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Cilia are conserved cellular structures that facilitate sensory-based processes, including those

required for neuronal and kidney functions. Here, we show that the human mitogen activated

kinase-15 (MAPK-15) ortholog in Caenorhabditis elegans encodes a ciliary protein. A strain harbor-

ing a mutation in the catalytic site of the kinase domain results in ciliary-specific defects in tail

neurons of both hermaphrodite and male worms, manifesting in dye uptake, dendrite extension,

and male mating behavior defects. Transgenic-fusion constructs for two mapk-15 isoforms (A and

C) with full-length kinase domains were generated. Expression of either the A- or C-specific iso-

form rescues the dye-filling and male-mating defective phenotypes, confirming the ciliary function

of mapk-15. Expression of mapk-15 occurs in many ciliated-sensory neurons of the head and tail in

hermaphrodite and male worms. Localization of MAPK-15 isoforms A and C occurs in the cell

body, dendritic processes, and cilia. A C. elegans ortholog of polycystin-2, a protein that when

defective in mammals results in autosomal dominant polycystic kidney disease, is mislocalized in

the male ray neurons of mapk-15 mutant worms. Expression of the mapk-15 gene by the pkd-2

promoter partially rescues the male-mating defects observed in mapk-15 mutant animals. Expres-

sion of mapk-15 is DAF-19/RFX dependent in some CSNs and DAF-19/RFX independent in

others. Collectively, these data suggest that MAPK-15 functions upstream of PKD-2 localization

to modulate ciliary sensory functions.
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1 | INTRODUCTION

Cilia are vital cellular structures that protrude from most non-dividing

cells in the human body and facilitate a variety of sensory functions in

tissues as disparate as the brain, lungs, and kidney (Satir and Christen-

sen, 2008). Ciliary defects therefore result in several disorders, includ-

ing autosomal dominant polycystic kidney disease (ADPKD),

nephronophthisis (NPHP), and Bardet-Biedl syndrome (BBS; Hilde-

brandt, Benzing, & Katsanis, 2011). ADPKD affects more than one in

every 1,000 individuals and is characterized by enlarged and cystic

kidneys often resulting in late-stage renal failure in affected patients

(Hildebrandt et al., 2011).

Polycystin-1 (PC1) and polycystin-2 (PC2) are proteins that localize

to the cilia of kidney tubular epithelial cells and are deficient in patients

affected by ADPKD (Pazour, San Agustin, Follit, Rosenbaum, & Wit-

man, 2002; Yoder, Hou, & Guay, 2002). The genes PKD1 and PKD2

encode for the transmembrane receptor PC1 and calcium channel PC2

respectively that work alone or together to modulate the sensation of

fluid flowing through kidney tubules (Bacallao and McNeill, 2009).

In healthy cells, PC1 and PC2 are translated into the ER mem-

brane, transported through the endomembrane system, and are then

either retained within the cilium or released from the cilium in extracel-

lular vesicles (EVs; Pazour and Bloodgood, 2008; Wang and Barr,

2016). PC1 and PC2 each contain a unique targeting sequence that

direct them through the trans-Golgi network to the ciliary base,

Abbreviations: ADPKD, autosomal polycystic kidney disease; CSNs, ciliated-

sensory neurons; CFP, cyan fluorescent protein; GFP, green fluorescent

protein; EVs, extracellular vesicles; MAPK15/MAPK-15, mitogen activated

kinase-15; PC1/PKD-1, polycystin-1; PC2/PKD-2, polycystin-2; RFX,

regulatory factor X; PCMC, periciliary membrane compartment.
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through a process requiring membrane modifying small GTPases,

IFT20, and several BBSome components (Follit et al., 2008; Geng et al.,

2006; Kim et al., 2014; Scheffers et al., 2002; Su et al., 2014; Ward

et al., 2011; Xu et al., 2015). Recently, sensory cilia have been shown

to release EVs into their environment (Wang et al., 2014; Wood,

Huang, Diener, & Rosenbaum, 2013), and EV cargos from renal cells

contain ciliary proteins involved in kidney-related pathologies (Hogan

et al., 2009; Pisitkun, Shen, & Knepper, 2004]. Trafficking defects of

PC1 and PC2 likely underlie ADPKD pathology, thereby emphasizing

the need to understand the molecular pathways that target these pro-

teins to cilia (Cai et al., 2014).

Caenorhabditis elegans is a nematode worm that provides an excel-

lent model for studying evolutionarily conserved ciliary processes,

including those involved in the etiology of ADPKD. Adult hermaphro-

dite animals contain 302 neurons, including 60 ciliated sensory neurons

(CSNs) that primarily reside in the head and tail of animals and that

facilitate a variety of sensory modalities, including taste, smell, and

touch. Male worms contain an additional 48 CSNs that are primarily

involved in mating behaviors (Peden and Barr, 2005; Sulston, Albert-

son, & Thomson, 1980). The worm homologs of PKD1 (lov-1) and PKD2

(pkd-2) are expressed exclusively in male-specific CSNs and encode the

protein products LOV-1 and PKD-2 respectively. LOV-1 and PKD-2

localize to and are shed from the tips of male-specific CSNs and are

involved in regulating male-mating behaviors (Barr and Sternberg,

1999; Barr et al., 2001; O’Hagan, Wang, & Barr, 2014; Wang et al.,

2014; Wang et al., 2015).

A number of previous pioneering studies applied proteomic com-

parisons of broad groups of taxa to identify core sets of evolutionary

conserved ciliary components (Avidor-Reiss et al., 2004; Li et al., 2004).

