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ABSTRACT Molting is an essential developmental process in nematodes during which the epidermal apical extracellular matrix, the
cuticle, is remodeled to accommodate further growth. Using genetic approaches, we identified a requirement for three conserved
ankyrin repeat-rich proteins, MLT-2/ANKS6, MLT-3/ANKS3, and MLT-4/INVS, in Caenorhabditis elegans molting. Loss of mlt
function resulted in severe defects in the ability of larvae to shed old cuticle and led to developmental arrest. Genetic analyses
demonstrated that MLT proteins functionally cooperate with the conserved NIMA kinase family members NEKL-2/NEK8 and
NEKL-3/NEK6/NEK7 to promote cuticle shedding. MLT and NEKL proteins were specifically required within the hyp7 epidermal
syncytium, and fluorescently tagged m/t and nek/ alleles were expressed in puncta within this tissue. Expression studies further
showed that NEKL-2-MLT-2—-MLT-4 and NEKL-3-MLT-3 colocalize within largely distinct assemblies of apical foci. MLT-2 and
MLT-4 were required for the normal accumulation of NEKL-2 at the hyp7-seam cell boundary, and loss of m/t-2 caused abnormal
nuclear accumulation of NEKL-2. Correspondingly, MLT-3, which bound directly to NEKL-3, prevented NEKL-3 nuclear localiza-
tion, supporting the model that MLT proteins may serve as molecular scaffolds for NEKL kinases. Our studies additionally showed
that the NEKL-MLT network regulates early steps in clathrin-mediated endocytosis at the apical surface of hyp7, which may in
part account for molting defects observed in nek/ and m/t mutants. This study has thus identified a conserved NEKL-MLT protein
network that regulates remodeling of the apical extracellular matrix and intracellular trafficking, functions that may be conserved

across species.
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OLTING is a ubiquitous process in nematode species,

including Caenorhabditis elegans, and is required for
organismal growth and development. Although the observ-
able biomechanics and major morphological features of
C. elegans molting were first described nearly 40 years ago
(Hirsh et al. 1976; Singh and Sulston 1978), the molecular
and cellular mechanisms underlying this complex process are
largely unknown. Notably, molting occurs in both pathogenic
and nonpathogenic nematode species, and molting factors
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have been proposed as potential targets for antiparasitic
drugs (Page et al. 2014; Gooyit et al. 2015).
Mechanistically, molting is the process by which nematodes
remodel their epidermal apical extracellular matrix (ECM),
termed the cuticle. In C. elegans larvae and adults, the cuti-
cle serves as a mechanical barrier and provides physical
and chemical protection from the environment (Page and
Johnstone 2007). In addition, similar to the chitin-based
exoskeleton of insects and other arthropods, the cuticle is
required to facilitate organismal movement in conjunction
with attached underlying muscles. Unlike arthropods, how-
ever, in nematodes the cuticle is comprised primarily of col-
lagens (Page and Johnstone 2007) and thus may serve as a
more proximate model for mammalian skin or for the ECM
associated with mammalian tissues and organs. In mammals,
ECM remodeling is essential for development, homoeostasis,
and physiological wound healing (Cox and Erler 2011).
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Deregulation of ECM remodeling has also been linked to a
number of disease states, most notably cancer cell growth
and metastasis (Cox and Erler 2011; Yu et al. 2011). Further-
more, the inappropriate deposition of collagens can lead to
severe fibrotic diseases such as pulmonary fibrosis (Raghu
et al. 1989; Specks et al. 1995; Todd et al. 2012), liver
cirrhosis (Murata et al. 1984; Nielsen et al. 2014), cardiovas-
cular diseases (Zannad and Radauceanu 2005), and systemic
sclerosis (Ponticos et al. 2015). C. elegans molting thus rep-
resents a powerful genetic system for studying conserved
molecular mechanisms controlling ECM remodeling.

The C. elegans molting process has been traditionally sep-
arated into two stages termed lethargus (including apolysis
and synthesis) and ecdysis (Singh and Sulston 1978; Page
and Johnstone 2007; Chisholm and Xu 2012). Initially, the
animal gradually decreases physical activity and feeding and
becomes lethargic. During apolysis, the larva partially de-
taches its old cuticle, which then allows for the synthesis of
an underlying new cuticle by the epidermis. During ecdysis, a
series of stereotypical movements lead to the complete de-
tachment of the old cuticle, followed by the resumption of
normal feeding and activities (Singh and Sulston 1978; Page
and Johnstone 2007; Chisholm and Xu 2012). The rapid and
precise regulation of these steps, which includes the attach-
ment of body wall muscles to the newly synthesized cuticle,
is essential to minimize vulnerability and maximize growth
potential.

Forward genetics and RNA interference (RNAi) screens
have identified a variety of genes that promote molting in
C. elegans (Frand et al. 2005). Positive regulators of molting
include matrix metalloproteases (Davis et al. 2004; Hashmi
et al. 2004; Suzuki et al. 2004; Altincicek et al. 2010;
Kim et al. 2011; Stepek et al. 2011), which are important
for digestion of the old cuticle or processing of the new cuticle
precursors, as well as selenoproteins, which promote colla-
gen cross-linking (Stenvall et al. 2011). Other functional clas-
ses of molecules critical for molting include sterol-binding
nuclear hormone receptors (NHRs) (Kostrouchova et al.
1998, 2001; Gissendanner and Sluder 2000; Hayes et al.
2006; Monsalve and Frand 2012), enzymes controlling sterol
and fatty acid synthesis (Jia et al. 2002; Kuervers et al. 2003;
Entchev and Kurzchalia 2005; Li and Paik 2011), and
hedgehog-related proteins (Zugasti et al. 2005; Hao et al.
2006), which are often modified by sterols (Wendler et al.
2006) and are dependent on NHRs for expression (Kouns
et al. 2011). Accordingly, dietary cholesterol promotes nor-
mal molting (Yochem et al. 1999; Merris et al. 2003; Entchev
and Kurzchalia 2005; Roudier et al. 2005), along with the
LRP-1/megalin lipoprotein receptor, which is thought to sup-
port lipid uptake by the epidermis (Yochem et al. 1999; May
et al. 2007). Although these and other identified molting factors
have provided insights into the general processes involved in
C. elegans molting, the specific molecular and cellular mecha-
nisms that underlie molting remain poorly understood.

We recently described functions for two highly conserved
members of the NIMA kinase family, NEKL-2 and NEKL-3, in
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C. elegans molting (Yochem et al. 2015). NEKL-2 is ortholo-
gous to mammalian NEK8, which has been implicated in cil-
iogenesis (Mahjoub et al. 2005; Quarmby and Mahjoub 2005;
Otto et al. 2008; Shiba et al. 2010; Zalli et al. 2012). Corre-
spondingly, mutations in NEK8 can lead to organogenesis
defects resulting from ciliopathies (Mahjoub et al. 2005;
Otto et al. 2008, 2011; Trapp et al. 2008; McCooke et al.
2012; Halbritter et al. 2013; Hoff et al. 2013; Manning
et al. 2013; Delestre et al. 2015). NEKL-3 is the C. elegans
ortholog of mammalian paralogs NEK6 and NEK7, which
have been reported to control several processes associated
with cell division and are linked to human cancer. Interest-
ingly, our previous studies strongly implicate NEKL-2/NEK8
and NEKL-3/NEK6/NEK7 in cellular processes that are dis-
tinct from ciliogenesis and cell division and further implicate
NEKL-2/NEKS in the regulation of intracellular trafficking.

In this study, we have extended the NEKL protein network
to include the conserved ankyrin repeat proteins MLT-2/
ANKS6, MLT-3/ANKS3, and MLT-4/INVS. Our data suggest
that this conserved NEKL-MLT network can be approximately
divided into two functional units comprised of NEKL-2-MLT-
2-MLT-4 and NEKL-3-MLT-3. Furthermore, we have shown
that MLT proteins regulate the subcellular localization of NEKL
kinases within the epidermis and may act as molecular scaf-
folds. Finally, we demonstrated that the NEKL-MLT protein
network affects early steps in clathrin-mediated endocytosis
in the epidermis. Our studies implicate conserved NIMA kinase
family members and their ankyrin repeat partners in the reg-
ulation of fundamental cellular functions that have been pre-
viously overlooked.

Materials and Methods
Strains and maintenance

C. elegans strains were maintained according to standard
protocols (Stiernagle 2006) and were propagated at 21°.
Strains used in this study include N2/Bristol (wild type),
LH374 [mlt-4(tm1484); mnEx173 (ZC15; pTG96)], RT1378
[pwis528(gfp::chc-1)1, SP2734 [mlt-4(sv9) V; mnEx173 (mlt-
4(+); pTG96)], VC20044 [nekl-3(gk296269[E282K])],
VC20136 [nekl-3(gk296270[P224L])], VC20396 [nekl-
2(gk323150[S351N])],VC20590 [nekl-2(gk113450[A85T])],
VC30086 [nekl-2(gk412380[G279E])], VC40715 [nekl-
3(gk774978[G118S])], VC40946 [nekl-3(gk894345[D228N])],
WY1098 [mit-3(fd72); fdEx267 (WRMO0610dD02; pTG96)],
WY1117 [mlt-2(fd71); fdEx272 (WRM0610dGO1; WRMO0618cDO5;
WRMO0620bC01; WRM0636cH02; WRMO0633bB08; pTG96)]1,
WY1114 [nekl-2(fd88[P283A,P284S,P285T])], WY1120
[nekl-2(fd79[Y84L,G87H,G88H]); fdEx273 (pDF166; pTG96)],
WY1122 [nekl-2(fd81[Y84L,G88A])], WY1129 [nekl-
2(fd83[Y84L,G88Q])], WY1130 [nekl-2(fd84[G87H,
G88A,R92L]); fdEx278 (pDF166; pTG96)], WY1141 [nekl-
3(gk894345) 3X-outcross], WY1145 [nekl-2(fd81); nekl-
3(gk894345); fdEx286(pDF153[nekl-3(+)]; pTG96)]; fAEx286
(pDF153(nekl-3(+); pTG96)], WY1152 [nekl-2(fd89[Y84L,
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G87A,G88Q]); fdEx278 (pDF166; pTG96)], WY1155 [nekl-
2(fd90[Y84L,G87A,G88A]); fdEx278], WY1165 [nekl-
2(fd91[Y84L,G87A]; fdEx278)], WY1169 [mlt-2(fd95[mlt-2::
mKate2::3xFlag])], WY1174 [nekl-2(fd100[nekl-2::Neon-
Green::3XFlag])], WY1180 [nekl-3(fd106[nekl-3::mKate2::3X
Flag)]l, WY1183 [mlit-3(fd109[mlt-3::mKate2::3XFlag])1,
WY1191 [mlt-4(fd114[mlt-4::gfp::3XFlag])], WY1193 [nekl-
2(fd100[nekl-2::NeonGreen::3XFlag]); nekl-3(fd106[nekl-3::
mKate2::3XFlag])1, WY1194 [nekl-2(fd100[nekl-2::NeonGreen::3X
Flag]); mlt-3(fd109[mit-3::mKate2::3XFlag])], WY1195 [nekl-
3(fd106[nekl-3::mKate2::3XFlag]); mlt-4(fd114[mlt-4::
gfp::3XFlag])], WY1196 [mlit-2(fd95[mlt-2::mKate2::3XFlag]);
mlt-4(fd114[mlt-4::gfp::3XFlag])], WY1230 [nekl-3(fd118[nekl-
3::NeonGreen::3XFlag])], WY1237 [mlt-3(fd109[mlt-3::
mKate2::3XFlag]); mlt-4(fd114[mit-4::gfp::3XFlag])], WY1238
[mlt-3(fd109[mlt-3::mKate2::3 X Flag]); nekl-3(fd118[nekl-
3::NeonGreen::3XFlag])], WY1239 [nekl-2(fd100[nekl-2::
NeonGreen::3XFlag]); mlt-4(sv9) V; mnEx173(zc15[mlt-4(+)];
pTG96)], WY1241 [nekl-3(fd118[nekl-3::NeonGreen::3X
Flag]); mlt-4(sv9) V; mnEx173 (mlt-4(+); pTG96)], WY1242
[nekl-2(fd81); nekl-3(gk894345); pwIs528 (gfp::chc-1);
fdEx256], WY1251 [nekl-3(gk894345); pwIs528], and WY1253
[nekl-2(fd81); pwlIs528], WY1303 [nekl-2(gk839); fdEx256
(WRMO0639aE11; WRMO0636aD02; sur-5::1fp); nekl-3(gk506);
mnEx174 (F19H6; pTG96)]1, WY1305 [mlt-2(fd71); fdEx309;
mlt-3(fd72); fdEx267], WY1306 [mit-2(fd71); fdEx309; mlt-
4(tm1484); mnEx173] .

