unc-95 mutant all have a role in cuticle synthesis
and molting [26].

Given the intimate relationship between muscles and the hypo-
dermis this study examined the regulation of muscle DB during
molting and asked whether it has an impact on the process of
molting.

2. Materials and methods
2.1. Strains

Caenorhabditis elegans strains were grown at 20 °C according to
standard protocols [27]. The wild-type strain used is Bristol N2.
The following transgenes were used: rhis2[PAT-3::HA::GFP] [28],
ryls22 [UNC-95::GFP;rol-6] [29], tvIs24[hsp-16p::RNF-5;r0l-6] (this
study), tvEx49[unc-95p::RNF-5;myo-2p::GFP] (this study), tvEx48
[hsp-16p::RNF-5;myo-2p::GFP];ryls22 (this study).

2.2. In vitro ubiquitination

For in vitro ubiquitination of UNC-95::GFP, worms pellets
from the ryls22 [UNC-95::GFP;rol-6] strain were incubated with
equal volume of lysis buffer (100 mM NaCl, 50 mM NaF,
50 mM Tris pH 7.5, 1 mM EGTA, 5% glycerol, 1% Nonidet P40,
1mM DTT, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 10 pg/ml
pepstatin A) on ice followed by sonication (5, 5 times). Samples
were centrifuged (15 min, 14000 rpm) and supernatants were
pre-cleared by incubation with protein G beads (Roche)
(30 min at 4 °C), followed by incubation with anti-GFP antibody
(Roche) (1h at 4°C). Immunoprecipitation was performed by
incubation (2h at 4°C) with protein G beads (Roche). Beads
were washed with 30mM Tris pH 7.6, 50 mM NaCl, 5 mM
MgCl2, 1 mM DTT and a sample was used for the IP lane (lane
1, 25% of the immunoprecipitate used in each ubiquitination
reaction). Ubiquitination reactions were performed in 1x ubiqui-
tination buffer (30 mM Tris pH 7.6, 50 mM NaCl, 5 mM MgCl2,
1mM DTT, 2mM ATP, 1 mM HA-ubiquitin) including 200 ng
E1 (Biomol), 200 ng E2 (bacterially expressed and purified His-
UBCH5c¢) and 200 ng GST-RNF-5 for 15 min at 37 °C. Reactions
were terminated with 8 M urea, 0.1 M Na,HPO4/NaH,PO, (pH
6.3), 0.1% Nonidet P40 and washed four times with the lysis buf-
fer. Proteins were solubilized in 3x Laemmli buffer and sepa-
rated on SDS-PAGE followed by immunoblot analysis with the
indicated antibodies.

2.3. Antibodies

Antibodies used for Western analysis are anti-RNF-5 (1:4000),
anti-GFP (Roche) (1:7000) anti HA (Roche) (1:10,000), anti-actin
(Santa Cruz) (1:3000).

2.4. Microscopy and quantification

Worms were mounted on 4% agarose pads and anesthetized
with 0.1% tricaine and 0.01% tetramisole. Confocal analysis of
UNC-95::GFP and PAT-3::GFP expression was performed using a
Zeiss LSM 5 EXCITER confocal scanning microscope using a 63x
NA1.4 objective lens. In Fig. 1A and B a single focal plane at the
base of the DB was recorded in each worm (pixel time 6.4 ps, im-
age size ~32 x 4.6 um). Filtration of the images was done using
Image] (rolling ball background subtraction, radius = 10 pixels).
Line profiles were calculated using Image]. Analysis of line profiles
was done for 10 worms of each condition (at least 10 DB/worm).
Peak intensity values of each DB in all line profiles were found
and the mean and standard deviation values were calculated.

For the analysis shown in Fig. S1 stack of 10-13 focal planes
(image size ~47 x 23 x 3 um, pixel time 6.4 ns) was captured
starting at the muscle cell membrane through the depth of the
body-wall muscle cells. Images showing a single focal plane at
the base of the muscle attachments and a single focal plane of mus-
cle nuclei are shown for each developmental stage. At least 10
worms from each stage were imaged and representative images
are shown.

Time lapse imaging was carried out using a Zeiss Axiovert 200
equipped with an AxioCam MRm camera. Analysis of DB move-
ment was made using image analysis tools in MATLAB.

