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ABSTRACT Motile and immotile (or primary) cilia are microtubule-based structures that mediate multiple cellular functions, including
the transduction of environmental cues, developmental signaling, cellular motility, and modulation of fluid flow. Although their core
architectures are similar, motile and primary cilia exhibit marked structural differences that underlie distinct functional properties.
However, the extent to which ciliogenesis mechanisms are shared between these different cilia types is not fully described. Here, we
report that the atypical MAP kinase MAPK15 (ERK7/8), implicated in the formation of vertebrate motile cilia, also regulates the
formation of primary cilia in Caenorhabditis elegans sensory neurons and human cells. We find that MAPK15 localizes to a basal body
subdomain with the ciliopathy protein BBS7 and to cell-cell junctions. MAPK15 also regulates the localization of ciliary proteins
involved in cilium structure, transport, and signaling. Our results describe a primary cilia-related role for this poorly studied member
of the MAPK family in vivo, and indicate a broad requirement for MAPK15 in the formation of multiple ciliary classes across species.
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CILIA are microtubule-based immotile or motile structures
protruding from the surfaces of most eukaryotic cell types.
These include most postmitotic vertebrate cells, which possess an
immotile or primary cilium that senses and transduces environ-
mental cues (Goetz et al. 2009; Drummond 2012; Ko 2012;
Guemez-Gamboa et al. 2014). Defects in primary and motile cilia
cause numerous human genetic disorders (ciliopathies) that af-
fect the development of many tissues and organs (Waters and
Beales 2011). While motile cilia can also serve sensory functions
(Bloodgood 2010), most studies of these organelles focus on
their role in mediating cellular movement and fluid flow
(Lindemann and Lesich 2016; Meunier and Azimzadeh 2016;
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Spassky and Meunier 2017). Not surprisingly, motile and primary
cilia exhibit significant differences in axoneme ultrastructures
and mechanisms of biogenesis. For instance, motile cilia are typ-
ically present on multiciliated cells and nucleate from > 100
basal bodies per cell that are generated de novo, whereas a pri-
mary cilium arises from a basal body derived from a remodeled
mother centriole (Kobayashi and Dynlacht 2011; Kim and
Dynlacht 2013; Brooks and Wallingford 2014; Spassky and
Meunier 2017). In addition, motile cilia contain specialized
motility-associated components not found in primary cilia
(Ishikawa 2017; Loreng and Smith 2017; Zhu et al. 2017). Despite
such differences, many ciliogenic programs are shared by motile
and primary cilia (Mitchell 2007; Carvalho-Santos et al. 2011).
The formation and function of all cilia rely on intracellular
transport pathways that regulate protein trafficking to, from,
and within the organelle. Microtubule-based intraflagellar
transport (IFT) between the ciliary basal body and tip regulates
ciliary protein delivery and export via kinesin-2 and IFT-dynein
motors, together with cargo adaptor complexes (IFT-A, IFT-B,
and BBSome) (Malicki and Avidor-Reiss 2014). The molecular
composition of cilia is also regulated by gating mechanisms at

Genetics, Vol. 207, 1423-1440 December 2017 1423


http://orcid.org/0000-0001-7468-0035
http://orcid.org/0000-0003-1598-2695
https://doi.org/10.1534/genetics.117.300383
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300383/-/DC1
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300383/-/DC1
mailto:sengupta@brandeis.edu
mailto:oliver.blacque@ucd.ie

the basal body and the proximal-most region of the axoneme
(transition zone). For instance, ciliopathy-associated proteins
facilitate diffusion barriers at the transition zone, and basal body
distal appendage components regulate IFT/BBSome protein
entry into cilia (Craige et al. 2010; Chih et al. 2011; Garcia-
Gonzalo et al. 2011; Williams et al. 2011; Wei et al. 2013,
2016; Garcia-Gonzalo and Reiter 2016).