Isolation, mapping, and rescue of mit-4 (sv9)

mlt-4(sv9) was identified in a screen for recessive muta-
tions that affect the completion of molting. N2 P, worms
were treated with 50 mM ethyl methanesulfonate (Brenner
1974), and F; progeny were placed three per plate on
OP50 plates. After growth at 25°, plates were examined
for the presence of F, progeny exhibiting defects in molt-
ing, including a failure to completely shed old cuticle.
Because mutants exhibiting defective molting are often in-
capable of reaching adulthood, nonmutant siblings were
individually isolated from candidate plates and strains
were initially maintained as heterozygotes. Because none
of the mutations proved to be temperature sensitive, a tem-
perature of 20-22° was used for their maintenance and
analysis.

sv9 was assigned to the right arm of LG V by means of bulk
sequence analysis (Wicks et al. 2001) of single-nucleotide
polymorphisms (SNPs) between the N2 strain and the Ha-
waiian strain CB4856. Mapping placed mlt-4 between unc-51
and rol-9; 21 cross-overs were observed between unc-51 and
mlt-4, and one was observed between mlit-4 and rol-9. Viable
Unc recombinants from a strain having the genotype unc-51
mlt-4/CB4856 were examined for the segregation of SNPs
that could be digested by a restriction enzyme. Likewise,
viable Roll recombinants were examined from a strain with
the genotype mlt-4 rol-9/CB4856. Rescue of sv9 was initially
obtained with the complete ZC15 cosmid. Rescue of sv9 not
observed with individual injections of two overlapping PCR

fragments, neither of which contained a complete ZC15.7
gene. In contrast, co-injection of these fragments resulted
in robust rescue; homologous recombination within the over-
lapping region will create an intact ZC15.7 gene.

mMRNA analysis

Total RNA was isolated from mixed-staged populations of
N2 worms by means of TRIzol (Invitrogen, San Diego,
CA). The 5' end of mit-4 was determined using FirstChoice
RNA ligase-mediated rapid amplification of cDNA (RLM-
RACE) kit (Ambion, Austin, TX). The 3’ ends were deter-
mined by means of reagents supplied with the Kkit. For
both ends, gene-specific primers were used in combina-
tion with primers provided with the kit. Internal splice
sites were verified by RT-PCR by means of a cMaster
RTplusPCR System kit (Eppendorf, Westbury, NY) and
gene-specific primers.

Bioinformatics tools

Protein motif and domain predictions were obtained using
http://smart.embl-heidelberg.de (Letunic et al. 2015) and
elm.eu.org (Dinkel et al. 2016) (Figure 1 and Figure 2 and
data not shown). Sequence alignments were created using
ClustalW in the Biology Workbench (http://workbench.sdsc.
edu/; San Diego Supercomputer Center) (Supplemental Ma-
terial, Figure S1), in the Jalview program using Muscle (Fig-
ure S3, A and B), and with Clustal sequence alignment
services (Figure S3C) (Waterhouse et al. 2009). The phylo-
genetic tree was created by aligning amino acid sequences of
selected proteins using http://www.ebi.ac.uk/Tools/msa/
mafft/ (Katoh and Standley 2013; McWilliam et al. 2013;
Li et al. 2015). Alignment was subsequently reformatted in
http://www.ebi.ac.uk/Tools/sfc/emboss_seqret/ (Rice et al.
2000), and the tree was built using http://darwin.uvigo.es/
software/prottest2_server.html (Abascal et al. 2005) and
http://itol.embl.de/upload.cgi (Letunic and Bork 2016)
(Figure S2). Frequency plot sequence logos were created
using WebLogo (http://weblogo.berkeley.edu/logo.cgi) (Crooks
et al. 2004) (Figure S3). Protein 3D structure predictions
were created using I-TASSER (http://zhanglab.ccmb.med.
umich.edu/I-TASSER) (Zhang 2008; Roy et al. 2010; Yang
et al. 2015). For mutant versions of NEKL-2, the wild-type
prediction was assigned as a template to guide I-TASSER
modeling (Figure S4). Visualization, interatomic contacts,
and surface analyses of predicted three-dimensional models
were carried out using UCSF Chimera 1.11 (Pettersen et al.
2004) (Figure S4). Raytraced images were produced using
POV-Ray (retrieved from http://www.povray.org/download/;
Persistence of Vision Pty.) (Figure S4). Venn diagrams were
created using Venny (http://bioinfogp.cnb.csic.es/tools/venny),
created by J. C. Oliveros (Figure S4A).

Microscopy and measurements

Fluorescent images were acquired using an Olympus IX81
inverted microscope with a spinning-disc confocal head (CSU-
X1 Yokogawa). Confocal illumination was provided by an
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Figure 1 Molting defects in m/t-4(sv9) mutant animals. (A, B) DIC images of sv9 homozygous larvae entrapped within two layers of cuticle. Dotted line
indicates the extent of the constricted region containing both the old and new cuticle layers. A larva in which only the head region is free of old cuticle is
shown in (A), whereas the larva in (B) displays a classic corset phenotype in which both the head and tail regions have released the old cuticle. The inset
in (B) shows an enlargement of the posterior constriction. (C) Schematic representation of the mit-4 gene; the affected region with the splice acceptor
site that is mutated in the sv9 allele is enlarged. The red line marks the location of the tm7484 deletion. (D) Schematic illustration of MLT-4 with
annotated predicted ankyrin repeats (green boxes). The red line indicates the region that would be affected by mis-splicing in sv9 mutants. Numbers

specify positions of amino acids. Bar, 50 um (A, B).

ILE-4 laser launch (Spectral Applied Research). MetaMorph 7.7
software was used for image acquisition. During colocalization
analyses, image registration of micrographs taken with dif-
ferent laser settings was performed with the Register Virtual
Stack plugin in FIJI software. Registered images were merged,
analyzed, and adjusted in ImageJ program. DIC images were
acquired using a Nikon Eclipse epifluorescence microscope
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and Open Lab software. The same setup was used for mea-
suring body length and width. Body width was measured in
the central region of an animal, next to the vulva; 50 animals
were scored for each category. Puncta movements were
tracked and analyzed using MTrackJ plugin in ImageJ soft-
ware. Animals were immobilized using a 0.1 M solution of
levamisole. Nuclear staining was performed using Hoechst
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Figure 2 Molting defects in m/t-2 and mlt-3 mutants. (A, B) DIC images of /in-35(n745) animals, which display partial encasement within old cuticle
following m/t-2(RNAJ) (A) and mit-3(RNAi) (B). Enlargements show constrictions within the head regions. (C, D) Schematic representations of mit-2 (C)
and m/t-3 (D); red lines indicate deleted regions in m/t-2(fd71) (C) and mit-3(fd72) (D). The yellow region in (C) represents the inserted oligonucleotide
that replaces the deleted region of mit-2(fd71). (E, F) DIC images of homozygous mit-2(fd71) (E) and mit-3(fd72) (F) deletion mutants. (G, H) Schematic
illustration of MLT-2 (G) and MLT-3 (H) proteins with annotated predicted ankyrin repeats (green boxes) and SAM domain (red box). Numbers specify

positions of amino acids. Bar, 50 wm (A, B, E, and F).

stain, which was added to levamisole to a final concentration
of 0.2 pg/pl.

RNA interference

RNAi was performed using bacterial strains from Geneservice
library. The standard feeding protocol was followed (Ahringer
2005). Because mlt-2(RNAiQ) does not cause molting defects
in nonsensitized backgrounds, marker localization studies in-
volving mlt-2(RNAi) were carried out using strains that were
previously grown for one or two generations on [in-35(RNAi)

plates, which increases RNAi susceptibility (Wang et al.
2005); this procedure was used for mlit-3(RNAi), although
partially penetrant molting defects were observed for mlt-
3(RNAI) in wild-type backgrounds. lin-35(RNAi) presensiti-
zation was not performed in other experiments. For the
mlt-4(sv9) enhancement study, animals were fed with nekl-
2(RNAI) or nekl-3(RNAI) for several generations prior to eval-
uation. Their progeny were then synchronized and analyzed
after 2 days. gfp(RNAi) was used as an RNAi control except
for experiments involving gfp::chc-1, in which case strains
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carrying pPD129.36 were used; pPD129.36 expresses an
~200-bp dsRNA sequence that is not homologous to any
C. elegans gene (Timmons et al. 2001).

Genetic mosaic analyses

Genetic mosaic analyses were performed using previously
described methods (Yochem et al. 1998, 2000, 2006). Only
healthy 14 and young adult mosaic animals were analyzed.
Strains used in this study were SP2734, WY1098, and
WY1117.

CRISPR-Cas9 generation of mit-2 and mit-3
deletion alleles

Using the CRISPR design tool (http://crispr.mit.edu), mit-2
and mlt-3 sequences with high scores were chosen in regions
close to the start and stop codons. Selected sequences were
used for designing primers for site-directed mutagenesis
to insert specific sequences into pDD162 (Peft-3::Cas9 +
empty sgRNA) using the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs, Beverly, MA). Primers used in
these experiments included mlit-2 5’ forward, 5’-taacacttg
catgtgcggggttttagagctagaaatageaagt-3'; mit-2 3’ forward,
5'-ataattccgtaaagcctgggttttagagctagaaatagecaagt-3'; mit-3 5
forward 1, 5’'-tattgccagatctactcgagttttagagctagaaatagcaagt-
3'; mit-3 5' forward 2, 5’-gatggaacatatgtgactcgttttagagc
tagaaatagcaagt-3'; mlt-3 3’ forward 1, 5'- ctctggagagcttag
gatcgttttagagctagaaatagcaagt-3'; mlit-3 3' forward 2, 5'-
gagagcttaggatceggtegttttagagetagaaatagcaagt-3'; and uni-
versal reverse, 5'-caagacatctcgcaatagg-3’.