The acquired series of images were transformed into series of
black and white images, with histogram equalization and conver-
sion to binary images using the default MATLAB Otsu’s method.
In each frame, DBs were identified using binary labeling. Size and
shape constraints were applied to filter out noise and artifacts.
The trajectory of each DB was tracked using frame-to-frame
matching subjected to DB movement limitations and restrictions.
Specifically, if a DB location could not be found in any frame the
DB was discarded from the analysis. Given the DB locations in all
the frames, its trajectory was identified. The average between-
frame movement of all the DBs in any worm was calculated and ta-
ken to represent the whole-worm movement. This frame-by-frame
average motion was subtracted from each DB trajectory, to filter
out the whole-worm movement. The residual DB movement is as-
sumed to represent the specific DB movements. At least five worms
(10 DB/worm) were analyzed in each condition.

For the analysis shown in Fig. 4, at least 20 worms were ana-
lyzed in each condition and representative images are shown. In
mid and bottom panels of (E) and in (F), high PMT gain conditions
were used due to weak and diffuse GFP signal in the DB.

3. Results and discussion

3.1. UNC-95 and PAT-3/beta-integrin levels in dense bodies decrease
during molting

To test whether DB undergo any change during molting we
examined by fluorescence confocal microscopy the localization in
DB of two GFP fusion proteins: PAT-3/B-integrin::GFP and UNC-
95::GFP. We chose worms during the L2-L3 molt, identified by
their lethargus behavior, and compared them with worms in the
L3 stage. In non-molting animals we observed for both markers
the known pattern of DB, which is characterized by equally spaced
spots about 0.6 um in diameter laying along imaginary straight
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Fig. 1. Adaptor protein levels in DB decrease during molting, as DB become less organized and more dynamic. (A) UNC-95::GFP in L3 worms. The intensity profile along the
boxed DB is shown in A’. (B) UNC-95::GFP in a lethargus worms during L2/L3 molt. The intensity profile in B’ shows that during molting the pattern of the DB is disrupted by
lower peaks as well as unequal spacing between peaks. Bar, 5 pm. (C) Quantification of the average fluorescent intensity of PAT-3 and UNC-95 in individual DB in L3 or in L2/
L3 molt. Bars denote standard deviation. Asterisks mark statistical significance (Student’s t-test). (D) Western blot analysis of total worm proteins of the UNC-95::GFP and
PAT-3::GFP strains at 14-30 h post-L1 arrest. Worms were grown at 20 °C. The L2/L3 occurs between 24 and 26 h after release from L1 arrest. (E) Trajectory plots of four
individual DB followed for 60 s at 200 ms intervals in anesthetized L3 worms. (F) Same as E, but in L2/L3 molt. Bar, 0.2 pm.

lines (Fig. 1A). Fluorescence intensity profiles drawn along such
lines show very low diffusive levels and narrow peaks across each
DB (Fig. 1A’). UNC-95-GFP showed a 36% decrease in average inten-
sity at the DB during molting (Fig. 1B). We observed a more modest
yet statistically significant 12% decrease in the average intensity of

PAT-3/B-integrin-GFP (Fig. 1C). This probably means the downreg-
ulation of DB is manifested by a reduction in adaptor proteins and
has a smaller effect on the number of integrin receptors in DB.
Western blot analysis using anti-GFP antibodies indicated there
were no changes in total protein levels of UNC-95:GFP or
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PAT-3:GFP during molting, suggesting the observed reduction in
intensity is due to changes in localization (Fig. 1D). Accordingly,
additional confocal analysis of UNC-95::GFP expression in body-
wall muscles at molt (L2/L3) and intermolt larvae (L2 and L3)
showed that decrease in DB intensity during the lethargus phase
is accompanied by a diffuse signal at muscle attachment sites,
but with no major changes in cytosolic and nuclear fluorescence
levels (Fig. S1).

In addition to the changes in intensity we noticed the pattern of
DB was less organized during molting, i.e., the distance between
adjacent DB was not as uniform as in the non-molting controls
(Figs. 1B and S1, left panels). This observation could be explained
if the DB in molting animals are able to move more freely within
the lattice of actin and myosin.

3.2. During molting dense bodies become less organized and display
larger displacements

To directly address the issue of DB movement within the sar-
comere we imaged PAT-3/B-integrin-GFP in anesthetized living
worms during and after the L2/L3 molt. Even under anesthetic
conditions some small muscle contractions still occur. Therefore,
we developed a computer program that allows us to follow the
movement of cohorts of DB and separate between movements
of the whole cell or sarcomere contraction and the smaller fluctu-
ations in position of individual DB. Using this tool we observed
DB to move larger distances during molting. In 1 min movies at
a time resolution of 200 ms DB in non-molting animals made
small movements, but remained confined to a radius of 0.2 pm
around the center of DB (Fig. 1E). In contrast, during molting
DB were observed to fluctuate in position more than 1 pm and
they did not appear to return necessarily to the same point
(Fig. 1F).