As the quality of genome sequencing data, including the curation of

protein coding regions, has improved in the thirteen years since these

studies, we hypothesized that additional analyses may emphasize the

need to study some newly identified components over others. Our

recent comparisons of algal and worm proteomes identified one such

protein, the product encoded by the C05D10.2 locus in C. elegans

(Henriksson, Piasecki, Lend, Burglin, & Swoboda, 2013). In addition to

worms, the gene encoding this protein is present in humans, mice, fish,

and the unicellular alga Chlamydomonas reinhardtii but not in organisms

without cilia, including the yeast, Saccharomyces cerevisiae, or flowering

plant, Arabidopsis thaliana. The protein product encoded at the C. ele-

gans C05D10.2 locus is a putative ortholog of human mitogen acti-

vated kinase-15 (MAPK-15/ERK8). Pazour, Agrin, Leszyk, & Witman,

(2005) first identified the MAPK-15 ortholog as a ciliary component in

a proteomic analysis of isolated C. reinhardtii cilia. However, most mam-

malian studies of this protein have used nonciliated cell-culture lines to

study the function of this protein (Chia, Tham, Gill, Bard-Chapeau, &

Bard, 2014; Colecchia et al., 2012; Rossi et al., 2016).

Miyatake, Kusakabe, Takahashi, & Nishida (2015) recently showed

that the Xenopus MAPK-15 ortholog ERK7 is involved in basal body

positioning through interactions with the actin regulator CapZIP in mul-

ticiliated cells. However, MAPK-15 orthologs are found in ciliated

organisms with reduced basal body structure, that lack CapZIP

orthologs, and that do not contain multiciliated cells, including animals

like nematode worms. Thus, it remains likely that MAPK-15 functions in

additional evolutionarily conserved ciliary processes not previously

described.

In this study, we show the MAPK-15 ortholog in C. elegans (MAPK-

15) functions in cilia. Mutations in themapk-15 gene result in tail defects

for both hermaphrodite and male animals, including defects in dye

uptake and mating behavior respectively. Expression of mapk-15 occurs

exclusively in head and tail CSNs of both hermaphrodite and male

worms, where its protein product localizes to cell bodies, dendritic proc-

esses, and cilia. Animals containing defects in mapk-15 demonstrate

aberrant PKD-2 protein localization.

2 | RESULTS

2.1 | gk1234 Mutants have ciliary defects

Expressed-sequence tag data available on WormBase (www.worm-

base.org), indicates that the C05D10.2 locus in C. elegans encodes

three protein isoforms each containing between three and ten exons,

including two isoforms (A and C) with a predicted kinase domain (Fig-

ure 1a; Harris et al., 2010). An allele containing a 1407bp deletion

(gk1234) that removes all of exons five through seven and part of exon

eight was generated as part of the C. elegans Deletion Mutant Consor-

tium and obtained from the C. elegans Genetics Center (C. elegans Dele-

tion Mutant Consortium, 2012). Bioinformatic analysis indicates that

this allele contains a deletion in an aspartic acid residue (position num-

ber 137 in the amino acid sequence) that is required for the activity of

the kinase domain for the A and C isoforms, but does not disrupt the

small B isoform lacking this domain (Figure 1a; Jones et al., 2014). PCR

amplification of genomic DNA followed by DNA sequencing confirmed

the presence of the gk1234 allele in VC2695 mutant worms, which

were subsequently backcrossed to wild-type N2 worms for six genera-

tions to generate a near isogenic line.

To determine if animals homozygous for the gk1234 allele contain

any gross morphological ciliary defects, assays that exploit the ability of

wild-type worms to take up a lipophilic dye were conducted. In com-

parison to wild-type worms that take up dye (DiI) in a subset of head

(ADF, ADL, ASH, ASI, ASJ, ASK) and tail (PHA, PHB) CSNs, worms con-

taining gross ciliary defects, including the complete absence of cilia in

che-13(e1805) mutant worms, show a complete dye-filling defective or

Dyf phenotype (Figure 1b). Interestingly, worms homozygous for the

gk1234 allele have a Dyf phenotype that exclusively affects tail CSNs

(PHA and PHB), a phenotype that is �95% penetrant (Figure 1b).

A closer analysis of C05D10.2(gk1234) mutant animals found no

discernable defects in dye uptake in head CSNs but did find additional

defects in the few (�5%) tail CSNs that were able to uptake dye.

Quantification of dye-uptake revealed staining in dorsal (ADL, ASI,

ASK) and ventral (ADF, ASH, and ASJ) amphid neurons on the left and

right side for both C05D10.2(gk1234) mutants that was statistically

indistinguishable from wild-type animals (Figure 2a–c). In comparison

only 19% of C05D10.2(gk1234) mutant animals with phasmid dye

uptake had staining on both sides, as is always observed in wild-type
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animals (Figure 2d–f). The remaining 81% of worms stained randomly

on one side or the other. Interestingly, phasmid neurons (PHA and

PHB) stained in pairs (left or right) 96% of the time. Thus, the gk1234

allele confers a subtle but robust Dyf phenotype that exclusively

affects phasmid tail neurons. Contrary to the observed phenotype of

ccpp-1 mutant animals, a mutation that also confers a subtle Dyf phe-

notype (O’Hagan et al., 2011), no osmosensory defects to glycerol

were observed in a gk1234 homozygous strain (Figure 2g).

Tail specific dye-filling defective phenotypes were previously

linked to dendritic extension defects caused by mutations in genes

affecting the transition-zone region at the base of cilia (Schouteden,

Serwas, Palfy, & Dammermann, 2015; Williams, Winkelbauer, Schafer,

Michaud, & Yoder, 2008; Williams et al., 2011). To differentiate

between ciliary assembly and dendritic extension defects the transition

zone component NPHP-1 fused to cyan fluorecent protein (CFP) was

examined in the dye-filled phasmid neurons of wild-type and

C05D10.2(gk1234) mutant animals. Fluorescent NPHP-1 foci in wild-

type worms were observed at positions approximately equidistant

from the most posterior end of the tail on left and right sides of animals

(Figure 2h). Whereas, NPHP-1 foci were consistently observed to be

more anterior in dye-filling defective neurons than in neurons able to

take up dye, suggesting that there may be dendritic extension defects

in C05D10.2(gk1234) mutant animals (Figure 2h).

Analysis of a mapk-15 promoter to mCherry fusion construct in

C05D10.2(gk1234) mutant animals confirmed dendritic extension

defects in phasmid CSNs. In wild-type worms, dendrites are approxi-

mately equal length and contain NPHP-1 foci at their dendritic tips (Fig-

ure 3a). In comparison, dendritic processes in C05D10.2(gk1234) mutant

animals appear disorganized and of variable lengths (Figure 3b–d).