Mitogen-activated protein kinases (MAPKs) are a highly con-
served family of enzymes that function in a plethora of cellular
processes (Robinson and Cobb 1997; Chang and Karin 2001;
Pearson et al. 2001). Classical MAPKs that act in the conventional
tripartite MEKK-MEK-MAPK signaling cascade are known to reg-
ulate cilium length in mammalian cells, Caenorhabditis elegans,
and Trypanosomatids, and ciliary beating in Schistosoma mansoni
(Rotureau et al. 2009; Ressurreicao et al. 2011; Abdul-Majeed
et al. 2012; van der Vaart et al. 2015). In contrast, the physiolog-
ical roles of atypical MAPKs that appear to lack conventional
MAPK cascade involvement are poorly understood (Coulombe
and Meloche 2007). In cultured cells, MAPK15 (ERK7 or
ERK8) regulates autophagy and protein trafficking/secretion,
supports genomic integrity;, and promotes tumorigenic properties
(Abe et al. 2001, 2002; Groehler and Lannigan 2010; Xu et al.
2010; Zacharogianni et al. 2011; Colecchia et al. 2012). In the
first description of an in vivo role, MAPK15 depletion in multi-
ciliated Xenopus and mouse cells reduces motile cilia number and
length, and disrupts basal body migration to the apical cell
surface due to defects in the actin network (Miyatake et al.
2015). MAPK15 expression is controlled by the master regulator
of motile cilia biogenesis, FoxJ1, and overexpressed MAPK15
localizes to basal bodies, cell-cell contacts, and weakly to ciliary
axonemes (Choksi et al. 2014; Miyatake et al. 2015).

Here, we show that MAPK15 also regulates the formation
of primary cilia. C. elegans only possess primary cilia, which
extend from the dendritic endings of 60 sensory neurons
(Ward et al. 1975; Perkins et al. 1986). CO5D10.2, the
C. elegans ortholog of MAPK15, is expressed exclusively in
most, if not all, ciliated sensory neurons. Similar to observa-
tions for vertebrate multiciliated cells, MAPK15 localizes to
the basal bodies and cell-cell junctions in C. elegans and hu-
man primary cilium-forming cells. In human cells, MAPK15
localizes to a discrete subdomain near the distal end of the
basal body. Loss of nematode and human MAPK15 function
causes defects in cilium length and morphology, and disrupts
the localization of basal body and axonemal proteins important
for cilium structure, trafficking, and ciliary gating. Together
with previous work (Miyatake et al. 2015), our results demon-
strate that the atypical MAP kinase, MAPK15, regulates the
formation of motile and primary cilia across species, highlight-
ing a conserved role for this protein in cilium biology.

Materials and Methods
C. elegans genetics

All C. elegans strains were grown at 20° on standard NGM
plates seeded with Escherichia coli OP50 bacteria. Standard
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genetic crossing techniques were used to introduce trans-
genes into mutant genetic backgrounds. Transgenic animals
were generated by microinjection of 5-10 ng/pl of plasmid(s)
or 5-50 ng/ul linear DNA constructs with 30-50 ng/ul of
co-injection marker (unc-122p::gfp, unc-122p::mCherry, or unc-
122p::dsRed). Mutations were confirmed by PCR (genotyping)
and sequencing (oligonucleotide primer sequences available on
request). In all cases where expression of a transgene was com-
pared between wild-type and mutant animals, the same trans-
genic array was examined in both backgrounds. Mutant alleles
were provided by the Caenorhabditis Genetics Center, apart from
the hyls-1(tm3067) allele, which was a gift from K. Oegema (Uni-
versity of California, San Diego). A list of all strains used in this
work is provided in Supplemental Material, Table S1 in File S1.

Identification and cloning of mapk-15 (oy112)

The oy112 allele was isolated in a genetic screen designed to
identify suppressors of reduced str-1p::gfp expression in the
AWB neurons in a kin-29(0y39) mutant background (Lanjuin
and Sengupta 2002; van der Linden et al. 2007). The muta-
tion was mapped to a 7.3-Mb region of chromosome III using
standard mapping techniques (Davis et al. 2005). Whole-genome
sequencing of oy112 mutants identified a premature stop codon
(Q229%) in CO5D10.2. Ciliary phenotypes of oy112 were rescued
upon injection of CO5D10.2 genomic DNA with endogenous up-
stream regulatory sequences at 50 ng/ul.

Dye-filling assay

Dye-filling (Dyf) assays were performed as previously de-
scribed (Sanders et al. 2015). Briefly, animals were incubated
in fluorescent lipophilic DiI (Life Technologies; diluted 1:200
or 1:1000 in M9 bulffer for the standard or sensitized assays,
respectively) for 30 min, and allowed to recover for 30 min
on NGM plates containing bacterial food before imaging on a
fluorescence microscope.

Molecular biology

C. elegans mapk-15 genomic sequences: The mapk-15 ge-
nomic DNA used in Figure 1C was generated by PCR ampli-
fication of ~1.6 kb of upstream regulatory sequence together
with mapk-15 exonic and intronic sequences using iProof
high-fidelity DNA polymerase (Bio-Rad, Hercules, CA). The
mapk-15 genomic rescue fragment used in Figure 1B consists
of 1.8 kb of upstream regulatory sequence, mapk-15 exonic/
intronic sequences, and 461 bp of 3'-UTR sequences.