The observed increase in DB displacement could be explained
by two, not mutually exclusive, mechanisms: increased flexibil-
ity of the ECM due to the disengagement of the cuticle and in-
creased freedom within the sarcomere due to fewer connections
with actin filaments. The reason for weaker connections with
actin may be the reduced levels of adaptor proteins, such as
UNC-95, in the DB, raising the question of how their levels
are regulated. One attractive possibility is that DB levels of
UNC-95 and possibly other adaptors are regulated by the E3-li-
gase RNF-5.

3.3. UNC-95 is a target for ubiquitination by RNF-5 E3 ligase

The LIM-domain protein UNC-95 was originally isolated as an
interactor with worm RNF5 in a yeast two hybrid screen, and
subsequently it was shown that UNC-95 localization was regu-
lated by RNF-5 [29]. Over-expression of RNF-5 led to a marked
reduction in UNC-95 levels, and conversely, knockdown of RNF-
5 by RNAI led to an increase in UNC-95 levels in muscle cells
[29]. Recent works in mammalian cells and in Xenopus have
shown that ubiquitination of the LIM-domain protein paxillin by
RNF-5 homologs RNF5 and RNF185, respectively, lead to its
mislocalization from focal adhesions [30,31]. To specifically test
whether UNC-95 is a target for ubiquitination by worm RNF-5
we performed in vitro ubiquitination assays. To this end, UNC-
95::GFP was immunoprecipitated using anti-GFP antibody from
UNC-95::GFP transgenic worms, and the immune-purified UNC-
95::GFP was then subjected to in vitro ubiquitination assay, using
bacterially expressed GST-RNF-5 in the presence of HA-tagged
ubiquitin. This reaction resulted in the formation of high-molecu-
lar-weight conjugates that were recognized by antibodies to HA.
This data provides direct evidence for the ubiquitination of
UNC-95::GFP by RNF-5 (Fig. 2).

GST-RNF-5, HA-Ub, E2

ice 37C
IP +E1 +E1 -E1
kDa —
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Fig. 2. UNC-95 is a substrate for RNF-5 E3 ligase activity. Western blots of in vitro
ubiquitination of UNC-95::GFP immunoprecipitated from UNC-95::GFP worms.
Equal aliquots of immunopurified UNC-95::GFP were used in each reaction in the
presence of bacterially expressed and purified GST-RNF-5, E2, HA-ubiquitin and
ATP, with or without E1 as indicated. Reactions were incubated at 37 °C or on ice for
15 min and terminated with 8 M urea buffer. The ubiquitinated forms of UNC-
95::GFP are indicated by parentheses. Arrowhead indicates the 5% stacking gel-8%
running gel boundary. Arrow indicates UNC-95::GFP. IP, 25% of the immunopre-
cipitate used in each ubiquitination reaction (unwashed).

3.4. RNF-5 protein levels increase during molting and must decrease
for proper ecdysis

Next, we examined the temporal expression pattern of RNF-5
during larval development by Western analysis using a specific
antibody against RNF-5. Quite strikingly, RNF-5 protein levels are
low before and after molting and very high during the molting per-
iod (Fig. 3). In light of our observations in DB of decreased intensity
and increased dynamics during molting and our data showing
UNC-95 to be a direct target of RNF-5, it appears likely that RNF-
5 expression during molting serves as a “clutch” to decouple mus-
cle contractions from the cuticle during lethargus, when the worm
must lay motionless.

Is the molting-specific expression of RNF-5 essential for suc-
cessful molting? Knockdown of rnf-5 by RNAI as well as the dele-
tion allele rnf-5(tm794) did not result in any molting defects
(data not shown). This is likely due to compensation by the activity
of other E3 ligases in the muscle at this time. However, we found
that a precise timing of RNF-5 activity is necessary for the comple-
tion of the molting process. Specifically, over-expression of RNF-5
using the hsp-16 heat shock promoter lead to molting defects
(the Mlt phenotype) in which the old cuticle failed to shed at ecdy-
sis. Old cuticle was observed extending from the anterior end of
the worm, and in many cases larvae failed to shed cuticle lining
the buccal cavity (Fig. 4A). Heat shock at the beginning of the L1
or L2 phase caused damage to the hypodermal/cuticle attachment
(Mua phenotype, muscle attachment abnormal) (Fig. 4B). Increased
RNF-5 levels during the period when rnf-5 is normally expressed