Dendritic processes were sometimes observed to be shortened with

NPHP-1 foci at their distal tips (Figure 3b,c).While, occasionally NPHP-1

foci were observed at the base of or somewhere along the length of dis-

organized but extended dendritic projections (Figure 3d). As compared

to wild-type worms, dendritic lengths were significantly shorter and of

more variable lengths in C05D10.2(gk1234)mutant animals (Figure 3e).

2.2 | MAPK-15 rescues the gk1234 mutant phenotype

Gene-to-fluorescent protein fusion constructs under control of their

native promoters for either the A and C isoforms encoded at the

C05D10.2 locus were able to rescue the Dyf phenotype of worms

homozygous for the gk1234 allele when expressed as individual trans-

gene arrays (Figure 1a,b). Rescue of strains expressing the A- or C-

isoform were �95 and 86% penetrant, respectively, but were statisti-

cally indistinguishable from each other. No aberrant dendrites were

observed in either rescue strain. It should be noted that the full-length

genomic construct for the A isoform should express the intermediate

length C product, without its corresponding fluorescent tag. Thus,

these data demonstrate that the C-isoform is sufficient to rescue the

Dyf phenotype of the gk1234 allele and that presence of the fused flu-

orophores for either isoform A or C do not disrupt the ciliary function

of these gene products. We hereby refer to the gene encoded by the

C. elegans C05D10.2 locus as mapk-15.

2.3 | mapk-15/MAPK-15 is expressed in, and localizes

to, CSNs

Analysis of individual strains expressing either fluorescent-tagged

mapk-15 A- or C-specific isoforms in hermaphrodite animals
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FIGURE 1 MAPK-15 is required for efficient dye uptake in tail CSNs. (a) The mapk-15 locus encodes three distinct isoforms, two of
which contain a full-length kinase domain (white boxes). The gk1234 allele (gray line) is missing exons (white and black boxes) 5–7 and part
of 8 for both isoforms A and C. Genetic constructs containing carboxy-terminal fluorescent tags were generated for A and C isoforms
(arrow heads). (b) Animals containing the mapk-15(gk1234) deletion contain a robust tail-specific dye-filling defect, which can be rescued
with genomic constructs expressing fusion proteins for either isoforms A or C. Values represent four trial averages for the proportion of
worms that dye fill in head and tail CSNs for each of the respective genotypes where n >50 worms/trial. Error bars represent standard
deviation. Mann-Whitney U tests were used to do comparative statistics; genotypes that are significantly different from each other (p< .05)
are labeled with different letters
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demonstrated robust expression of both products exclusively in CSNs

(Figure 4a–d). Expression of isoform A-fused to gfp and C-fused to

mCherry was observed in non-dye-filling (ASE, BAG, CEP, IL1, IL2, and

OLQ) and dye-filling (ADL, ADF, ASH, ASI, ASJ, and ASK) head CSNs,

as well as in nondye filling (PQR) and dye filling (PHA, PHB) tail CSNs.

Expression was also occasionally observed in mid-body neurons (PDE).

Thus, mapk-15 is more broadly expressed than would be predicted

based on the tail-specific Dyf phenotype of mutant mapk-15(gk1234)

worms.

MAPK-15 isoforms A and C show similar localization patterns. Iso-

form A localizes broadly to cell bodies, dendritic processes, and

throughout the ciliary region of CSNs (Figure 4a,b). Isoform C primarily

localizes to cell bodies in punctate spots and throughout the ciliary

region of CSNs, with only a diffuse signal along dendritic processes

(Figure 4c,d). Within the ciliary region, localization of both A and C iso-

forms occurs in a region consistent with the periciliary membrane com-

partment (PCMC) and along the length of the cilium. Analysis of a

strain expressing the fluorescently tagged PCMC marker kap-1 demon-

strated MAPK-15 isoform C colocalization with KAP-1 in the PCMC

(Figure 4e). Analysis of a strain expressing the fluorescently tagged

transition-zone marker nphp-1 demonstrated that MAPK-15 isoform C

does not colocalize with NPHP-1 in the transition zone, which resides

between the PCMC and cilium (Figure 4f).

A cross between strains expressing the gfp-tagged A isoform and

mCherry-tagged C isoform generated a strain expressing both fusion

proteins. Analyses of double-transgenic worms were consistent with

FIGURE 2 Quantification and characterization of the Dyf phenotype in mapk-15(gk1234) mutant worms. (a) Quantification of dye uptake
in amphid CSNs on the right and/or left side of wild-type and mapk-15(gk1234) mutant worms. Values represent the proportion of 30 ani-
mals showing dye uptake in all six amphid CSNs on either or both side(s) of the head. (b,c) Confocal projections through animal heads
(dashed line) showing dye-uptake in amphid CSNs in wild-type and mapk-15(gk1234) mutant worms. Cutouts show the subset of focal
planes containing only left (L) or right (R) sides of worms. The respective orientation of each panel, including anterior (A), posterior (P), dor-
sal (D), and ventral (V) sides, is indicated in the key. (d) Quantification of dye uptake in phasmid CSNs on the right and/or left side of wild-
type and mapk-15(gk1234) mutant worms. Values represent the proportion of 50 animals showing dye uptake on either or both side(s) of
the tail. (e,f) Confocal projections through tail region of worms (dashed line) showing dye-uptake in phasmid CSNs in wild-type and mapk-
15(gk1234) mutant animals. Cutouts show the subset of focal planes containing only left or right sides of worms. (g) Quantification of the
osmotic avoidance index of wild-type, mapk-15(gk1234), and che-13(e1805) mutant worms. Values represent the average osmotic avoidance
index of eight to eleven trials, with 6 worms/trial. Error bars represent standard deviation. Mann-Whitney U tests were used to do compar-
ative statistics; genotypes that are significantly different from each other (p< .05) are labeled with different letters. (h) Confocal projections
of wild-type or mapk-15(gk1234) mutant worms expressing nphp-1 fused to cfp (green), stained with DiI (red). Cutouts show three times
enlarged NPHP-1 foci [Color figure can be viewed at wileyonlinelibrary.com]

PIASECKI ET AL. | 393

 19493592, 2017, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cm

.21387 by U
niversity O

f U
tah, W

iley O
nline L

ibrary on [29/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


strains harboring individual transgenes (Supporting Information Figure

S1A-F). However, an increased expression of isoforms A and C was

observed in dopaminergic neurons (CEP and ADE) and a reduction in

the intensity of the ciliary-localized C isoform were observed, results

that were not replicated in a strain expressing endogenous wild-type

mapk-15 together with the transgenic-isoform C array (Supporting

Information Figure S1G-J). Thus, MAPK-15 isoforms A and C both

localize to the cell body, dendritic process, and ciliary regions of a large

set of head and tail CSNs.