C. elegans transcriptional mapk-15 expression construct
(mapk-15p::gfp): To create the construct, 1811 bp of mapk-15
upstream regulatory sequence together with 11 bp of exon 1 (with
the A of the ATG start codon modified to C) was fused to GFP
sequences (1920 bp; amplified from pPD95.67; gift of A. Fire,
Stanford University) (Figure 3A).

C. elegans translational reporter constructs (cDNA): The
mapk-15 (isoform c) and ajm-1 (isoform a) cDNAs were am-
plified from a mixed stage N2 cDNA library (Nechipurenko
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Figure 1 MAPK-15 regulates the morphologies of sensory neuron cilia in C. elegans. (A) Genomic structure of CO5D70.2 (mapk-15), showing three
predicted isoforms (a, b, and ¢), the TEY activation motif, ATP-binding site, and the mutant alleles (gk 7234 and oy772) employed in this study. Exons are
denoted by gray rectangles. (B) Representative images of Dil uptake in the amphid (head) and phasmid (tail) neurons of wild-type (WT) and mapk-15
(gk1234) worms. Left images from a standard dye-filling assay; right images from a sensitized assay (low concentration Dil). Transgene comprises WT
mapk-15 genomic sequence (incorporating a, b, and ¢ isoforms), together with endogenous upstream regulatory sequence. Numbers indicate the
percentage of animals exhibiting the phenotype (n > 30 for each strain). Anterior is at left. Bar, 10 wm. (C and D) Representative images and
quantification of AWB and ADF cilia defects in the indicated genetic backgrounds. AWB cilia morphologies categorized as: Type |, two normal cilia;
Type II, one cilium missing; Type Ill, one misdirected cilium; Type IV, abnormally branched cilia; Type V, two short cilia; and Type VI, both cilia absent. ADF
cilium morphologies categorized as: Type |, two normal cilia; Type Il, collapsed cilia; Type Ill, one misdirected cilium; Type IV, two short cilia; and Type V,
one missing cilium. White arrows denote cilia. White arrowheads denote the cilia base. Numbers at top indicate the number of scored neurons. AWB
neurons visualized using str-1p::gfp; ADF neurons visualized using srh-142p::rfp. CTD; C-terminal domain. *** P < 0.001 (Generalized Linear Model test
and Bonferroni corrections). Anterior is at left. Bar, 5 wm. (E) Box plots of ASH and PHA cilium lengths in WT and mapk-15(gk1234) worms. Horizontal
lines denote 25, 50, and 75th percentiles; whiskers denote the full range. Numbers indicate the number of neurons quantified. ASH neurons visualized

using sra-6p::gfp; PHA neurons visualized using flp-15p::gfp. *** P < 0.001 (Welch's t-test vs. WT).
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et al. 2016) using gene-specific primers. The nphp-4, dyf-19,
ajm-1 [exons 2-9 minimal region from Koppen et al. (2001)],
and jbts-14 cDNAs were gifts from M. Barr (Rutgers Univer-
sity), J. Hu (Mayo Clinic), M. Heiman (Harvard Medical
School), and Inna Nechipurenko, respectively. All constructs
were cloned into pPD95.77 or pMC10 (gift of M. Colosimo)
C. elegans expression plasmids and confirmed by sequencing.
N- and C-terminal reporter-tagged constructs were generated
by subcloning fluorescent reporter sequences in-frame into
expression vectors containing the gene of interest. mapk-15
mutant constructs were generated by PCR using Phusion po-
lymerase (New England Biolabs, Beverly, MA). All mutations
were confirmed by sequencing. Upstream regulatory se-
quences of the following genes were used to drive transgene
expression in specific ciliated cells: srh-142 (ADF) (Troemel
et al. 1997; Sagasti et al. 1999), str-1 (AWB) (Troemel et al.
1997), bbs-8 (all ciliated neurons) (gift from M. Leroux,
Simon Fraser University), and nphp-4 (all ciliated neurons
(gift from M. Barr, Rutgers University)). For mapk-15(cDNA)
constructs driven by the endogenous promoter, ~1.6 kb of
upstream regulatory sequence of mapk-15 were used.