Animals were injected with pDD162 derivatives and the
PTG96 co-injection marker. Green F; progeny were allowed to
lay eggs before they were lysed and their genomic DNA was
used for PCR screening for deletions. Because mit-2 and mit-3
are essential, viable heterozygotes were injected with ap-
propriate fosmids and pTG96. For mlt-2 rescue, a mix of
five fosmids was used: WRMO0610dG01; WRMO0618cD05;
WRMO0620bC01; WRM0636¢cHO2; and WRM0633bB08. mlt-3
rescue was performed with fosmid WRM0610dD02. Candidate
rescued homozygous strains were confirmed and character-
ized by DNA sequence analysis.

CRISPR-Cas9 generation of nucleotide substitutions

To generate nekl-2 hypomorphic alleles, genomic substitu-
tions were made using the coconversion strategy for the
induction of point mutations (Arribere et al. 2014; Paix
et al. 2014). Briefly, pJA42 (Cas9 + rol-6 sgRNA construct)
and rol-6(gof) donor ssDNA were co-injected with appropri-
ate pDD162 derivatives and ssDNAs to create point mutations
in desired genes. The following primers were used for site-
directed mutagenesis of pDD162: nekl-2(fd88) forward,
5’-tcgaacctccaccgacggataaggtaatttttaattg-3'; nekl-2(fd79)/
(fd81)/(fd83)/(fd84)/(fd89)/(fd90)/(fd91) forward, 5'-
ttatgcagtacgcggaagggttttagagectagaaatagecaagt-3’;  univer-
sal reverse, 5'-caagacatctcgcaatagg-3’. Repair oligos
containing the desired mutations, together with novel re-
striction sites used for screening included nekl-2(fd88),
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ttgttetteectatttgatatcaattcattgegatttgggaagaatcgaagetageacgac
ggataaggtaatttttaattgtattagtgttttgatttagagaaaaat; nekl-2(fd79),
gtaaatttaattttaaaattgaattaaaattcgatatgttcagttatgcagetggeggaa
catcacacattagagagattaataaatgatcagagagcgattaaagattcaaacatga;
nekl-2(fd81), attttaaaattgaattaaaattcgatatgttcagttatgcagtacgeg
gaacatgccacattagagctcttaataaatgatcagagagcegattaaagattcaaacat
gagagaatatttt; nekl-2(fd83), gtaaatttaattttaaaattgaattaaaattcgatatg
ttcagttatgcagetggeggaaggacaaacattagagagattaataaatgatcagaga
gcgattaaagattcaaacatga; nekl-2(fd84), attttaaaattgaattaaaattc
gatatgttcagttatgcagtacgcggaacatgecacattagagetcttaataaatgatea
gagagcgattaaagattcaaacatgagagaatatttt; nekl-2(fd89), gtaaatttaatt
ttaaaattgaattaaaattcgatatgttcagttatgcagetggeggaageacaaaca
ttagagagattaataaatgatcagagagcgattaaagattcaaacatga; nekl-2(fd90),
gtaaatttaattttaaaattgaattaaaattcgatatgttcagttatgeagetggeggaag
cagcaacattagagagattaataaatgatcagagagcgattaaagattcaaacatga;
and nekl-2(fd91), gtaaatttaattttaaaattgaattaaaattcgatatgttcagtta
tgcagctggcggaageaggaacattagagagattaataaatgatcagagagegattaaa
gattcaaacatga. The introduced restriction sites were as follows:
Nhel for nekl-2(fd88), Pvull for nekl-2(fd79)/(fd81)/(fd83)/
(fd89)/(fd90)/(fd91), and Sacl for nekl-2(fd84).

F; progeny of injected animals were selected for the Rol
phenotype, were allowed to lay eggs, and were then screened
by single-worm PCR and restriction enzyme analysis to iden-
tify candidate heterozygotes containing the desired muta-
tions. F, progeny were screened as above, and, in the case
of homozygous-lethal alleles, heterozygotes were injected
with a nekl-2(+) construct (pDF166) and pTG96 to obtain
homozygous rescued lines. All homozygous lines were con-
firmed by sequencing.

CRISPR-Cas9 generation of fluorescently
tagged proteins

C-terminal fluorophore::3XFlag insertions were created us-
ing Cas9-mediated homologous recombination using the self-
excising selection cassette method (Dickinson et al. 2015).
pDD162-based constructs expressing Cas9 and sgRNAs were
generated using Q5 Site-Directed Mutagenesis Kit and
the following primers: nekl-2 forward, 5'-ttgcccacttccgaat
gatgttttagagctagaaatagcaagt-3'; nekl-3 forward, 5'-ggagtt
gttgattggtcecgttttagagectagaaatageaagt-3'; mlt-4 forward,
5’'-ctcaaattcggtgctecgagttttagagetagaaatageaagt-3'; univer-
sal reverse, 5'-caagacatctcgcaatagg-3'. For mlt-2 and mlt-3,
the same 3’ Cas9-sgRNA constructs were used in the gener-
ation of mlt-2 and mlt-3 deletion alleles. Repair templates
were created by inserting homology arms into Avrll-
and Spel-digested fluorophore-containing plasmids pDD268
(NeonGreen::3XFlag), pDD282 (gfp::3XFlag), and pDD285
(mKate2::3XFlag). Homology arms were either PCR ampli-
fied (~700 bp) or ordered as gene blocks (440 bp)
and inserted into constructs using NEBuilder HiFi DNA
Assembly (New England Biolabs), which uses modified Gib-
son assembly methods. Homology arm PCR amplification
primers were as follows: mlt-2 5’ arm forward, 5'-acgttg
taaaacgacggccagtcgecggeacaggaatgecaaagttttgetg-3' and re-
verse, 5'-catcgatgctectgaggcteccgatgeteccagtgatecggetaaga
attge-3'; mlt-3 3' arm forward, 5'-cgtgattacaaggatgacgatgacaa
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gagatgattttaattttttttttttgagaaag-3' and reverse, 5’'-ggaaacagctat
gaccatgttatcgatttcgceccagaatgaatttctatg-3'; nekl-2 5’ arm for-
ward, 5'-acgttgtaaaacgacggccagtegeeggeacttacttaaaacacacac
gga-3' and reverse, 5'-catcgatgctectgaggceteecgatgetecatacttt
gaatgcacttgact-3'; nekl-3 3’ arm forward, 5'-cgtgattacaaggat
gacgatgacaagagataaaaaaagctataacatttcaatttc-3’ and reverse,
5'-ggaaacagctatgaccatgttatcgatttcaatgtggcaaacacagtgtta-3’.
PAM sites were mutated in repair templates, without
amino acid changes. The presence of the homology arms
was confirmed by sequencing. Co-injection markers were
pTG96 and pCFJ90 (Pmyo-2::mCherry), and selection was
based on the Rol phenotype and resistance to Hygromycin
B. Positive homozygous animals were heat shocked at 32°
for 4-6 h to activate the Cre recombinase, which removes
the self-excising selection cassette flanked by LoxP sites.
PCR amplification confirmed the presence of insertions
within desired genes.

Yeast two-hybrid analysis

Identification of physical interactions between NEKL-3 and
MLT-3 was performed using the ProQuest Two-Hybrid Sys-
tem (Invitrogen, Carlsbad, CA). The gateway cloning system
was used to generate entry clones, bait, and prey plasmids. To
generate entry clones, nekl-3 ¢cDNA was amplified using 5'-
ggggacaagtttgtacaaaaaageaggettcatggacaaaatttcgaacatcta-3’ and
5'-ggggaccactttgtacaagaaagctgggtcttagaattgegttgaaggagttgtt-3’
primers, whereas mlt-3 amplification was accomplished with 5'-
ggggacaagtttgtacaaaaaagcaggctteatgtegtttegtgteegttttte-3' and
5'- ggggaccactttgtacaagaaagctgggtctcaaacatgtgaggaaacttttaaa-
3’ primers. The BP clonase recombination reaction between
cDNA clones and pDONR221 was used to create entry vectors,
which were used in the LR clonase recombination reaction with
the bait destination vector pDEST32 and prey destination vec-
tor pDEST22. All constructs were sequenced to confirm the
presence of the correct insert. Yeast strain MaV203 was cotrans-
formed with all possible combinations of nekl-3/mlt-3/control
empty vector bait and nekl-3/mlt-3/control empty vector prey
constructs. Strains were tested for HIS3 self-activation by
addition of 3-amino-1,2,4-triazole (3-AT) to SC-Leu-Trp-His
medium. After the HIS3 self-activation threshold was deter-
mined, yeast strains were tested for their ability to grow on
selective media SC-Leu-Trp-Ura, SC-Leu-Trp-His + 3-AT,
and SC-Leu-Trp + 5-fluoroorotic acid (5-FOA). LacZ /B-gal
activity was determined using chlorophenol red-B-p-
galactopyranoside (CPRG) as a substrate. 3-gal activity was
determined as follows: B-gal units = (1000 X absorbance at
574 nm)/[(duration of reaction) X (sample volume) X (ab-
sorbance at 600 nm)]. Control constructs were provided by
the manufacturer, including pEXP32/Krev1 bait (same for all
controls), pEXP22/RalGDS-wt prey (for strong positive con-
trol), pEXP22/RalGDS-m1 prey (for weak positive control),
and pEXP22/RalGDS-m2 prey (for negative control).

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully

within the article. Reagents or specific data from this manu-
script available upon request.

Results

C. elegans mlit-4 is required for normal molting and
encodes a conserved ankyrin repeat protein

The sv9 allele was identified in a screen for recessive mutations
that affect the completion of molting. Homozygous sv9 mu-
tants typically arrest as L2- to L3-stage larvae, after failing to
shed portions of old cuticle during molting cycles. In most sv9
homozygotes, the central body and tail regions are trapped
within two layers of cuticle, whereas the head region contains
only a single layer (Figure 1A). Other sv9 homozygotes display
the “corset” phenotype in which both the head and tail regions
are free of old cuticle (Figure 1B), similar to what is observed
for nekl-3(sv3) mutants (Yochem et al. 2015).

sv9 was mapped to a region on LG V, and microinjection of
cosmid ZC15, which contains a genomic insert corresponding
to a portion of the implicated region, fully rescued the sv9
molting defect (see Materials and Methods). sv9 was subse-
quently rescued by a single open reading frame, ZC15.7 (here-
after referred to as mlt-4). Sequencing of the mit-4 locus in sv9
mutants revealed a single G-to-A transition of the final nucle-
otide of the fifth intron (Figure 1C). This mutation affects the
highly conserved G of the canonical 3’ splice acceptor site
(TTTTCAG) and may reduce or eliminate incorporation of exon
6 into the mature mit-4 mRNA. We note that mlt-4 activity was
largely recalcitrant to RNAi and thus was not used in this study.

We also obtained a putative null deletion allele of mlt-
4 (tm1484) (The C. elegans Deletion Mutant Consortium
2012), which contains a 637 bp in frame deletion, including
187 bp upstream from the start codon (Figure 1C). This de-
letion completely eliminates the 5’ UTR, the first exon, and
most of the first intron of mlit-4. mlt-4(tm1484) homozygotes
display 100% larval lethality, consistent with a strong loss-of-
function or null mutation. We also examined the F1 progeny
from eight germline-mosaic mlt-4(tm1484) mothers and ob-
served complete encasement within old cuticle at the L1/1.2
molt (n = 435).