2.4 | mapk-15/MAPK-15 is expressed in and localizes

to male CSNs

Males containing either the fluorescent-tagged A- or C-protein iso-

forms showed expression in tail HOB and all 9 Rn CSNs (Figure 5a,b).

Localization of the A- and C-protein isoform products was found in the

cell body, dendritic projections, and ciliary regions, similar to the local-

ization pattern observed in hermaphrodite animals, with ciliary staining

more discernable from dendritic process staining in the C-isoform. Con-

sistent with our observation in hermaphrodites, double-transgenic male

animals also demonstrated increased expression of isoforms A and C in

the male dopaminergic neurons (Rn 5, 7, and 9) and a reduction in the

intensity of the ciliary-localized C isoform (Supporting Information Fig-

ure S2A-C). However, these results were again not replicated in a strain

expressing endogenous wild-type mapk-15 together with the

transgenic-isoform C array (Supporting Information Figure 2D). Analy-

sis of a strain expressing the nphp-1 and mapk-15 isoform C constructs

demonstrated localization primarily to a single neuron of each Rn A/B

pair. However, neurons 2, 3, and 6 consistently appear to show expres-

sion of both nphp-1 and mapk-15 constructs in both Rn A and B neu-

rons, with one typically containing higher expression than the other

(Figure 5c). Analysis of a mapk-15 promoter-to-mCherry fusion con-

struct demonstrated expression in head CEM CSNs, as indicated by a

pkd-2 gene-to-gfp marker (Supporting Information Figure 3A-C). Inter-

estingly, the mapk-15 promoter-to-mCherry fusion construct in mapk-

15(gk1234) mutant animals demonstrated no aberrant dendritic proc-

esses in male ray neurons as was previously observed in phasmid neu-

rons (compare Figures 3 and 5d).

2.5 | MAPK-15 is required for male mating behavior

Because of the robust expression of mapk-15 in male ray neurons, we

wished to determine if MAPK-15 affects male mating behavior. The

mating efficiency of mapk-15(gk1234) mutant worms was compared to

that of normal mating him-5(e1490) worms. Mutant and normal-mating

males were each separately crossed with homozygous dpy-17(e164)

hermaphrodites, which confers a recessive dumpy (Dpy) phenotype

that is readily distinguishable from non-Dpy worms. Therefore, only

outcrossed progeny of Dpy hermaphrodites will be non-Dpy via heter-

ozygosity. As compared to normal-mating worms, mapk-15(gk1234)

mutant worms have a pronounced male-mating defect that results in a

complete lack of male mating under the conditions of this assay, results

that are statistically indistinguishable from a strain harboring a daf-19

(m86) mutation that results in a complete absence of cilia (Figure 5e).

Similar to the results of the mapk-15(gk1234) dye-filling rescue experi-

ments, the presence of either the A or C isoforms are able to rescue

the male mating defects in mutant worms to a level indistinguishable

from wild-type animals.

The male mating pathway in worms is comprised of several distinct

behaviors, including hermaphrodite location, vulva localization, spicule

injection, and copulation (Barr and Garcia, 2006; O’Hagan et al., 2014).

Preliminary observations indicated that mapk-15(gk1234) mutant

worms were defective at early stages of the mating process. To

FIGURE 3 Characterization and quantification ofmapk-15
(gk1234) dendritic extension defects. Confocal projections of (a)
wild-type and (b–d)mapk-15(gk1234)mutant worms expressing the
mapk-15 promoter fused tomCherry (red) and nphp-1 fused to cfp
(green). (e) Quantification of phasmid dendrite length, measured from
the posterior cell body to the NPHP-1 foci in confocal projections.
Solid red lines represent the mean. Error bars represent standard
deviation. A two-sample, unpaired t test revealed that dendritic
length is significantly different inmapk-15(gk1234) animals as com-
pared with wild-type animals (p< .0001), indicated by *** on the plot
[Color figure can be viewed at wileyonlinelibrary.com]
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examine this observation, an assay that determines the response rate

of a male upon contact with an uncoordinated unc-31(e169) hermaph-

rodite, which is less likely to move away from a male, was conducted

(Barr and Sternberg, 1999). As compared with normal mating him-5

(e1490) worms, animals homozygous for mapk-15(gk1234) contain

robust and statistically significant hermaphrodite response defects (Fig-

ure 5f). However, the observed defect in mapk-15(gk1234) mutant

worms is not as pronounced as that of the strain harboring a daf-19

(m86) mutation. Thus, mapk-15(gk1234) mutant males are defective at

an early step of the male-mating pathway.

2.6 | Polycystin 2 is mislocalized in mapk-15(gk1234)

Peden and Barr (2005) demonstrated that PKD-2 is mislocalized in a

number of male mating mutants whose protein products have similar

expression and localization patterns to MAPK-15. The mislocalization

of PKD-2 to cilia is known as a ciliary-localization defective or Cil phe-

notype. A strain expressing a pkd-2 gene-to-gfp fusion construct was

crossed into mapk-15(gk1234) mutant animals and the localization of

its gene product was compared to its normal-mating parent. As previ-

ously demonstrated, PKD-2 localizes to the tips of him-5(e1490)

normal-mating worms (Figure 6a,b). In comparison mapk-15(gk1234)

mutant worms contain a Cil phenotype, which results in PKD-2 local-

ization occurring more broadly to the dendrites, ciliary base, and ciliary

shaft (Figure 6c,d; Peden and Barr, 2005). Thus, MAPK-15 function is

likely upstream of PKD-2 localization.