C. elegans translational reporter constructs (genomic
DNA): gasr-8 genomic DNA (gift of M. Leroux, Simon Fraser
University) was cloned into pMC10 and confirmed by se-
quencing. All genomic mapk-15 reporter-tagged constructs
were generated by fusion PCR as previously described
(Hobert 2002). For the translational C-terminal-tagged GFP
constructs (Figure 3B and Figure S2A in File S1), mapk-15
(a or ¢) exonic/intronic sequences together with 746 bp of
upstream regulatory sequence were fused in-frame with GFP
sequence (amplified from pPD95.77). For the translational
N-terminal-tagged GFP construct (Figure S2B in File S1),
GFP sequence was fused 3’ to 1811 bp of mapk-15 upstream
regulatory sequence and 5’ to mapk-15a genomic sequence
(3899 + 461 bp of 3'-UTR).

Human MAPK15 plasmid constructs: Full-length cDNA
encoding human MAPK15 was obtained from Promega (Mad-
ison, WI; clone FHC10717), amplified by PCR, and cloned into
PEGFP-N1 (Clontech) to generate the expression construct for
C-terminal-tagged MAPK15::GFP. Point mutations for the
siRNA-resistant construct and kinase-dead mutant of MAPK15
were inserted by site-directed mutagenesis. All constructs
were confirmed by DNA sequencing.

Cell culture and plasmid transfection

Human hTERT-immortalized renal proximal epithelial cells,
RPTEC/TERT1 (gift from T. McMorrow, University College
Dublin), were grown in low-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM)/F-12 supplemented with insulin,
transferrin, sodium selenite (ITS), EGF, hydrocortisone,
L-glutamine, and penicillin/streptomycin at 37°/5% CO,.
For the analysis of basal body protein localization, RPTEC/TERT
cells were maintained for at least 7 days after reaching confluence
to allow cilia formation. Human hTERT-immortalized retinal
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pigmented epithelial cells, h\TERT-RPE1 (gift from J. Simpson,
University College Dublin), were maintained in DMEM/F12
medium supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, and 0.348% sodium bicarbonate at 37°/5% CO,.
Cilia formation in hTERT-RPE1 cells was induced by serum with-
drawal for 24-48 hr. RPTEC/TERT and hTERT-RPE1 cells were
transiently transfected with plasmid DNA using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) or TransIT-LT1 (Mirus Bio),
respectively. For generation of stable hTERT-RPE1 cell lines,
hTERT-RPE1 cells were transfected with plasmid DNA using
Lipofectamine 3000 (Invitrogen) followed by selection with
500 pg/ml G418 (Invitrogen) 24 hr after transfection.

RNA interference

For MAPK15 knockdown, hTERT-RPE]1 cells were transfected
with siRNAs using Lipofectamine 2000 (Invitrogen). Silencer
Select siRNAs obtained from Ambion targeted the following
sequences: MAPK15-si1 5’-AGAACGACAGGGACATTTA-3’
and MAPK15-si2 5'-TGAACGCAGTCATCCGGAA-3'. As nega-
tive control, nontargeting scrambled siRNA (5'-TAACGACGC
GACGACGTAA-3") was used. Efficiencies of mRNA depletion
were measured by quantitative real-time PCR (qPCR). For
this, total RNA was purified with a NucleoSpin RNA minikit
(Macherey-Nagel) and reverse transcribed using a High Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA). qPCR analysis was performed using SYBR green de-
tection in an Applied Biosystems 7500 system. GAPDH mRNA
levels were used for normalization and results were obtained
using the AACt method (Livak and Schmittgen 2001).

Antibodies

Primary antibodies were obtained from the following sources:
rabbit anti-MAPK15/ERK8 (BS2438; diluted 1:100) from
BioWorld Technology; mouse anti-Ki67 (MA1-80199; diluted
1:200) from Pierce Chemical (Rockford, IL); mouse anti-
polyglutamylated tubulin (AG-20B-0020-C100; diluted 1:1000)
from Adipogen; rabbit anti-ZO-1 (40-2300; diluted 1:500) from
Invitrogen; rabbit anti—y-tubulin (T5192; diluted 1:500)
from Sigma (Sigma Chemical, St. Louis, MO); and rabbit anti-
ARL13B (17711-1-AP; diluted 1:3000), rabbit anti-FBF1
(11531-1-AP; diluted 1:500), rabbit anti-NPHP4 (13812-
1-AP; diluted 1:50), and rabbit anti-BBS5 (14569-1-AP; diluted
1:100) from Proteintech. Rabbit anti-BBS7 (diluted 1:100)
was a gift from P. Beales (University College London), and
mouse anti-acetylated tubulin (diluted 1:250), guinea pig
anti-CEP164 (diluted 1:2000), and guinea pig and rabbit
anti-ODF2 antibodies (diluted 1:1000 and 1:500, respec-
tively) were gifts from G. Pereira (University of Heidelberg)
(Schmidt et al. 2012; Kuhns et al. 2013; Kurtulmus et al.
2016). Anti-mouse, rabbit, and guinea pig secondary anti-
bodies conjugated to Alexa Fluor 488, 568, or 647 dyes were
obtained from Life Technologies.