The mit-4 mRNA is derived from nine exons (Figure 1C)
and encodes a predicted 624-aa protein. Using 5’ RACE, we
determined that the mit-4 mRNA begins 38 nucleotides
upstream of the presumed AUG start codon and lacks a
trans-spliced leader. Moreover, alternative forms of the
mlt-4 mRNA are not abundant (also see WormBase). The
predicted MLT-4 protein contains 13 tandem copies of an
ankyrin repeat domain (Figure 1D). Splicing from exon 5 to
exon 7 in sv9 mutants would be predicted to eliminate the
fifth ankyrin repeat, as well as parts of the fourth and sixth
repeats, but would not induce a frameshift. Ankyrin repeat
domains are important for protein—protein interactions and
can serve as molecular scaffolds (Mosavi et al. 2004; Voronin
and Kiseleva 2008; Hollenbeck et al. 2012). Based on recip-
rocal BLAST and OrthoList (Shaye and Greenwald 2011),
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MLT-4 is orthologous to human inversin (INVS), and more
similar in amino acid sequence than a previously report-
ed INVS ortholog, NPHP-2 (Figure S1 and Figure S2)
(Warburton-Pitt et al. 2012). Unlike MLT-4, however, INVS
contains a C-terminal region that is largely intrinsically dis-
ordered. Although specific amino acid sequences within this
region are not highly conserved in mammals, MLT-4 lacks the
C-terminal region of mammalian INVS proteins altogether
(Figure S1). Also unlike MLT-4, INVS contains two predicted
IQ domains, which are implicated in Ca?*-independent cal-
modulin binding (Rhoads and Friedberg 1997).

The conserved ankyrin repeat proteins MLT-2 and MLT-3
are essential for normal molting

The C. elegans genome is predicted to encode ~13 proteins
with sequence similarity to MLT-4/INVS, most of which con-
tain ankyrin repeats (Figure S2 and Table S1). To determine
if any of these proteins play a role in the regulation of molt-
ing, we carried out RNAi against each gene in two RNAI-
hyper-sensitive strains [lin-35(n745) and r1f-3(pk1426)]
and scored for molting defects. Notably, downregulation of
two genes, CO1H6.2 and Y39C12A.1, led to partial entrap-
ment within old cuticle, which can occur at any of the four
molting stages (Figure 2, A and B, Table S1, and data not
shown). We hereafter refer to CO1H6.2 as mit-2 and
Y39C12A.1 as mit-3.

mlt-2 encodes a predicted protein of 668 aa with seven
N-terminal ankyrin repeat domains along with a C-terminal
region that is structurally uncharacterized (Figure 2G).
Several human proteins are similar to MLT-2, including the
annotated ortholog ANKS6 (Shaye and Greenwald 2011)
(Figure S1). Unlike MLT-2, however, ANKS6 contains a
C-terminal sterile alpha motif (SAM) domain, which is impli-
cated in both protein and RNA interactions (Kim and Bowie
2003). mlt-3 encodes a predicted 392-aa protein with
six N-terminal ankyrin repeat domains and one C-terminal
SAM domain (Figure 2H) and is orthologous to mammalian
ANKS3 (Figure S1) (Shaye and Greenwald 2011).

Using CRISPR-Cas9 methods, we generated deletion alleles
for both mit-2 and mlt-3. fd71 contains an indel in which
2051 nucleotides spanning exons 4-11 of mlt-2 were deleted
and replaced with a 21-bp insertion (Figure 2C). fd72 contains
a 4028-nucleotide deletion, which removes approximately the
first five exons of mlt-3 (Figure 2D). One hundred percent of
homozygous mit-2(fd71) and mlt-3(fd72) mutants arrested as
L1-L2 larvae that were fully encased within two layers of
cuticle (Figure 2, E and F), similar to what we observed for
null deletion alleles of nekl-2 and nekl-3 (Yochem et al. 2015).
Notably, the phenotypes of mlit-2(fd71); mit-3(fd72) and mlt-
2(fd71); mlt-4(tm1484) double mutants did not differ from
the phenotypes observed in the single mutants (data not
shown). Likewise, nekl-2(gk839); nekl-3(gk506) double null
mutants showed identical phenotypes to single mutants (data
not shown). Furthermore, the phenotypes of mit-2(fd71),
mlt-3(fd72), or mlt-4(tm1484) alleles were not enhanced by
RNAI of mlt-2, mlt-3, nekl-2, or nekl-3 (data not shown). These
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results indicate that the MLTs and NEKLs do not have redun-
dant functions earlier in development. Collectively, our findings
demonstrate that conserved ankyrin repeat proteins are specif-
ically required for the completion of molting in C. elegans.

mlt-2, mit-3, and mlt-4 are required in the epidermal
hyp7 syncytium

To elucidate the cell types in which mit-2, mit-3, and mlt-4
activities are essential, we carried out genetic mosaic analy-
ses using standard methods (Yochem et al. 1998, 2000,
2006). For these studies, mutant strains containing GFP-
marked mlt(+) rescuing extrachromosomal arrays were an-
alyzed for array inheritance within the cell lineages of viable
young adults or L4 larvae. The absence of the rescuing array
within a specific cell lineage in aphenotypic animals implies
that gene function is not required within that lineage or its
derived tissues. Notably, this analysis implicated mit-2, mit-3,
and mlt-4 as being specifically required in the hyp7 epidermal
syncytium, a large multinucleate cell that covers most of the
midbody of the worm. A series of cell fusion events during
embryonic and postembryonic development generate hyp7,
with contributions coming from the ABa, Abp, and C blasto-
meres (Sulston et al. 1983). Thus, segregation of the array
within any one of these founder cells can be sufficient to
rescue a gene requirement within hyp7.

In the case of mit-2, mlt-3, and mlt-4 mutants, we observed
that the presence of rescuing arrays within only ABa or ABp
was able to fully suppress molting defects (Figure 3A). More-
over, in the case of mit-4, viable adults were identified that
contained positive clones in only ABarp (two mosaics), ABar-
paa (one mosaic), or ABplapa (one mosaic). Correspondingly,
the presence of a rescuing array within C only was able to
rescue molting defects in all three mit mutants (Figure 3A).
Because the hyp7 syncytium is derived exclusively from de-
scendants of the ABa, ABp, and C lineages, the most straight-
forward interpretation is that mlt-2, mlt-3, and mit-4 are
specifically required in hyp7, consistent with previous find-
ings for nekl-2 and nekl-3 (Yochem et al. 2015). Furthermore,
mosaic analyses indicated that there is no maternal require-
ment or functional contribution of mit-2, mit-3, or mit-4.
Namely, the progeny of animals in which rescuing arrays
were absent from the maternal germline arrested with molt-
ing defects at the same developmental stage as (array-minus)
mutants derived from germline-positive adults (Figure 3B).
This finding is consistent with previous results for nekl-2 and
nekl-3 and indicates that neither the NEKL nor MLT proteins
play a critical role during embryogenesis. We note, however,
that our results do not preclude a nonessential role for MLT
and NEKL proteins in other epidermal syncytia.

Fluorescently tagged MLT-2, MLT-3, and MLT-4 proteins
are expressed in the epidermis and show dynamic
movement within puncta

To determine the tissue and subcellular expression patterns of
MLT-2, MLT-3, and MLT-4, we used CRISPR-Cas9 methods to
add fluorescent tags to the endogenous loci. Expression of all
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A Zygote

Figure 3 Mosaic analysis of m/t genes. (A) The early

1 | cell lineage of C. elegans is depicted showing contri-
butions of ABa, ABp, and C to the epidermal syncy-

C
g - ||
Hyp7 |

P3  tium, hyp7. The number of viable adult mosaic animals
l in which the rescuing array was present exclusively
within AB, ABa, ABp, P2, or C in mit-2(fd71), mit-
3(fd72), and mlt-4(sv9) mutants is shown in the adja-
cent boxes. For each mutant, the only descendant
common to all the identified mosaic animals was
hyp7. (B) Summary of phenotypes for the F; progeny
of mit-2, mit-3, and mlt-4 germline-mosaic animals. In
all cases, larvae arrested with molting defects and no

B maternal contribution was observed.
Germline Po F1 F1 F1 F1
. Germline Embryonic | Larval lethal Adults Total
mosaics )
mosaics lethal
mit-2(fd71) 5 3 489 0 492
mit-3(fd72) 3 5 346 351
mit-4(sv9) 4 1081 0 1085

three genes was detected exclusively within the epidermis,
including hyp7, beginning in late embryogenesis (Figure 4A
and data not shown). MLT-2::mKate2 and MLT-4::GFP dis-
played similar patterns of expression at the epidermal apical
surface within well-separated puncta and also showed strong
accumulation at the boundary of hyp7 and seam cells. In
more medial planes, both MLT-2 and MLT-4 were more
evenly dispersed throughout the cytosol with reduced accu-
mulation at the seam cell boundary (Figure 4A). In contrast,
accumulation of MLT-3::mKate2 was not highly enriched at
the hyp7-seam cell boundary (Figure 4A and data not
shown). Like MLT-2 and MLT-4, MLT-3 was expressed in
apical puncta, although its expression was stronger and typ-
ically more dispersed than that observed for MLT-2 and MLT-
4 (Figure 4A). In medial planes, expression of MLT-2, MLT-3,
and MLT-4 was largely excluded from nuclei, but in some
cases the tagged proteins exhibited partial enrichment or
exclusion within other smaller compartments (Figure 4A).
We note that animals homozygous for the modified mit-3::
mKate2 locus displayed a partially penetrant molting-defective
phenotype, suggesting that fluorophore insertion may have
slightly impaired the activity of the endogenous mlt-3
gene.

To determine the extent of expression overlap between
MLT-2, MLT-3, and MLT-4, we constructed doubly marked
strains. Extensive colocalization was observed between
MLT-2::mKate2 and MLT-4::GFP at apical puncta and at the
hyp7-seam cell boundary, although some nonoverlapping
puncta were also observed (Figure 4B). In addition, we no-
ticed that MLT-2::mKate2 had some tendency to form larger
accumulations, which were not observed for MLT-4::GFP

(Figure 4, A and B and data not shown). In contrast to
MLT-2 and MLT-4, MLT-3::mKate2 and MLT-4::GFP signals
did not overlap significantly (Figure 4B). Taken together, our
expression data are consistent with roles for MLT-2, MLT-3,
and MLT-4 in the epidermis and suggest that MLT-2 and MLT-
4 may have closely connected cellular functions.