2.7 | Expression of mapk-15 with the pkd-2 promoter
rescues male mating defects

The mating defect observed for mapk-15(gk1234) mutant animals

appeared more pronounced than those previously reported for a strain

harboring the null allele pkd-2(sy606). Therefore, the mating efficiency

of pkd-2(sy606) and mapk-15(gk1234) mutant strains, as well as a strain

expressing the mapk-15 gene under control of the pkd-2 promoter

were compared. As expected, worms containing a pkd-2(sy606) muta-

tion were statistically distinguishable from wild-type worms but con-

tained a less severe response defect than mapk-15(gk1234) mutant

animals (Figure 6e). Interestingly, a strain expressing a the full-length

mapk-15 gene under control of the pkd-2 promoter was able to largely

rescue the male mating response defect observed in the mapk-15

(gk1234) mutant strain, but rescue of this strain was not as high and

remained statistically distinguishable from the wild-type strain and a

mapk-15(gk1234) mutant strain rescued with the mapk-15 gene under

the control of its native promoter (Figure 6e). Thus, a strain expressing

mapk-15 exclusively in pkd-2 expressing cells is able to partially rescue

the male response defect conferred by the mapk-15(gk1234) mutation.

2.8 | Expression of mapk-15 is dependent on DAF-19
in some cells

In animals, many ciliary genes contain x-box promoter motifs in their

respective upstream cis regulatory regions (Piasecki, Burghoorn, &

Swoboda, 2010). These �13–15bp motifs are bound and positively

regulated by regulatory factor X (RFX) transcription factors (Burghoorn

FIGURE 4 Expression and localization of mapk-15/MAPK-15 occurs in head and tail CSNs of hermaphrodite animals. Confocal
projections of mapk-15(gk1234) mutant worms expressing mapk-15 (a,b) isoform A fused to gfp (green) and (c,d) isoform C fused to mCherry
(red). Expression in non-dye filled (solid arrows) and dye-filled (open arrow heads) CSNs are indicated. Cutouts show three times enlarged
ciliary regions for head and tail CSNs. Head and tail regions of worm bodies are indicated (dashed lines). Confocal projections of wild-type
worms expressing mapk-15 isoform C fused to mCherry (red) with (e) kap-1 fused to gfp (green) or (f) nphp-1 fused to cfp (green) in a single
pair of phasmid cilia enlarged three times. The respective orientation of each panel, including proximal (P) and distal (D) ends, is indicated in
the key [Color figure can be viewed at wileyonlinelibrary.com]
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et al., 2012). Blacque et al., (2005) identified a putative x-box promoter

motif 214bp upstream of the mapk-15 coding region. However, this

sequence resides further upstream than most CSN-specific genes with

broad expression patterns, which typically contain x-box promoter

motifs 100bp or less upstream of the transcriptional start site (Bur-

ghoorn et al., 2012).

To determine if C. elegans mapk-15 contains a functional x-box pro-

moter motif, expression of a mapk-15 promoter-to-mCherry transcrip-

tional fusion construct was compared in the presence and absence of

daf-19, the sole RFX-type transcription factor in C. elegans (Figure 7a–h).

A transcriptional fusion construct was selected for these comparisons

over a translational construct because daf-19(m86) mutant worms lack

cilia and fluorescent-tagged ciliary proteins may be less stable in this

background, thus making it difficult to tease apart expression from sta-

bility and/or localization differences. As previously observed for the A-

and C-isoform translational fusion constructs, young adults containing a

wild-type copy of the daf-19 gene demonstrate robust expression of the

mapk-15 transcriptional-fusion construct in head and tail CSNs of both

hermaphrodite and male animals. However, expression of the mapk-15

transcriptional construct was additionally found in the head neurons

AFD, ADE, and ASG, as distinguished from other neurons based on their

proximity to known dye-filled neurons (Figure 7a,b).

FIGURE 5 Expression and localization of mapk-15/MAPK-15 occurs in male tail CSNs, and mapk-15(gk1234) mutant worms harbor male
mating defects. Confocal projections of mapk-15(gk1234) mutant worms expressing mapk-15 (a) isoform A fused to gfp (green) and (b) isoform C
fused to mCherry (red). (c) Confocal projection of mapk-15(gk1234) mutant worms expressing mapk-15 isoform C fused to mCherry (red) and nphp-
1 fused to cfp (green). (d) Confocal projection of mapk-15(gk1234) mutant worms expressing the mapk-15 promoter fused to mCherry (red) and
nphp-1 fused to cfp (green). Numbers indicate the specific ray neuronal projection. Tail regions of worm bodies are indicated (dashed lines). (e)
Mutant mapk-15(gk1234) worms harbor male mating defects, which can be rescued with either the A- or C-isoform transgene. Values represent

average proportions of outcrossed as compared to self-fertilized progeny of four individual mating experiments for each strain. Mann-Whitney U
tests were used to do comparative statistics. (f) Mutant mapk-15(gk1234) worms harbor a hermaphrodite response defect. Values represent the
proportion of male worms of each strain responding to a hermaphrodite within 10 min with 60 worms/strain. Error bars represent standard devia-
tion. A generalized linear model using a binomial distribution was used to do comparative statistics; genotypes that are significantly different from
each other (p< .05) are labeled with different letters [Color figure can be viewed at wileyonlinelibrary.com]
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In comparison, the mapk-15 transcriptional fusion construct was

differentially expressed in daf-19(m86) mutant animals. Mutant worms

retained robust expression of mapk-15 in amphid dorsal and ventral

head neurons of young adult animals, similar to that observed in wild-

type worms (Figure 7a–c). Interestingly, expression of mapk-15 was

not observed in IL2 neurons of daf-19(m86) mutant worms but was

considerably more intense in IL1 neurons. IL1 and IL2 neurons were

distinguished from each other based on their respective shape and rela-

tive position to the nerve ring. Expression of mapk-15 in the hermaph-

rodite phasmid neurons PHA and PHB was absent in the daf-19(m86)

mutant worms, while expression remains robust in PQR. As seen in

him-5(e1490) males, mapk-15 is expressed in HOB and all Rn CSNs

(Figure 7g,h), whereas, expression was consistently diminished in HOB

and Rn CSNs in daf-19(m86) mutant animals. Thus, mapk-15 expression

appears to be RFX-dependent in IL2, PHA, PHB, HOB, and Rn CSNs,

down regulated by DAF-19 in IL1 CSNs, and RFX-independent in all

other C. elegans head and tail CSNs.