L2 =L2/L3 Molt= —— |3 —
14 16 18 20 22 24 26 28 30 hr
e anti-RNF-5

EBESSSSSSS oo

Fig. 3. Endogenous RNF-5 is expressed strictly during molting. Western blot
analysis of total worm proteins of the UNC-95::GFP strain at 14-30 h post-L1 arrest.
Worms were grown at 20 °C. Molting occurs between 24 and 26 h after release from
L1 arrest.
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Fig. 4. Over-expression of RNF-5 results in molting defects. (A,B) Induction of RNF-5 during the second larval stage. (A) Mid-L2 and (B) early L2. Larva encased in its old cuticle
or double cuticle (white arrow), the expelled pharyngeal cuticle (white arrowhead), accumulation of granules within the pharyngeal gland ducts (black arrow), separation of
the cuticle (black arrowhead) (C) The level of Mlt phenotype depends on the timing of RNF-5 induction during the second larval stage. Mean values and standard deviation
from three independent experiments are shown. n, total number of worms analyzed (indicated above each bar) (D) Expression of RNF-5 in the body-wall muscles through
unc-95 regulatory sequences. (E) Expression pattern of the UNC-95::GFP reporter in control worms (L3 stage, low PMT gain) and in worms expressing RNF-5 under the
regulation of unc-95 regulatory sequences (L3 stage, high PMT gain). Brackets designates the region along the worm where the muscle cells are detached. (F) Expression
pattern of the UNC-95::GFP reporter in worms expressing RNF-5 under the regulation of the hsp-16 promoter (L3 stage, high PMT gain; compare to Fig. S1 middle panel). Bar,

5 pm.

did not have deleterious effect (Fig. 4C, 20 h; assuming 2-4 h till
the protein accumulates to high levels following heat shock). How-
ever, induction of RNF-5 before this time point led to varying de-
grees of failure to complete ecdysis. The strongest effect was
seen 6 h before the molt, when 45% of heat shocked worms failed
to complete ecdysis (Fig. 4C, 18 h). As control, we treated wild-type
(N2) with heat shock in the same time points. No effect on molting
was observed following heat shock treatments (n > 200 for each
time point). In RNF-5 overexpressing worms we observed accumu-
lation of granules within the pharyngeal gland ducts (Fig. 4A and D,
black arrow). Such granules are usually secreted just prior to molt-
ing and are thought to help loosen the old cuticle [3]. It is possible
that high levels of RNF-5 inhibit the transport or exocytosis of
these granules/vesicles by downregulation of a transport protein.
The effect of RNF-5 over-expression is reversible, and a few hours
later the animals escape from the old cuticle and continue
development.

The finding that RNF-5 levels must be low before molting is
consistent with high RNF-5 levels promoting downregulation of
DB, as necessary only during lethargus. Increased expression of
RNF-5 prior to molting, may be behaving like a heterochronic
mutation, resulting in a delayed or precocious molting phenotype,
depending on the timing of RNF-5 expression.

3.5. Ectopic RNF-5 expression in muscle cells is sufficient to perturb
molting and downregulates dense bodies

To test whether the effects of forced rnf-5 expression on molting
can be attributed to its specific expression in muscle we drove rnf-
5 expression using the unc-95 promoter. Under these conditions
we observed delay in molting and the Mua phenotype, proving that
RNF-5's effect is directly in the muscle (Fig. 4D). To further test
whether expression of RNF-5 is responsible for the decrease in
DB protein levels and increase in DB dynamics, DB were observed
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in anesthetized UNC-95::GFP worms. We found disorganization of
the lattice reminiscent of DB during lethargus, signs of detachment
of the muscle from the body wall and lower fluorescence levels
(Fig. 4E). The same effect was observed when RNF-5 was overex-
pressed using the heat shock promoter during the L3 stage when
normally RNF-5 levels are low (Fig. 4F).

4. Conclusions

Together, these results demonstrate that the composition and
dynamics of the muscle DB change during the molting period, sup-
porting a regulatory role for the DB in the molting process. De-
crease in the levels of PAT-3, UNC-95 and possibly other DB
proteins weaken the link between the muscle and hypodermis
and indirectly weaken the connection between the hypodermis
and cuticle. The E3 ligase activity of RNF-5 toward DB components
as UNC-95 is temporally restricted to the lethargus phase of
molting.
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