Notably, all three MLT reporters were visible as highly
dynamic structures in the epidermis (Figure 4C, File S1, File
S2, File S3, File S4, File S5, and data not shown). In general,
larger accumulations were less mobile and displayed short
oscillating or linear movements, or no motility, within the
time frame of the analysis (25-50 sec). In contrast, numerous
smaller puncta throughout hyp7 displayed rapid linear and
circular dynamics but were hard to trace given their move-
ment in and out of the focal plane. We observed that smaller
puncta in some cases branch out from larger accumulations
or merge between each other and with bigger puncta. A high
level of motility was observed at the hyp7-seam cell bound-
ary region for all three MLTs including MLT-3::mKate2,
which was not highly enriched in this region. Where possible,
we quantified average velocities of puncta that were moving
within a single horizontal plane, which included mostly os-
cillating larger puncta at the apical surface. For MLT-2::
mKate2 the average velocity of puncta was 43.7 nm/sec,
ranging from 13.3 to 117 nm/sec (51 puncta, eight animals).
MLT-3::mKate2 had an average velocity of 59.2 nm/sec,
ranging from 40.3 to 80.9 nm/sec (16 puncta, four animals).
MLT-4::GFP puncta had an average velocity of 68.5 nm/sec,
ranging from 29.3 to 139.6 nm/sec (71 puncta, seven ani-
mals). We note that particle movement was often erratic
within the time frame of our observation and that MLT-puncta
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movement was not confined to a single stage but occurred
throughout the life cycle of the animal.

Genetic analyses indicate functional cooperation of the
NEKL and MLT proteins

The mutant phenotypes of mlt-2, mlt-3, and mlt-4 are very
similar to those previously described for nekl-2 and nekl-3
mutant animals (Yochem et al. 2015). To test for functional
genetic interactions between the mlt and nekl genes, it was
first necessary to obtain weak hypomorphic alleles of nekl-2
and nekl-3. Specifically, we postulated that viable hypomor-
phic alleles of nekl-2 or nekl-3 may be hyper-sensitive to fur-
ther inhibition of pathway components, such as the mit
genes. We began by testing three aphenotypic alleles of
nekl-2 and four aphenotypic alleles of nekl-3 generated by
the Million Mutation project (Thompson et al. 2013). Two
of the four tested nekl-3 alleles (gk296270 and gk894345)
were strongly enhanced by nekl-2(RNAi), leading to a fully
penetrant larval arrest (Figure 5, A and C). By contrast, nekl-
2(RNAi) had no effect on wild-type worms (data not shown)
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Figure 4 Expression analysis of MLT
proteins. (A) Confocal images of fluo-
rescently labeled MLT-2::mKate2, MLT-
3::mKate2, and MLT-4::GFP show
expression in epidermis. Punctate accu-
mulations were observed near the api-
cal surface of the hyp7 syncytium (H),
but not in the neighboring seam cells
(S). MLT-2 and MLT-4 also show strong
enrichment at the hyp7-seam cell
boundary (white arrows). In medial
planes, MLT-2, MLT-3, and MLT-4 are
largely expressed in the cytosol and
are largely absent from nuclei (blue) la-
beled with Hoechst. Bar, 5 um. (B)
Colocalization analyses revealed exten-
sive overlap between apical puncta of
MLT-2::mKate2 and MLT-4:GFP but
not MLT-3::mKate2 and MLT-4::GFP.
Images in A were modified to remove
background fluorescence to highlight
expression in puncta. Red and green
arrowheads indicate  representative
puncta that express only one marker,
whereas yellow arrowheads indicate
colocalization. White arrows indicate
hyp7-seam cell boundaries. White dashed
lines demarcate autofluorescent alae.
Bar, 5 wm. (C) Representative time lapse
movie frames of MLT-4::GFP apical puncta.
Green line traces the direction of particle
movement. Bar, 0.5 um.

and produced only weak-to-moderate effects on the two
other nekl-3 strains tested (gk774978 and gk296269; Figure
5A). Similar results were also obtained for the four nekl-3
alleles following nekl-3(RNAi) feeding (data not shown). No-
tably, the most strongly enhanceable nekl-3 alleles contained
amino acid substitutions within the predicted kinase domain
(P224L and D228N). In addition, we observed that the level
of enhancement roughly corresponded to the degree of con-
servation at the mutated site. In contrast to nekl-3, none of
the Million Mutation nekl-2 alleles showed strong enhance-
ment following RNAi of nekl-2 or nekl-3 (Figure 5B), al-
though two strains showed moderate levels of molting
defects.

To obtain highly sensitized alleles of nekl-2 for enhancer
analysis, we used CRISPR-Cas9 methods to generate changes
in two regions of nekl-2. Whereas substitution of a PPP se-
quence (aa 283-285) outside the predicted kinase domain
failed to provide sensitization, changes within a small region
of the kinase domain (aa 84-92) led to a spectrum of loss-of-
function phenotypes (Figure 5B). In particular, changes at


http://www.wormbase.org/db/get?name=WBGene00007252;class=Gene
http://www.wormbase.org/db/get?name=WBGene00012704;class=Gene
http://www.wormbase.org/db/get?name=WBGene00013835;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBVar00519513;class=Variation
http://www.wormbase.org/db/get?name=WBVar01194373;class=Variation
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBVar01194380;class=Variation
http://www.wormbase.org/db/get?name=WBVar00519512;class=Variation
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00008956;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene
http://www.wormbase.org/db/get?name=WBGene00022631;class=Gene

A NEKL-3 B NEKL-2
[ekr7assicuiss) | [ gka13as0(agsT) |

gk296270(P224L)
N C N ___ (o Figure 5 Isolation of nek/-2 and nek/-3
hypomorphic alleles. (A, B) Schematic
- = - g g g & representations of NEKL-3 (A) and NEKL-
- ~ - ° 2 (B) proteins, with annotated predicted
fd79(Y84L,G8TH GaaH) _| | fass(P283AP2845,P285T) | 1inace domains (blue boxes). Mutant al-
FEE1(ESLGHEA) leles indicated by text boxes, which are
|| kinase pomain () color coded according to the severity of
(R D) the mutation: green, strong enhance-
[ strong enhancement  [_] No or weak enhancement  [_fé8s(vesLce7aGasa) ment; yellow, moderate enhancement;
Moderate enhancement D Lethal fd90(Y84L,G87A,GBBA) red, no or weak enhancement; gray, ho-
fd91(v84L,G87A) mozygous lethal. (C, D) Representative

C
B nekl-3(gk894345) B nekl-2(fds1)
< ; <
=2 2
o
8 8
E Phenotypes of lethal nek/-2 alleles
%“ Hi 100%
£ 38
@ C
a @

80%

60%

40%

Constricted

20%

Encased

En{ggégd l’asrfstric{gggl P; g?aﬂly emgged

glycines G87 and G88, together with changes at Y84, produced
phenotypes ranging from uniform early larval lethality to worms
that were largely aphenotypic but strongly enhanced by RNAi of
nekl-2 or nekl-3 (Figure 5, B, D, and E and data not shown).
Common to the homozygous-lethal alleles were changes at G87
including fd90 (Y84L, G87A, G88A) and fd84 (G87H, G88A,
R92L), which led to arrest at the L1-12 transition, and fd91
(Y84L, G87A), which led to arrest in late L2 or early L3 (Figure
5E). In contrast, changes affecting G88 [fd81 (Y84L, G88A) and
fd83 (Y84L, G88Q)] did not produce lethality but led to strains
that were highly sensitive to nekl-2 or nekl-3 RNAi feeding (Fig-
ure 5, B and D). Moreover, animals homozygous for hypomor-
phic alleles of both nekl-2(fd81) and nekl-3(gk894345) arrested
at high frequency during larval development (98.5%, n = 1721)
and displayed molting defects (Figure 5F), consistent with our
previous studies indicating that nekl-2 and nekl-3 have func-
tional overlap (Yochem et al. 2015).

Both G87 and G88 are completely conserved among
NEKL-2/NEK8 orthologs and are largely conserved among

nekl-2(fd81; nekl-3(gk894345)

DIC images of select nek/-3 (C) and
nekl-2 (D) hypomorphic alleles treated
with nekl-2(RNAJ), which led to early lar-
val lethality and molting defects. Bar,
50 wm. (E) Phenotypic analysis of homo-
zygous-lethal nek/-2 alleles. Whereas
fd79, fd84, fd89, and fd90 displayed
early arrest with complete encasement,
most fd97 homozygotes were partially
encased and arrested later in develop-
ment (n = 100 for each allele). Bar,
25 wm. (F) nekl-2(fd91); nekl-3(gk894345)
double mutants (GFP-; white arrowhead)
arrest as larvae with molting defects, in-
cluding the corset phenotype (bottom
panel). A GFP* worm containing a nek/-3*
rescuing array (fdEx286), which is viable, is
shown in the top two panels. Top bar,
100 wm, Bottom bar, 25 um.

nekl-2(fd83)

members of the NIMA kinase family (Figure S3). To under-
stand the basis for the differential effects of the G87 and G88
mutations, we carried out a computational structural analysis
of wild-type NEKL-2 along with the fd91 (Y84L, G87A) and
fd81 (Y84L, G88A) variants. Structural models predict that
the more severe G87A substitution should cause much more
extensive changes in intramolecular contacts as compared
with the G88A substitution (Figure S4A). These changes
are also reflected in the predicted surface structure of the
protein, where residue 87 of the G87A variant is much less
exposed than the equivalent residue in either wild type or the
G88A variant (Figure S4B). Notably, the YAEG sequence is
predicted to form an SH2 domain, and thus alterations in G87
may interfere with protein—protein interactions. In contrast,
G88 is adjacent to the predicted ATP-binding pocket, and
G88A may therefore exert a weak effect on the enzymatic
activity of NEKL-2.

The hypomorphic alleles nekl-2(fd81) and nekl-3(gk894345),
together with a wild-type control, were used to test for
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Figure 6 Genetic enhancer analysis of m/t and nek/ genes. (A—C) DIC images of wild-type, nekl-2(fd81), and nekl-3(gk894345) strains treated with
control gfp(RNAI) (A), mit-2(RNA) (B), or mit-3(RNAI) (C). Note that m/t-2(RNAJ) and mit-3(RNAI) induce molting defects and larval arrest in nek/-2(fd81)
and nekl-3(gk894345) backgrounds but not in wild type. (D-F) Graphic representation of animal dimensions after RNAI treatment in different genetic
backgrounds. Coordinates on the x axis indicate body width, whereas coordinates on the y axis represent body length. Each animal (n = 50 for each
genotype and treatment) is represented by a colored dot corresponding to genotypes in A-C; blue, wild type; red, nekl-2(fd81); green, nekl-
3(gk894345). Control gfp(RNAI) (D) had no effect on size, whereas RNAi for mit-2 (E) or mlt-3 (F) caused nekl-2 and nekl-3 hypomorphs to have much
smaller body dimensions as compared with stage-matched wild-type animals. (G) The severity of molting defects in m/t-4(sv9) homozygotes is enhanced
by nekl-2(RNAi) and nekl-3(RNAI) treatment relative to the gfp(RNAI) control. (H) Representative DIC images of phenotypes described in G. Dotted lines

mark the constricted region in partially encased animals. Bars, 50 pm.

enhancement of molting defects by mlt-2(RNAi) and mlit-
3(RNAi). Wild-type, nekl-2(fd81), and nekl-3(gk894345) ani-
mals developed normally on control gfp(RNAi) plates (Figure
6A) and displayed indistinguishable body size measurements
(Figure 6D and Figure S5). As expected for components of a
common network, mlt-2(RNAi) strongly enhanced both nekl-
2(fd81) and nekl-3(gk894345) hypomorphic alleles, causing
early larval arrest with accompanying molting defects,
whereas wild-type worms were unaffected (Figure 6, B and
E and Figure S5). Similar enhancer effects were also ob-
served for RNAi of mit-3, although mlt-3(RNAi) affected
wild-type animals to a greater extent; treated N2 animals
usually reached adulthood but were smaller and often dis-
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played egg-laying defects, possibly because of some cuticle
retention in the midbody region (Figure 6, C and F and
Figure S5).