3 | DISCUSSION

Here we report that C. elegans mapk-15 is required for CSN function

but is not required for ciliary formation. Transcriptional and transla-

tional fusion constructs demonstrated that mapk-15 is expressed in

FIGURE 6 PKD-2 is mislocalized in mapk-15(gk1234) mutant animals. PKD-2 fused to GFP (a,b) localizes to ciliary tips of normal mating him-5
(e1490) males and (c,d) along the dendritic processes and the entire ciliary region in mapk-15(gk1234) mutant worms. (a,c) Fluorescent images
alone or (b,d) in combination with their respective DIC image are shown. Expression in neuronal cell bodies (solid arrows) are depicted, numbers
indicate the specific ray neuronal projection next to its associated ciliary region. (e) The hermaphrodite response defect harbored by male mapk-
15(gk1234) worms is rescued by the mapk-15 transgene driven by either the native or pkd-2 promoter. Values represent the proportion of male
worms of each strain responding to a hermaphrodite within 10 min with 30 worms/strain. Error bars represent standard deviation. A generalized

linear model using a binomial distribution was used to do comparative statistics; genotypes that are significantly different from each other
(p< .05) are labeled with different letters; asterisk is different from group A only [Color figure can be viewed at wileyonlinelibrary.com]
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many head and tail CSNs of both hermaphrodite and male

worms, including CSNs that are capable of taking up lipophilic dyes

(Figure 4a–d; Supporting Information Figure S1A-J). The ability of spe-

cific CSNs to uptake dye suggests that the overall morphological integ-

rity of cilia is present in these cells (Perkins, Hedgecock, Thomson, &

Culotti, 1986; Starich et al., 1995). Importantly, dye uptake in amphid

CSNs of mapk-15(gk1234) mutant worms was statistically indistinguish-

able from wild-type worms (Figures 1b and 2a). Thus, the uptake of

dye in amphid CSNs indicates that amphid cilia are relatively structur-

ally complete in mapk-15(gk1234) mutant animals. Consistent with

these results, PKD-2 localization was observed throughout what

appears to be intact ciliary regions in the male tail of mapk-15(gk1234)

mutant worms (Figure 6c,d), despite the observation that this strain

harbors male-mating defects that have been attributed to ciliary func-

tions of these CSNs (Figure 5e,f; Barr and Sternburg, 1999).

In comparison to the normal dye filling observed in head CSNs,

dye uptake was aberrant in the tail of most but not all hermaphrodite

mapk-15(gk1234) mutant worms (Figures 1b and 2d–f), a result which

more likely reflects an inability of animals to fully extend their dendritic

processes than a structural defect of cilia. Support for this is provided

by several observations. First, some (<5%) phasmid CSNs are able to

dye fill normally and the fluorescent product of the transcriptional

mapk-15 fusion construct extends distally past NPHP-1 foci (Figures

2d and 3a–d), indicating the presence of phasmid cilia despite phasmid

dye-filling defects. Second, the few animals that are able to take up

dye in one set of left or right PHA and PHB neuronal pairs contained

NPHP-1 foci that were always positioned more posterior to NPHP-1

foci residing in the dye-filling defective PHA and PHB neuronal pair

(Figure 2h), suggesting that the longer dendritic projections are more

likely to function properly. Finally, wild-type worms contained longer

(on average), less variable, and more highly organized dendritic proc-

esses than mapk-15(gk1234) mutant worms (Figure 3a–e). Interestingly,

the dendritic processes of male ray neurons appear to be fully intact in

mapk-15(gk1234) mutant animals, despite an inability of this strain to

mate efficiently (Figure 5d–f). Taken together, these data suggest that

mapk-15 is not essential for ciliogenesis in C. elegans but that mapk-15

likely functions in sensory-specific pathways like mate finding.

The dendritic processes of most CSNs develop through a process

called retrograde extension, which involves dendritic formation occur-

ring simultaneously to the cell body pulling away from the ciliary base

that is firmly anchored in place during embryonic development (Sul-

ston, Albertson, & Thomson, 1980). Several previous reports have

linked a variety of transition-zone components to the anchoring ability

of the ciliary base, including complexes containing several Meckel-

Gruber syndrome and NPHP protein components (Schouteden et al.,

2015; Williams et al., 2008, 2011). Interestingly, mapk-15 also appears

to affect the adhesion of the ciliary base. However, to our knowledge

this is the first PCMC component linked to the fidelity of retrograde

extension.

ERK7 is the Xenopus ortholog of C. elegans MAPK-15, which was

recently linked to ciliary assembly defects during Xenopus development

(Miyatake et al., 2015). Basal body migration defects were observed in

erk7 deficient cells, likely involving interactions with actin at the cell

surface. It will be interesting to explore the possibility that the docking

of basal bodies to the surface of Xenopus cells and the anchoring of

cilia at dendritic tips involves similar molecular pathways.