Immunofluorescence staining of human cells

Cells were grown on glass coverslips, washed with PBS and
fixed with either 3% PFA in PBS for 10 min or ice-cold
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methanol for 5 min. PFA-fixed samples were permeabilized for
5 min in either 0.2% Triton X-100/PBS or ice-cold methanol.
After blocking with 3% BSA in 0.2% Triton X-100/PBS for
30 min, cells were incubated with primary antibodies at room
temperature for 2 hr. Antibodies were diluted in blocking
solution. Samples were washed three times with PBS and
incubated with appropriate secondary antibodies conjugated
to Alexa Fluor dyes (diluted 1:500) for 1 hr at room temper-
ature. DAPI (4’,6-Diamidino-2-phenylindole, Sigma) was in-
cluded with secondary antibodies for DNA staining. Samples
were washed three times in PBS, and coverslips (No 1.5 High
precision, Marienfeld) were mounted on glass slides in
Mowiol (Sigma). For stimulated emission depletion (STED)
imaging, secondary antibodies were used at higher concen-
trations (1:100 dilution), DAPI staining was omitted, and
coverslips were mounted on glass slides in ProL.ong Diamond
(Life Technologies).

Transmission electron microscopy

Day 1 C. elegans adults were fixed, sectioned, and imaged as
previously described (Sanders et al. 2015).

Light microscopy

C. elegans imaging: Live worms were mounted onto 10%
agarose pads and immobilized using 10 mM tetramisole
(Sigma 1.9756) or microbeads (Polysciences, Warrington,
PA; no. 00876-15). Animals were imaged on a Leica
DM5000B compound fluorescence microscope, or inverted
spinning disk imaging system [Nikon (Garden City, NY)
Eclipse Ti/Andor Revolution or Zeiss ([Carl Zeiss], Tornwood,
NY) Axiovert] fitted with a Yokogawa spinning disk confocal
head. For confocal imaging, images were generated by col-
lecting optical sections (z-stack) every 0.2-0.27 pm using
Plan Apochromat 100X /1.40 NA or 63X/1.40 NA oil immer-
sion objectives. Maximum intensity projections of z-stacks
were generated using SlideBook 6.0 software (Intelligent Im-
aging Innovations, 3i) or Fiji/ImageJ [National Institutes of
Health (NIH), Bethesda, MD). Protein localization and cilia
structure were visualized and quantified using SlideBook 6.0
software (Intelligent Imaging Innovations, 3i) and ImageJ
(NIH). Image quantification and analyses were performed
on raw images. Control and test images were corrected for
brightness, contrast, and directionality using ImageJ (NIH)
and Photoshop (Adobe Systems) for presentation in figures.
All animals were imaged on at least two different days for
each data point. At least two independently generated lines
were examined for each transgenic strain.

Imaging of human cells: Widefield images were acquired as
z-stacks at 0.25-pm intervals using a Zeiss Axiolmager M1
microscope equipped with a Plan Apochromat 63X/1.40 NA
oil immersion objective and an AxioCamHR camera. Confocal
images were acquired either on a Zeiss LSM510 Meta micro-
scope with a Plan Apochromat 63X/1.40 NA oil immersion
objective or an Olympus Fluoview FV1000 microscope with a
60X/1.35 NA UPlanSApo oil immersion objective. Fluores-

cence intensity quantifications of basal body proteins were
performed using Fiji/ImageJ (NIH) (Schindelin et al. 2012).
The centriole was marked with polyglutamylated tubulin and
the transition zone was defined by the gap in polyglutamy-
lated tubulin staining between the centriole and the axo-
neme. For each cell, the mean intensity in a defined area of
100 pixels encompassing the signal at the centriole or the
transition zone was measured. Background signals were
measured in the near proximity of each centrosome and sub-
tracted from the centrosomal measurement. For each exper-
imental condition, 30-50 cells were analyzed. To determine
the ciliary length in hTERT-RPE1 cells, ARL13B staining was
used as a ciliary marker, and line measurements were per-
formed using Fiji/ImageJ (NIH). For each experimental con-
dition, 30-60 cilia were analyzed.