Because RNAi of mit-4 is largely ineffective (data not
shown), we took a different approach to determine if mlt-4
genetically interacts with nekl-2 or nekl-3. As described
above, mlt-4(sv9) homozygotes show a partially encased or
corset phenotype and arrest in late stages of L2 or early L3.
This property was used to determine if RNAi of nekl-2 or
nekl-3 can enhance the severity of the sv9 phenotype and
cause earlier developmental arrest. Indeed, complete encase-
ment became the predominant phenotype in sv9 homozygotes
treated with nekl-2(RNAi) or nekl-3(RNAi), a phenotype rarely
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seen with control gfp(RNAiQ) (Figure 6, G and H). Taken to-
gether, our genetic analyses implicate the MLT and NEKL pro-
teins in a common pathway or network that controls molting.

Colocalization of NEKL and MLT proteins

We next asked whether NEKL and MLT proteins colocalize in
the epidermis. As for the mlt genes, we used CRISPR-Cas9 to
generate fluorophore-tagged versions of nekl-2 and nekl-3.
Consistent with our previous study (Yochem et al. 2015),
these reporters were expressed strongly within the epidermis
beginning in late embryonic development (Figure 7 and data
not shown). NEKL-2::NeonGreen was present in cytosolic
puncta that were enriched at the hyp7-seam cell boundary,
similar to our observations for MLT-2 and MLT-4 (Figure 4A,
Figure 7A, and data not shown). As anticipated, NEKL-2::
NeonGreen showed extensive colocalization with MLT-2::
mKate2 in the apical region of hyp7, although some puncta

Figure 7 Colocalization of NEKL and MLT pro-
teins. (A) Colocalization analyses of MLT-2::mKate2
and MLT-3::mKate2 with NEKL-2::NeonGreen show-
ing extensive overlap of MLT-2 and NEKL-2 puncta
throughout the hyp7 apical surface including the re-
gion adjacent to the seam cell. Though less frequent,
some NEKL-2 puncta colocalized with MLT-3. White
dashed lines in the first two panels demarcate auto-
fluorescent alae. (B) NEKL-3::NeonGreen apical accu-
mulations extensively overlapped with MLT-3::mKate2.
In contrast, NEKL-3::mKate2 did not colocalize with
MLT-4::GFP puncta. Red and green arrowheads indi-
cate representative puncta that express only one
marker, whereas yellow arrowheads indicate
colocalization. White arrows indicate hyp7-seam
cell boundaries. Bar, 5 pm.

did not overlap (Figure 7A). In the case of NEKL-2 and MLT-3,
coexpression was more variable. In apical regions, including
the region encompassing the hyp7-seam cell boundary, most
NEKL-2::NeonGreen and MLT-3::mKate2 puncta failed to
overlap, although colocalization of some puncta was often
observed (Figure 7A). Moreover, in some animals we ob-
served moderate-to-strong overlap, particularly in larger api-
cal accumulations and in more medial planes (data not
shown).

NEKL-3 strains tagged with either mKate2 or NeonGreen
displayed a pattern of expression similar to that of MLT-3,
although both MLT-3 and NEKL-3 had somewhat variable
patterns of expression between specimens. NEKL-3 was gen-
erally dispersed throughout the hyp7 cytosol and was present
in variable-sized puncta (Figure 7B). NEKL-3::NeonGreen
puncta strongly overlapped with MLT-3::mKate2 expression
in many animals, although in some specimens there were
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more NEKL-3::NeonGreen puncta than MLT-3::mKate2
puncta (Figure 7B and data not shown). In contrast, NEKL-3
and MLT-4 did not show strong colocalization, consistent
with the weak overlap between MLT-3 and MLT-4 (Figure
4B and Figure 7B). However, NEKL-3 puncta were observed
in some animals near the hyp7-seam cell boundary and
showed partial colocalization with MLT-4 in this region (Fig-
ure 7B). Likewise, NEKL-2 and NEKL-3 did not generally
colocalize, consistent with our previous results using multi-
copy reporters (Yochem et al. 2015). Nevertheless, we did
observe occasional overlap of NEKL-2 and NEKL-3 at the
hyp7-seam cell boundary and, in some animals, we observed
moderate-to-extensive colocalization of puncta in other re-
gions of hyp7 (Figure S6 and data not shown).

As was observed for the MLTs, both NEKL-2 and NEKL-3
puncta were highly dynamic and included movement of both
large and small particles (data not shown). The mobile na-
ture of both MLT and NEKL puncta may in part account for
the variability we observed in their degree of colocalization as
well as in their overall expression patterns. Taken together,
our expression data provide evidence for stable functional
units or complexes comprised of NEKL-2-MLT-2-MLT-4 and
NEKL-3-MLT-3, although additional interactions may also
occur.

Regulation of NEKL localization by MLT proteins

Based on the above data and the known functions of ankyrin
repeat proteins, we hypothesized that MLT proteins may act as
molecular scaffolds for NEKL kinases and may control their
subcellular localization. To test this we individually depleted
mlit-2, mlt-3, and mlit-4 in NEKL-2::NeonGreen and NEKL-3::
NeonGreen strains using RNAi or mutations and assayed for
changes in localization. In the case of NEKL-2 expression,
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NEKL-3::NeonGreen

Medial

Figure 8 Control of NEKL localization
by MLTs. (A, B) Confocal images of
NEKL-2::NeonGreen (A) and NEKL-3:
NeonGreen (B) in strains treated with
control gfp(RNAJ), mit-2(RNAJ), or mit-
3(RNAI) and in the mit-4(sv9) back-
ground. Shown are apical and medial
planes of hyp7. DNA was stained with
Hoechst (blue) and representative nuclei
are outlined by a white dashed line.
White arrows indicate the hyp7-seam
cell boundary. Because mit-4(sv9) ho-
mozygotes arrest at an earlier stage
than animals treated with mit-2(RNAI)
or mit-3(RNAJ) (data not shown), they
appear smaller in the panels. Bars,
5 pm.

Hoechst

inhibition of mlt-2 by RNAi prevented normal accumulation
at the hyp7-seam cell boundary in most animals (Figure 8A).
Furthermore, mit-2(RNAI) led to the accumulation of NEKL-2::
NeonGreen in nuclei, which was, in some animals, stronger
than the expression in the surrounding cytosol. This was not
observed in wild-type animals, although NEKL-2::NeonGreen
frequently was expressed at low-to-moderate levels in epider-
mal nuclei as animals got older (data not shown). Similar to
the effect of mit-2(RNAi), NEKL-2 accumulation was strongly
reduced at the hyp7-seam cell boundary in mlt-4(sv9) mutants
(Figure 8A). Unlike mlt-2, however, loss of mlt-4 activity did
not lead to nuclear accumulation of NEKL-2 (Figure 8A). In
contrast, we failed to observe corresponding changes in the
localization patterns of MLT-2 or MLT-4 after inhibition of nekl-
2 by RNAI (data not shown). Moreover, mlt-3(RNAi) did not
perturb NEKL-2 localization at the seam cell boundary or affect
its exclusion from nuclei, indicating distinct roles for the MLT
proteins in their interactions with NEKL kinases (Figure 8A). A
role for MLT-2 and MLT-4 in regulating NEKL-2 is consistent
with the extensive colocalization of these proteins (Figure 4B
and Figure 7A).

In contrast to NEKL-2, NEKL-3 localization was strongly
altered following mit-3(RNAi) treatment but did not show
dependence on either mit-2 or mlit-4 activities (Figure 8B).
Specifically, NEKL-3::NeonGreen became highly enriched in
the nuclei of hyp7 after mit-3 depletion, an effect that was
also observed for NEKL-3::mKate2 (Figure 8B and data
not shown). In reciprocal experiments, we failed to observe
changes in MLT-3::mKate2 localization following nekl-
3(RNAI), suggesting that cytosolic MLT-3 specifically prevents
NEKL-3 from entering the nucleus. To further test this model,
we carried out a yeast two-hybrid analysis. NEKL-3 bound
MLT-3 in both bait and prey configurations (Figure S7),
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Figure 9 MLT and NEKL proteins control clathrin-mediated endocytosis. (A-L) Confocal images of GFP::CHC-1 apical epidermal expression. Normal
punctate expression of GFP::CHC-1 (A) was not perturbed in qua-1(RNAJ) animals (B), which showed penetrant molting defects. Whereas both m/t-
2(RNAJ) (C) and mit-3(RNAI) (D, E) caused penetrant molting defects, m/t-3 depletion led to more severe alterations in GFP::CHC-1 expression, which
varied from large accumulations (D) to diffuse expression at the apical surface (E). Abnormal accumulations and diffuse expression of GFP::CHC-1 were
also observed in some nekl-2(RNAJ) (F, G) and nek/-3(RNAJ) (H, 1) animals. Whereas hypomorphic alleles of nekl-2 (fd81) and nekl-3 (gk894345) did not
perturb GFP::CHC-1 localization (J, K), nek/-2(fd81); nekl-3(gk894345) double mutants displayed extensive accumulation of the GFP signal (L). Bar, 5 um

indicating that this functional interaction might be direct and
is consistent with the colocalization data for NEKL-3 and MLT-
3 (Figure 7B). Taken together, our findings indicate that
ankyrin repeat proteins interact with specific NEKL kinase
partners to control their subcellular localization.

Inhibition of the NEKL-MLT network affects
intracellular trafficking

Inhibition of nekl-2 function leads to defects in intracellular
trafficking in the epidermis (Yochem et al. 2015). Based on
our results linking MLT proteins to NEKL-2 and NEKL-3 func-
tions, we postulated that the MLTs may also affect intracel-
lular trafficking during development. To test this we used a
strain expressing an integrated fluorescently labeled clathrin
heavy chain marker (GFP::CHC-1). This marker allows for
the visualization of early events in endocytosis by labeling
clathrin-coated pits and early endosomes. In control RNAIi-
treated animals, GFP::CHC-1 formed small, well-distributed
puncta near the apical surface of hyp7 (Figure 9A). As an
additional control, we examined GFP::CHC-1 expression in
qua-1(RNAI) animals, which have penetrant molting defects
but do not have perturbed intracellular trafficking (Yochem
et al. 2015). As anticipated, GFP::CHC-1 appeared similar be-
tween control and qua-1(RNAi)-treated animals (Figure 9B).

RNAI of mit-2 led to a slight increase in the size of GFP::
CHC-1 puncta but did not lead to gross changes in subcellular
localization (Figure 9C). In contrast, mit-3(RNAi) led to the
formation of large and somewhat more basal accumulations
of GFP::CHC-1 in a notable proportion of treated animals
(Figure 9D). In some other animals, mlt-3(RNAi) led to dif-
fuse expression of GFP::CHC-1 near the apical surface (Fig-

ure 9E). These variable defects in GFP::CHC-1 localization
were also observed following nekl-2(RNAi), which led to both
large accumulations and diffuse expression of the marker
(Figure 9, F and G). We also observed partially penetrant
mislocalization of GFP::CHC-1 following nekl-3(RNAi), as
evidenced by either the enhanced-accumulation or diffuse-
expression phenotypes (Figure 9, H and I). We further exam-
ined the roles of nekl-2 and nekl-3 in trafficking using the
recently obtained weak hypomorphic alleles. Whereas
nekl-2(fd81) and nekl-3(gk894345) single mutants showed nor-
mal GFP::CHC-1 localization, nekl-2(fd81); nekl-3(gk894345)
double mutants displayed a highly penetrant accumulation phe-
notype (Figure 9, J-L), further supporting the conclusion that
both NEKL-2 and NEKL-3 contribute to endocytic processes.