Several lines of evidence suggest that the MAPK-15 protein func-

tions upstream of PKD-2 to modulate the ability of males to locate her-

maphrodites. First, mutations in pkd-2(sy606) and mapk-15(gk1234)

both result in early stage male-mating defects, while the former has

subtler and the latter more pronounced defects (Figure 6e). Second,

the PKD-2 protein is mislocalized in mapk-15(gk1234) mutant animals

(Figure 6c,d). Third, expression of the mapk-15 gene by the pkd-2 pro-

moter was able to largely, but not entirely rescue the mating defects of

FIGURE 7 Expression of the mapk-15 occurs in head and tail CSNs of hermaphrodite and male animals. Confocal projections of wild
type or mapk-15(gk1234) mutant (a–c) hermaphrodite heads, (d–f) hermaphrodite tails, and (g,h) male tails for strains expressing the mapk-
15 promoter fused to mCherry (red) alone or (b, e) in combination with DiO stained neurons (green). CSNs that typically do not dye fill
(solid arrows) and those that typically do (open arrow heads) are indicated. Circled regions represent areas with robust expression. (g,h)
Numbers indicate the specific male ray neuronal projection next to its associated ciliary region. Head and tail regions of the worm bodies
are indicated (dashed lines) [Color figure can be viewed at wileyonlinelibrary.com]
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mapk-15(gk1234) mutant worms, despite mapk-15 being much more

broadly expressed in wild-type worms (Figures 5a–d and 6a,e). Collec-

tively, these data suggest that mapk-15 functions upstream of pkd-2 in

RnB-type neurons to modulate the ability of males to locate hermaph-

rodites. However, our observation that mapk-15 is also expressed in at

least three RnA-type neurons and the two RnB neurons that do not

express pkd-2 raises the possibility that these neurons may also con-

tribute to additional mating functions (Figure 5c).

Localization of PKD-2 in mapk-15(gk1234) mutant animals appears

to phenocopy that of klp-6(sy511), ccpp-1(ok1821), and cil-7(my16)

mutant animals, which are also male-mating defective mutants with Cil

phenotypes that exhibit less severe or nonexistent dye-filling defects

(Maguire et al., 2015; O’Hagan et al., 2011; Peden and Barr, 2005).

Similar to klp-6(sy511), ccpp-1(ok1821), and cil-7(my16) mutant animals,

mapk-15(gk1234) mutant animals show more pronounced PKD-2 local-

ization along the entire length of the cilium and dendritic processes

than is observed in normal mating worms (Figure 6a–d). KLP-6 is a

kinesin-3 protein required for EV release (Peden and Barr, 2005; Wang

et al., 2014), CCPP-1 is a tubulin deglutamylase that maintains axone-

mal stability (Kimura et al., 2010; O’Hagan et al., 2011), and CIL-7 is a

myristoylated protein that likely functions in targeting proteins for

vesicular trafficking (Maguire et al., 2015). As such, mapk-15 may also

function in a vesicular transport or cytoskeletal modifying process that

is required for PKD-2 targeting to cilia.

The daf-19 gene in C. elegans encodes for at least four specific iso-

forms that typically act as activators but occasionally as repressors of

gene expression, (Chu et al., 2012; Swoboda, Adler, & Thomas, 2000;

Wang, Schwartz, & Barr, 2010). Despite being exhaustively character-

ized in C. elegans, the same x-box motif has never been found to act as

both an enhancer and repressor of ciliogenesis (Blacque et al., 2005;

Efimenko et al., 2005; Chen et al., 2006; Burghoorn et al., 2012). Here,

we find that CSN expression of mapk-15 appears to be activated by

DAF-19 in some CSNs (PHA, PHB, IL2, HOB, and Rn), while mapk-15

may be down regulated by DAF-19 in other CSNs (IL1) (Figure 7a–h).

Additionally, expression of mapk-15 in many CSNs appears to be DAF-

19 independent, indicating a novel mode of regulation in these CSNs

(e.g. in all amphid and PQR CSNs).

4 | MATERIALS AND METHODS

4.1 | Generation of plasmid constructs for

transgenesis

Promoter- and gene-fusion constructs were generated using PCR

amplification, followed by restriction digestion, and ligation into an

expression vector. N2 (wild-type) genomic DNA was used as a tem-

plate for all constructs. PCR amplification of mapk-15 isoform A used

NEB Phusion ® High-Fidelity polymerase (New England Biolabs, Ips-

wich, MA, USA), while amplification of mapk-15 isoform C, the mapk-

15 promoter, and the pkd-2 promoter used Q5® High-Fidelity DNA

Polymerase (New England Biolabs). Amplicons of mapk-15 included a

promoter region beginning between 856 and 1128bp upstream of its

translational start site. Upon PCR amplification the mapk-15 isoform A

was A-tailed and ligated into the pGEM-T (Promega, Madison, WI) vec-

tor, prior to being digested and ligated into the Andrew Fire lab (Stan-

ford School of Medicine, Stanford, CA) vector pPD95.77. The mapk-15

isoform C PCR product was directly cloned into vector PSO522, which

contains the pPD95.77 vector with mCherry substituted for gfp. The

mapk-15 promoter product was cloned directly into PSO576, which is

the pPD95.75 vector with mCherry substituted for gfp. The mapk-15

isoform A construct under control of the pkd-2 promoter was gener-

ated by fusing the 934bp pkd-2 promoter amplicon to a KpnI site found

18bp upstream of the translational start site for the full length mapk-15

isoform A construct. Transcriptional and translational fusion constructs

were introduced in the C. elegans germline by microinjection at 20–30

and 1–3 ng/mL, respectively (Mello and Fire, 1995).

4.2 | Strains and growth conditions

All strains were cultured at 208C using standard procedures (Brenner,

1974). Bristol N2 was used as a wild-type strain. Strains CB164 dpy-17

(e164) III, CB169 unc-31(e169) IV, and PT9 pkd-2(sy606) IV; him-5

(e1490) V were used in male-mating behavior assays. CB3323 che-13

(e1805) I was used as a negative control in dye uptake and osmotic

avoidance assays. CB4088 him-5(e1490) V was used as a normal mat-

ing control and in genetic crosses to generate strains with a high inci-

dence of males. OE3492 daf-19(m86) II; daf-12(sa204) X; him-5(e1490)

V and OE3738 daf-12(sa204) X; him-5(e1490) V were used in male

mating assays and for examining the DAF-19/RFX dependence of the

promoter-fusion construct. PT443 pkd-2(sy606) IV; him-5(e1490) V;

myIs1[pkd-2::gfp1 unc-122p::gfp] was used in PKD-2 localization and

CEM identification studies. YH237 yhEx142[nphp-1::cfp1 che-13::

yfp1 rol-6(su1006)] and MX254 Ex[kap-1::gfp1 rol-6(su1006)] were

used in ciliary localization studies. VC2695 mapk-15(gk1234) III was

used in phenotypic assays, expression analysis, and genetic crosses.