Super resolution (STED) imaging of human cells

STED imaging was performed on a Leica TCS SP8 STED
microscope equipped with a white-light laser for excitation,
two STED depletion lasers (592 nm, 660 nm), and a HCX PL
APO 100X%/1.40 NA oil objective. Images were acquired on
Leica HyD detectors using time-gated detection. For single-
color STED, Alexa 488 was excited at 499 nm and depleted at
592 nm. For dual-color STED, Alexa 488 and Alexa 568 were
excited at 499 and 577 nm, respectively, and depletion was
performed at 592 nm for Alexa 488 and at 660 nm for Alexa
565. To show the orientation of the ciliary axonemes, sam-
ples were stained with polyglutamylated tubulin antibodies
(and detected with Alexa 647) and imaged under confocal
conditions. Images were captured as z-stacks at 140-nm inter-
vals and with a pixel size of ~14 nm. Sequential acquisition
(660-592) was employed to avoid cross talk and fluorophore
damage by the 592 nm depletion laser.

Confocal and STED images were deconvolved with Huy-
gens Professional software (Scientific Volume Imaging) using
a theoretical point spread function calculated based on im-
aging parameters. Within the deconvolution wizard, manual
background correction was applied to images, the signal to
noise ratio set to 20 for confocal images and to seven for STED
images, and deconvolution performed using the Classic Max-
imum Likelihood Estimation algorithm (CMLE).

Ring diameters at the ciliary base were determined in
deconvolved STED images of RPTEC/TERT cells that showed
the cilium in cross section. Images were analyzed using the
Twin Slicer tool of the Huygens Professional software (Sci-
entific Volume Imaging). Briefly, a line was drawn across the
longest axis and the fluorescence intensity plotted. The result-
ing line intensity plot showed two peaks where the line crosses
the ring signal, and the distance of the maxima of these two
peaks was measured to provide the ring diameter.

Data availability

The authors state that all data necessary for confirmation of
the conclusions discussed in the article are represented fully
within the article. All worm strains (listed in Table S1 in
File S1) and constructs are available upon request.
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Results

MAPK-15 regulates the morphologies of multiple
sensory cilia subtypes in C. elegans

We isolated the oy112 mutation in a forward genetic screen
for animals exhibiting reduced sensory neuron function (see
Materials and Methods) (van der Linden et al. 2007, 2008).
Genetic mapping and complementation analyses showed
that oy112 is an allele of the gene C0O5D10.2, which encodes
the C. elegans ortholog (bidirectional best BLAST hit) of
MAPKI15 (Figure 1A and Figure S1, A and B in File S1). We
henceforth refer to the gene product of CO5D10.2 as mapk-15.

Three MAPK-15 isoforms are confirmed by cDNAs (www.
wormbase.org): MAPK-15a (470 aa) and MAPK-15c¢ (367 aa)
contain the kinase domain and differ only in the length of
their C-termini, whereas the MAPK-15b isoform encodes a
highly truncated protein (86 aa) that lacks key features of
the kinase domain (Figure 1A). Sequence analysis shows that
oy112 represents a nonsense mutation predicted to encode
a protein lacking part of the kinase domain (Figure 1A). An
additional mapk-15 allele (gk1234) obtained from the C. elegans
Knockout Consortium is an insertion/deletion allele resulting in a
truncated protein lacking a large portion of the kinase domain,
and is likely a null allele (Figure 1A).

To investigate the role of MAPK-15 in regulating neuronal
properties, we first explored whether sensory neuron devel-
opment is compromised in mapk-15 mutants. The Dil Dyf
assay indirectly reports on the integrity of the dendrites
and cilia of 16 sensory neurons (six and two pairs of head
amphid and tail phasmid sensory neurons, respectively) (Fig-
ure 1B) (Perkins et al. 1986; Starich et al. 1995). We found
that in adult mapk-15(gk1234) mutants, < 20% of PHA/B
phasmid neurons fill with detectable levels of dye, whereas
the amphid sensory neurons retain dye uptake, albeit at
slightly reduced levels (Figure 1B). However, using a sensi-
tized dye uptake assay (see Materials and Methods), adult
mapk-15(gk1234) animals display a strong Dyf defect in
the amphid neurons and a fully penetrant dye filling defect
in the phasmid neurons (Figure 1B). The Dyf defect is rescued
by wild-type mapk-15 genomic sequence driven under the
endogenous promoter (Figure 1B).