Discussion

We have identified functions for the conserved ankyrin repeat
proteins MLT-2/ANKS6, MLT-3/ANKS3, and MLT-4/INVS in
the process of C. elegans molting. In addition, we have shown
that the MLTs, together with NEKL-2 and NEKL-3, comprise
a functional network that affects intracellular trafficking
within the major epidermal syncytium, hyp7. Furthermore,
NEKL-MLT expression and colocalization data, along with
the observation that MLT proteins affect NEKL localization,
point to the existence of two distinct functional units com-
prised of NEKL-2-MLT-2-MLT-4 and NEKL-3-MLT-3. Figure
10 summarizes the major findings from our expression stud-
ies. In wild-type animals, NEKL-2, MLT-2, and MLT-4 are
coexpressed in puncta throughout the apical surface of
hyp7 and show pronounced accumulation at the boundary
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with the epidermal seam cell. NEKL-3 and MLT-3 also coloc-
alize to epidermal puncta, but these are largely distinct from
NEKL-2-MLT-2-MLT-4 puncta and are not highly enriched at
the hyp7-seam cell boundary. Nevertheless, occasional over-
lap of puncta can occur for all the examined members of the
NEKL-MLT network and the extent of colocalization can be
variable between animals. Furthermore, none of the MLTs
and NEKLs is highly expressed in hyp7 nuclei.

Consistent with colocalization data, loss of mit-2 or mlt-4
activity leads to decreased levels of NEKL-2 at the hyp7-seam
cell boundary (Figure 10). In addition, loss of mlit-2, but
not mlit-4, results in variable levels of NEKL-2 accumulation
within nuclei (Figure 10). Correspondingly, abnormal NEKL-
3 nuclear accumulation occurs following the loss of mlt-3. In
contrast, loss of mlt-2 or mlt-4 does not strongly affect NEKL-
3 localization, and loss of mit-3 does not affect NEKL-2 local-
ization. We also note that we have observed some decreased
localization of MLT-4 at the hyp7-seam cell boundary follow-
ing depletion of mit-2, suggesting that MLT-2 may help to
stabilize a NEKL-2-MLT-2-MLT-4 complex (data not shown).
Our collective findings are in accordance with our model that
the NEKL-MLT protein network contains two largely distinct
functional units comprised of NEKL-2-MLT-2-MLT-4 and
NEKL-3-MLT-3 and demonstrate that MLT proteins control
the subcellular localization of NEKL proteins. Notably, our
genetic data do not indicate that members of these two func-
tional units represent two parallel pathways. Rather, data
from our enhancement studies suggest that MLTs and NEKLs
are more likely part of a single extended network that con-
trols molting (Figure 6).

Importantly, the NEKL-MLT network uncovered by our
analysis is likely to be largely conserved in mammals. For
example, the MLT-2 ortholog, ANKS6, physically associates
both NEK8/NEKL-2 and INVS/MLT-4, although it is un-
known if this interaction is direct or indirect (Hoff et al.
2013; Czarnecki et al. 2015). Our in vivo functional data
support these findings and further show that NEKL-2 subcel-
lular localization is dependent on both MLT-2 and MLT-4.
However, whereas in mammalian cells ANKS6 localization

288 V. LaZeti¢ and D. S. Fay

to cilia is dependent on the presence of NEK8 (Czarnecki
et al. 2015), we did not observe changes in the localization
of MLT-2 following NEKL-2 depletion (data not shown). In
addition, ANKS6/MLT-2 colocalizes with ANKS3/MLT-3 in
kidney cells (Delestre et al. 2015), and these proteins phys-
ically interact through their SAM domains (Leettola et al.
2014). However, because MLT-2 does not contain a predicted
SAM domain, this interaction may not be conserved in
C. elegans, consistent with our observation that MLT-2 and
MLT-3 do not extensively colocalize. It was also recently
shown that ANKS3/MLT-3 and NEK7/NEKL-3 can be copre-
cipitated from cell lysates and that ANKS3 is important for
the proper localization of NEK7 (Ramachandran et al. 2015).
This finding is consistent with our expression studies in C.
elegans and is further supported by our data from yeast
two-hybrid studies demonstrating that these proteins
likely directly bind to each other.

Our studies also provide new insights into the underlying
molecular and cellular functions of the NEKL kinases and their
ankyrin repeat partners, which are not well understood. In
mammals, mutations affecting NEK8/NEKL-2, ANKS6/MLT-
2,INVS/MLT-4, and ANKS3/MLT-3 have been directly linked
to a class of diseases termed ciliopathies, which result from
defects in the formation of primary cilia (Quarmby and
Mahjoub 2005; Otto et al. 2008, 2011; Trapp et al. 2008;
Halbritter et al. 2013; Hoff et al. 2013; Delestre et al
2015). These include kidney disorders, such as nephronoph-
thisis type 2 (Otto et al. 2003) and juvenile cystic kidney
disease (Liu et al. 2002), as well as situs inversus, cardiovas-
cular abnormalities, liver fibrosis, and defects in other organ
systems (Frank et al. 2013; Hoff et al. 2013; Manning et al.
2013). These findings, as well as the expression of NEKS,
INVS, ANKS6, and ANKS3 in the proximal ciliary compart-
ment (Shiba et al. 2009, 2010; Hoff et al. 2013; Delestre et al.
2015), have led to the view that these proteins function pri-
marily to control cilia formation. Our findings, however, sug-
gest that ciliogenesis itself may not be the key central
function of these proteins. Specifically, members of the
C. elegans NEKL-MLT network play a critical role in an
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epidermal tissue that does not contain primary cilia, implying
a more general cellular function. Consistent with this, mam-
malian NEKS is detected in puncta throughout the cytoplasm,
and only a minor fraction of NEK8 localizes to ciliary struc-
tures (Holland et al. 2002; Liu et al. 2002; Trapp et al. 2008;
Shiba et al. 2010; Fukui et al. 2012; McCooke et al. 2012). In
addition, INVS/MLT-4 regulates cortical actin during cell di-
vision (Werner et al. 2013), and NEK8 may affect gross actin
levels as well as actin organization (Liu et al. 2002; Bowers
and Boylan 2004).

In the case of the mammalian NEKL-3 orthologs, NEK6 and
NEK7, the majority of studies have focused on the role of
these kinases in the cell division process including centro-
some separation (Sdelci et al. 2011), spindle formation,
and cytokinesis (O’Regan et al. 2007; O'Regan and Fry
2009). These functions also link well to the reported involve-
ment of NEK6 and NEK?7 in tumorigenesis (Nassirpour et al.
2010; Wang et al. 2013; Zhou et al. 2016). Interestingly, we
have not detected functions for NEKL-3, or any other compo-
nent of the NEKL-MLT network, in cell division processes in
C. elegans (Yochem et al. 2015). Although this could reflect
divergent functions for these closely related orthologs be-
tween species, we have shown that nekl-3(sv3) mutants can
be rescued by expression of mammalian NEK6 and NEK7 (data
not shown). This finding, along with the high degree of se-
quence conservation among these proteins, suggests a more
fundamental function for the NEKL-3/NEK6/NEK7 orthologs
that may have been previously overlooked. Furthermore, the
relative importance of mammalian NEK6 and NEK7 in mitosis
is not fully resolved. Knockout of NEK6 in mice leads to no
reported cell division defects (Bian et al. 2014), and NEK7/~
neonates are initially viable and display relatively minimal de-
fects in cell division (Salem et al. 2010). Moreover, several ob-
servations suggest that NEK6 and NEK7 may also be associated
with non-cell-cycle functions. For example, NEK6 and NEK7 are
expressed at high levels in the cytoplasm during interphase
(Kim et al. 2007; O'Regan and Fry 2009; de Souza et al
2014), and NEK7 affects microtubule dynamics during inter-
phase (Kang et al. 2013). In addition, most NEK6 and NEK7
interactors identified by proteomics are not linked specifically to
cell cycle functions and include proteins associated with the
cytoskeleton (e.g., TUBB, actin, CDC42, MAP7D1, MAP2,
CLASP1, and CLASP2) and vesicular trafficking (e.g., CDC42,
SNX26, RBLE1, ATP6V1G1, AP2A, AP2B, and RAB32) (Meirelles
et al. 2011, 2014; de Souza et al. 2014).

Intriguingly, several studies have suggested possible func-
tions for NIMA family kinases in intracellular trafficking. In
one case, a high-throughput siRNA screen of 590 human
kinases by Pelkmans et al. (2005) identified 208 candidate
regulators of endocytosis including NEK6, NEK7, and NEKS.
In addition, studies in nonmetazoan species have implicated
members of the NIMA kinase family in a variety of functions
unrelated to the cell cycle or ciliogenesis. For example, three
Arabidopsis thaliana NEKs (related to NEKL-2) have been
implicated in epidermal root tip growth through the possible
regulation of microtubules (Sakai et al. 2008; Motose et al.

2011, 2012). Perhaps most notable was the recent report that
Aspergillus nidulans nimA, which was originally identified for
its role in mitosis, also controls polarized cell growth and
localizes to microtubule plus ends in an EB1-dependent man-
ner during interphase (Govindaraghavan et al. 2014). This
study also showed that mutations in both the A. nidulans and
Saccharomyces cerevisiae NIMA orthologs (nimA and kin3)
are synthetically lethal with mutations in genes encoding
ESCRT complex components, which promote membrane
remodeling and endosome maturation (McCullough et al.
2013; Govindaraghavan et al. 2014). Although the functional
connection between nimA and ESCRT proteins is unknown,
this finding implicates NIMA kinases in processes linked to
intracellular trafficking. Collectively, these studies, together
with our own findings, support the model that at least some
of the underlying conserved functions of NIMA family mem-
bers are unrelated to cell cycle control or ciliogenesis and
may encompass functions associated with vesicle trafficking
and the interphase cytoskeleton.