The following strains were generated as part of this study and are avail-

able upon request: LU517 mapk-15(gk1234) III 6X backcrossed to N2,

LU518 and LU519 mapk-15(gk1234) III; him-5(e1490) V; lrEx179[mapk-

15(isoform A)::gfp1 elt-2::mCherry1pBlue], LU520 mapk-15(gk1234)

III; him-5(e1490) V, LU527 and LU528 mapk-15(gk1234) III; lrEx187

[mapk-15(isoform A)::gfp1 elt-2::mCherry1 pBlue], LU529 and LU530

mapk-15(gk1234) III; lrEx188[mapk-15(isoform C)::mCherry1 elt-2::

gfp1 pBlue], LU531 mapk-15(gk1234) III; him-5(e1490) V; lrEx187

[mapk-15(isoform A)::gfp1 elt-2::mCherry1pBlue]; lrEx188[mapk-15

(isoform C)::mCherry1 elt-2::gfp1 pBlue], LU532 mapk-15(gk1234) III;

him-5(e1490) V; myIs1[pkd-2::gfp1 unc-122p::gfp] IV, LU534 him-5

(el1490) V; daf-12(sa204) X; lrEx190[mapk-15p::mCherry, elt-2::gfp;

pBlue], LU535 him-5(el1490) V; daf-12(sa204) X; daf-19 (m86) II;

lrEx190[mapk-15p::mCherry1 elt-2::gfp1pBlue], LU536 him-5(e1490)

V; lrEx188[mapk-15(isoform C)::mCherry1 elt-2::gfp1 pBlue], LU538

mapk-15(gk1234) III; him-5(el1490) V; lrEx190[mapk-15p::mCherry1 elt-

2::gfp1Pblue], LU539 mapk-15(gk1234) III; him-5(e1490) V; myIs1[pkd-

2::gfp1 unc-122p::gfp] IV, LU545 mapk-15(gk1234) III; him-5(e1490) V;

lrEx194[mapk-15(isoform A)::gfp1mapk-15(isoform C)::mCherry1 elt-2::

mCherry1pBlue], LU548 lrEx193[mapk-15p::mCherry1 pBlue];

yhEx142[nphp-1::gfp1 che-13::yfp1 rol-6(su1006)], LU550 mapk-15
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(gk1234) III; him-5(e1490) V; yhEx142[nphp-1::cfp1 che-13::yfp1 rol-6

(su1006)], LU551 mapk-15(gk1234) III; him-5(e1490) V; lrEx193[mapk-

15p::mCherry1 pBlue]; yhEx142[nphp-1::cfp1 che-13::yfp1 rol-6

(su1006)], LU558 mapk-15(gk1234) III; IrEx188[Pmapk-15::mapk-15(Iso-

form C)::mCherry1 elt-2::gfp1 pBlue]; yhEx142[nphp-1::cfp1 che-13::

yfp1 rol-6(su1006)], LU561 him-5(e1490) V; Ex[kap-1::gfp1 rol-6

(su1006)]; lrEx188[mapk-15(isoform C)::mCherry1 elt-2::gfp1 pBlue],

LU562 him-5(e1490) V; mapk-15(gk1234) III; lrEx196[pkd-2p::mapk-15

(isoform A)::gfp1 elt-2::mCherry1 pBlue].

4.3 | Phenotypic analysis

Dye-filling assays were performed using animals well fed for multiple

generations by incubating them in 0.02 mg/ml DiI or DiO (Invitrogen,

Carlsbad, CA, USA) in M9 buffer gently shaking for one hour at room

temperature (Culotti and Russel, 1978; Perkins et al., 1986). Osmotic

avoidance assays were performed by placing six animals in the center

of a 60% glycerol ring, 3/8 inch in diameter on nematode growth

media plates lacking food and observing them for eight minutes. The

osmotic avoidance index is the proportion of animals remaining in the

center after eight minutes (Culotti and Russel, 1978; Perkins et al.,

1986). Male fertility assays were performed by examining the number

of outcrossed progeny when five male worms were placed on a plate

containing two L4 dpy-17(e164) hermaphrodites (Hodgkin, 1983). Male

mating-response assays were performed as described previously (Barr

and Sternberg, 1999; Bae, Kim, L’hernault, & Barr, 2009). The day

before male mating response assays were performed, L4 males to be

assayed were transferred to a separate plate. On the day of the experi-

ment, �3–5 males were transferred to a seeded plate containing �30

unc-31 (e169) hermaphrodites and observed for 10 min. A positive

response was scored when the male tail contacted and subsequently

began scanning a hermaphrodite for at least 10 s within this 10-min

period.

4.4 | Imaging

All strains were imaged using a Leica TCS SP5 II (Wetzlar, Germany)

laser-scanning confocal microscope with a 403 (1.3 numeric aperture)

or 633 (1.4 numeric aperture) oil-immersion lenses. Image acquisition

and image processing was conducted using the Leica LAS software.

Images were rotated and their brightness and contrast levels were

adjusted using Adobe Photoshop (San Jose, CA). All images in Figures

2, 6, and 7 were obtained and adjusted using identical settings and val-

ues. Figures were prepared using Adobe Illustrator.

4.5 | Bioinformatics, domain, and statistical analyses

All DNA and protein sequences were obtained from www.wormbase.

org (Harris et al., 2010). Sequence comparisons, including the identifi-

cation of protein homologs were generated using a Basic Local Align-

ment Search Tool (Gish and States, 1993). The putative kinase domain

was determined using InterProScan 5 (Jones et al., 2014). All statistical

analyses were conducted using Microsoft Excel (Redmond, WA) and R

studio (Boston, MA).
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