We next examined the morphologies of individual sensory
neurons in mapk-15 mutants using cell type-specific soluble
fluorescent reporters. Both mapk-15(oy112) and mapk-15(gk1234)
mutants exhibit a range of defects in the ciliary morphologies of the
AWB amphid sensory neuron pair (Figure 1C). In addition, the rod-
shaped ciliary axonemes of the ASH and ADF amphid head, and
PHA/B phasmid tail, neuron pairs are significantly affected upon
loss of mapk-15 function (Figure 1, D and E). In all cases, we
observed severe structural defects in mapk-15(gk1234) cilia, includ-
ing axonemes that are truncated, misdirected, collapsed, or missing
(Figure 1, C-E). The AWB ciliary morphological defects in mapk-
15(gk1234) animals are rescued by transgenic expression of the
wild-type mapk-15 genomic sequence, and the AWB and ADF cilia
phenotypes are rescued by the MAPK-15c isoform driven under the
endogenous mapk-15 promoter (Figure 1, C and D). Transgenic
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expression of MAPK-15c driven under the ciliated neuron-specific
promoter of bbs-8 also rescues the ADF cilium defects of mapk-
15(gk1234) animals (Figure 1D), indicating that MAPK-15 func-
tions in sensory neurons to regulate cilium structure. In contrast,
transgenic expression of the kinase-dead mutants, MAPK-
15¢(K42A) and MAPK-15¢(TEY > AEA) (Klevernic et al. 2006;
see Figure 1A), or a MAPK-15c protein lacking the C-terminal
57 amino acids, fail to rescue the mapk-15(gk1234) ADF cilium
defects (Figure 1D). These results indicate that the ciliary role of
this protein is dependent on its kinase function.

To examine the cilium structure defects of mapk-15 mu-
tants in greater detail, we used transmission electron micros-
copy to investigate the amphid sensory pores, each of which
contains 10 cilia from eight neurons (ADF and ADL are bici-
liated). In wild-type animals, each amphid channel axoneme
consists of a modified basal body, a ~0.8 pm long transition
zone, followed by a ~3 pwm long middle (containing doublet
microtubules) and ~4 pm long distal segments (containing
singlet microtubules) (Perkins et al. 1986; Doroquez et al.
2014). In mapk-15(gk1234) animals, 3—-6 axonemes are ab-
sent from the distal pore regions, indicating that a subset of
cilia are truncated in these mutants (Figure 2). We also ob-
served axonemes that are misdirected, curving away from the
main ciliary bundle (see image at 7 wm in mapk-15(gk1234)
in Figure 2). In addition, a subset of cilia appear to lack the
full complement of nine microtubule doublets in the middle
segment and transition zone regions, and we occasionally
observed misplaced doublet microtubules in the transition
zones (Figure 2).

MAPK-15 is expressed in ciliated sensory neurons

To determine which cells express mapk-15, we constructed a
transcriptional gfp reporter (mapk-15p::gfp) under the con-
trol of ~1.8 kb of mapk-15 upstream genomic regulatory se-
quence. mapk-15 constructs using the same promoter were
sufficient to rescue the Dyf defects of mapk-15(gk1234) mu-
tants (Figure 1B). Worms expressing mapk-15p::gfp display
GFP expression in many, if not all, ciliated cells, including all
amphid and phasmid neurons (Figure 3A). Little or no GFP
expression was observed in nonciliated cells (Figure 3A),
suggesting that MAPK-15 promoter activity is largely re-
stricted to ciliated cells. It remains possible that regulatory
elements present elsewhere in the genomic sequences may
drive expression in other cell types.

Expression of many ciliary genes in C. elegans requires the
regulatory factor X transcription factor, DAF-19, which binds a
14-bp X-box promoter motif (Swoboda et al. 2000). Indeed, a
modestly-scoring X-box motif occurs ~200-bp upstream of the
mapk-15 start codon (Blacque et al. 2005) (Figure S2A in File
S1). However, mapk-15p::gfp expression is not grossly affected
in head ciliated neurons of daf-19(m86) loss-of-function mu-
tants, although expression in tail neurons is reduced in this mu-
tant background (Figure S2A in File S1). Consistent with only a
weak or cell-specific effect of DAF-19 on mapk-15 regulation,
expression profiling data has previously shown that mapk-15
transcription is not significantly altered in daf-19(m86) worms
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Figure 2 Ultrastructure of amphid channel cilia in WT and mapk-15(gk1234) worms. Representative transmission election microscopy images from
serial cross-sections of the amphid pore. Large panels show the entire pore; small panels show individual ciliary axonemes at higher magnifications.
Schematics summarize the ultrastructure phenotypes (only 3 of the 10 axonemes are shown for simplicity). Section positions denoted above each image
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(Chen et al. 2006). Thus, ciliated neuron-specific expression of
mapk-15 relies on DAF-19 activity only in a subset of sensory
neurons.