Our observation that inhibition of MLT and NEKL proteins
leads to defects in clathrin-dependent endocytosis in hyp7
raises the possibility that regulation of intracellular trafficking
may be a key function of the NEKL-MLT network. In support
of this model, we previously showed that NEKL-2 affects the
expression of several endosomal markers including GFP::
EEA-1, GFP::RAB-5, GFP::SNX-1, and GFP::CHC-1 (Yochem
et al. 2015) and in the current study have further implicated
NEKL-3, MLT-3, and, to a lesser extent, MLT-2 in controlling
clathrin-dependent endocytosis. Interestingly, MLT-3 con-
tains an FXDXF motif, which has been associated with accessory
protein recruitment in clathrin-mediated endocytosis (Brett et al.
2002), although this motif is not conserved in human ANKS3.
We also previously reported that NEKL-2 affects the localization
of LRP-1/megalin, a member of the low-density lipoprotein re-
ceptor family (Yochem et al. 2015). LRP-1 is required for normal
molting and is thought to function in the process of cholesterol
uptake by the epidermis (Yochem et al. 1999; May et al. 2007).
Consistent with this, cholesterol is essential for molting in C.
elegans (Yochem et al. 1999; Merris et al. 2003; Entchev and
Kurzchalia 2005; Roudier et al. 2005). In addition, studies on
mammalian megalin suggest that C. elegans LRP-1 could pro-
mote molting in part by regulating the uptake of proteases and
protease inhibitors (May et al. 2007; Marzolo and Farfan 2011,
Etique et al. 2013). In addition to LRP-1, several other genes re-
quired for molting also affect intracellular trafficking and sterol-
LRP-1 uptake including dab-1/Disabled, hgrs-1/VPS27, and sec-23/
SEC23 (Kamikura and Cooper 2003; Roberts et al. 2003;
Roudier et al. 2005; Holmes et al. 2007; Yochem et al. 2015).

The regulation of intracellular trafficking may not, however,
be a primary or direct function of the NEKL-MLT network, and
perturbation of trafficking may not be the main cause of molting
defects in nekl and mlit mutants. Notably, the observed effects on
endocytosis markers following inhibition of either the mit or
nekl genes are quite variable and incompletely penetrant, even
in cases where the induced molting defects are fully penetrant.
Moreover, we have not observed a clear correlation between the
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severity of molting defects (in individual animals or populations)
and the extent of changes in the expression pattern of endosomal
marker GFP::CHC-1. Thus, it seems likely that MLT and NEKL
proteins control cellular processes that affect intracellular traf-
ficking but are not absolutely required for this function.

Based on our current data, we suggest that defects in
intracellular trafficking in nekl and mlit mutants may influ-
ence molting but that other cellular functions controlled
by these genes are likely to further impact this process. For
example, the NEKL-MLT network could affect the actin cyto-
skeleton, which is required for the formation of clathrin-
coated vesicles as well as other fundamental functions and
properties of cells (Qualmann et al. 2000; Smythe and
Ayscough 2006; Mooren et al. 2012). Alternatively, the
NEKL-MLT pathway could regulate interphase microtubules,
which are also critical for vesicular trafficking, as well as cell
polarity and organization (Soldati and Schliwa 2006; Siegrist
and Doe 2007; Zhang et al. 2014). We note that the subcel-
lular localization and dynamic nature of both NEKL and MLT
puncta could be consistent with a variety of functions includ-
ing intracellular trafficking and/or the regulation of cytoskel-
etal components. Future studies in C. elegans, including the
further characterization of the NEKL-MLT subcellular com-
partments and the identification of NEKL target substrates,
will greatly help to resolve questions regarding the conserved
molecular functions of the NEKL-MLT network. In addition,
these studies should shed light on our understanding of the
widespread pathological conditions that arise from muta-
tions in members of the NEKL-MLT network.
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Figure S1
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MLT-3 and ANKS3 alignment
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Figure S1. Amino acid sequence alignments. (A—C) CLUSTALW amino acid alignments of C.
elegans proteins MLT-2 (A), MLT-3 (B), and MLT-4 (C) with their predicted human orthologs ANKS6,

ANKS3, and INVS, respectively. Black boxes indicate identical residues; gray boxes, similar residues.
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Figure S2. Phylogenetic tree of INVS and its potential orthologs in C. elegans. Among the
inversin-like proteins examined, MLT-4 is the closest ortholog to INVS in C. elegans. Also included
are MLT-2, which is closely related to ANKSG6, and MLT-3, which is closely related to ANKSS3.
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Figure S3. Sequence logos and alignments of the conserved NEKL-2 (aa 84-92) region. (A—C)
Frequency plot logos and alignments of the NEKL-2 YAEGGTLER maotif in closest orthologs (A),
other members of the NIMA kinase family (B), and miscellaneous protein kinases (C). The relative
height of the amino acid symbols is proportional to the degree of sequence conservation. Extensive
conservation of residues Y84, G87, G88, and L90 was observed across multiple members of the
NIMA kinase family. Asterisk in C indicates the R92 residue, which was not aligned to any residue in
other proteins.
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Figure S4. Computational structural comparison of conserved G87 and G88 NEKL-2 residues
in wild-type, fd81, and fd91 alleles. (A) Schematic three-dimensional representation of predicted
contacts of G/A87 (red, upper panels) and G/A88 (green, lower panels) residues with surrounding
amino acids. Interatomic contacts are represented as pseudobonds (yellow). Venn diagrams depict
the total number of contacts at aa 87 and 88 along with their conservation in the examined alleles.
Note that fd91 has the greatest number of changes in interatomic contacts at aa 87 and 88. (B)
Predicted protein surfaces with annotated G/A87 (red), G/A88 (green), and ATP-binding residues
(yellow). Upper panels show changes in surface exposure at aa 88 in mutant alleles fd87 and fd91,
close to the predicted ATP-binding residues. Lower panels illustrate exposure of G/A87 and G/A88
residues at the outer protein surface in wild-type, fd81, and fd91 alleles. Residue 87 is more
internalized and separated from residue 88 in the nekl-2(fd91) allele.



FIGURE S5

A 100 B 1800

1600 -

““égéé SEELL

: 3
3 =
= 601 -
< < 1000 -
=)
T c
i 2 3800 - .
3 404 s 3 3
® ; S 600+ ; s
=3 e
] = 400 =
20 = - = == = %
200 -
0 : : : : : : ; ; 0 - : : : : : . .
Control RNAi | mlt-2(RNAI) ‘ mlt-3(RNAI) ‘ Control RNAi I mlt-2(RNAI) I mlt-3(RNAI) ‘
) = —~ ) = -~ o =3 = ] = -~ ) = -~ ] = =
wn wn wn )
S 8§ § £ & & £ ¥ 9 S & ¥ £ 8§ £ £ & 9
3 m & 3 n 23 I i n & 3 m & 3 I
-] S g k-] S gg -] S < o S o k-] S By -] S <
S N X 5 &N ® 5 ~ R RN X 5 N ® 5 ~ 2
= 32 x =2 I3 x = 3 B8 = 3 2 = J =2 = I B
: D : D = S X X O X &)
L) v Q ~ L) L) v N
< 0 < iy < o0 < o < » < o0
= = = 3 3 3
] ] o ) ) o]
< < < < < <

Figure S5. Body measurements in nekl-mlt genetic interaction studies. (A, B) Box-and-whisker
plots of body width (A) and body length measurements (B). The box includes 50% of data that are
closest to the median value (black line). The dotted red line represents mean value for each data set.
Outliers that differ by =1.5-fold from the lower or upper quartiles are marked with dots. Whiskers span
values between the dots and the top or bottom of the boxes. nekl-2(fd81) and nekl-3(gk894345)
alleles were enhanced by mit-2(RNAI) and mlt-3(RNAI) treatment. n = 50 for each genotype and

treatment.



FIGURE S6
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Figure S6. Colocalization of NEKL-2 and NEKL-3. (A,B) Confocal images of colocalization analysis
of NEKL-2::NeonGreen and NEKL-3::mKate2. Overlap of the two markers varied between specimens.
(A) Adult with little or no significant overlap of NEKL-2 and NEKL-3. White dashed lines demarcate
autofluorescent alae. (B) Adult with partial colocalization of NEKL-2 and NEKL-3. Note that NEKL-2
puncta are more abundant in both animals (A,B) and that most or all NEKL-3 puncta also localize to
NEKL-2 puncta in B. Red and green arrowheads indicate representative puncta that express only one
marker, whereas yellow arrows indicate colocalization. White arrows indicate hyp7—seam cell

boundary. Bar = 5 ym.
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Figure S7. MLT-3 physically interacts with NEKL-3. (A) Yeast two-hybrid analysis revealed a
physical interaction between MLT-3 and NEKL-3, which was quantified using B-galactosidase
(CPRG) assays. Each value represents the average from 10-12 repeated reactions. Error bars
indicate standard deviation; p-values, calculated using a Student’s t-test, are indicated for the relevant

comparisons. (B) Growth of the indicated yeast strains on selective SC-Leu-Trp-His + 3-AT medium.



TABLE S1

Q
RNAI 5 Molting defect
o o
Ne WormBase | Gene § [ lin-35(n745) | rrf-3(pk1426)
ID name G background background
1 CO1H6.2 mit-2 I Yes Yes
2 K12C11.4 dapk-1 I No No
3 Y71A12B.4 | trp-4 I No No
4 T28D6.4 - 1l No No
5 C24A1.3 - 1l No No
6 Y39C12A.1 | mit-3 v Yes Yes
7 R11A8.7 - v No No
8 F36H1.2 kdin-1 v No No
9 C29E6.2 trpa-1 v No No
10 | B0350.2a unc-44 v No No
11 | Y32G9A.6 nphp-2 \Y, No No
12 | ZK1005.1 tank-1 Vv No No
13 | C46H3.3 - X No No

Table S1. RNAi screen of potential Inversin orthologs (other than mit-4) in C. elegans. RNAi of mlt-
2(CO01H6.1) and mit-3(Y39C12A.1) were found to cause molting defects in RNAi-sensitized genetic
backgrounds.



File SL MLT-2::mKate2 puncta are dynamic structures. (.zip, 87 KB)

Available for download asa .zip file at
www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.194464/-/DC1/FileS1.zip




File S2 MLT-3::mKate2 dynamics. (.zip, 752 KB)

Available for download asa .zip file at
www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.194464/-/DC1/FileS2.zip




File S3 MLT-4::GFP apical puncta are dynamic structures. (.zip, 752 KB)

Available for download asa .zip file at
www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.194464/-/DC1/FileS3.zip




File S4 MLT-4::GFP punctainteractions. (.zip, 752 KB)

Available for download asa .zip file at
www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.194464/-/DC1/FileS4.zip




MOVIE LEGENDS

Movie 1. MLT-2::mKate2 puncta are dynamic structures. MLT-2::mKate apical puncta exhibit
oscillatory and linear motions in hyp7. Note puncta at the top emerging from the boundary with the

seam cell into the less densely populated cytosol. Movie speed is 4.7x real time. Bar = 2 ym.

Movie 2. MLT-3::mKate2 dynamics. The MLT-3::mKate2 signal is dispersed throughout the cytosol,
although apical puncta are visible, and is very dynamic, displaying circular movements around

compartments that do not express the marker. Movie speed is 5x real time. Bar = 2 ym.

Movie 3. MLT-4::GFP apical puncta are dynamic structures. Oscillatory movements of MLT-4

puncta. Movie speed is 5x real time. Bar = 2 ym.

Movie 4. MLT-4::GFP puncta interactions. Apical puncta of MLT-4 sometimes coalesce and/or

detach from each other in hyp7. Movie speed is 8.5x real time. Bar = 1 ym.



	Combined.pdf
	FigureS1.pdf
	FigureS2.pdf
	FigureS3.pdf
	FigureS4.pdf
	FigureS5.pdf
	FigureS6.pdf
	FigureS7.pdf
	TableS1.pdf
	FileS1.pdf
	FileS2.pdf
	FileS3.pdf
	FileS4.pdf
	FileS5.pdf