C. elegans MAPK-15 localizes to the basal body, ciliary
axoneme, and cell-cell junctions

We subsequently employed fluorescence protein-tagged MAPK-
15 fusion proteins to examine the subcellular localization of
MAPK-15 in ciliated cells. A functional MAPK-15c fusion protein
(see Figure 1, C and D) localizes at the ciliary base and along the
axonemes of most or all ciliated neurons (Figure 3, B-E and
Figure S2B in File S1). The localization is similar in wild-type

and mapk-15 mutants (Figure S2C in File S1), suggesting that
the localization pattern is unlikely a consequence of overexpres-
sion. An identical localization pattern is also found for worms
with a mapk-15a::gfp transgene expressed at low levels (Figure
S2B in File S1). In cilia, MAPK-15c appears to localize preferen-
tially to the middle segments in examined neurons (Figure 3, C-E
and Figure S2, B and C in File S1). At the ciliary base, MAPK-15 is
largely excluded from the transition zone marked with TMEM-
107 and NPHP-4, but colocalizes with the basal body marker
GASR-8 (Figure 3, B and D).

In addition to accumulating at the basal body and axo-
neme, we observed a prominent pool of MAPK-15 ~1-2 pm
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neurons and the pair of ciliated PHA/B phasmid tail neurons. Anterior is at left. Bar, 50 wm (left-most panels) and 15 wm (other panels). Lab, inner labial
cells; quad, outer labial quadrant cells. (B) Representative images of head sensory neuronal cilia in worms expressing MAPK-15c::GFP (endogenous
promoter) and the transition zone marker, TMEM-107::RFP. Anterior is at left. Bar, 2 wm. (C) Representative images of PHA/B and AWB cilia from worms
expressing GFP::MAPK-15c (nphp-4 or str-1 promoter) and either mapk-15p::myr-mCherry (PHA/B) or str-1p::mCherry (AWB). Arrows, ciliary axoneme;
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GFP (nphp-4 promoter for PHA/B) or AJIM-1::CFP (srh-142 promoter for ADF). Arrows, ciliary axoneme; arrowhead, basal body; asterisk, apical junction.
Anterior is at left. Bar, 5 wm. (F) Cartoon representation of MAPK-15 localization (green) to the apical junction, basal body, and middle segments of
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cells. (G) Representative images of MAPK-15c localization in ADF cilia of wild-type (WT) and mutant animals (n = 16 each). Of hyls-1 mutants, 51%
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proximal to the basal body, and in some images, the two pools  the periciliary membrane compartment (PCMC) where cell
appear to be connected by a strip of MAPK-15 signal (Figure  junctions (variably referred to as tight, belt, or apical junc-
3, B-E and Figure S2, B and C in File S1). Based on its posi-  tions) connect the neuronal dendrites with a supporting
tion, the proximal pool coincides with the proximal side of  sheath cell (Figure 3F) (Ware et al. 1975; Perkins et al.
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1986; Doroquez et al. 2014). Indeed, MAPK-15c colocalizes
with the junction marker AJM-1 in both ADF and PHA/B cells
(Figure 3E). Together, these results indicate that MAPK-15
localizes to the ciliary axoneme, basal body, and apical junc-
tions in sensory neurons (Figure 3F).

We subsequently asked whether molecules associated with
structures at the ciliary base and/or involved in ciliary transport
regulate MAPK-15 localization. We examined MAPK-15 distri-
bution in loss-of-function alleles of IFT (osm-5/IFT88, che-11/
IFT140, xbx-1/DLIC, kilp-11/KIF3B, and osm-3/KIF17) and
BBSome (bbs-8/BBS8) genes. We also investigated MAPK-15
localization in hyls-1 and dyf-5 mutants: HYLS-1 (Hydroletha-
lus syndrome protein 1) at the basal body regulates the for-
mation of the transition fibers that dock IFT assemblies, and
DYF-5 (MAK ortholog) is a MAP kinase-related protein that
regulates kinesin-2 IFT motors (Burghoorn et al. 2007; Mohan
et al. 2013; Wei et al. 2016). MAPK-15 retains grossly normal
localization in most examined mutants despite the ciliary
structural defects observed in many of these strains (Figure S3
in File S1). However, while MAPK-15 localization is retained at
the axoneme and basal body in ~51% of hyls-1 mutant animals,
the accumulation of the fusion protein at the apical junction is
fully abolished in these worms (Figure 3G). A cell junction
marker (AJM-1::CFP) confirms that apical junction structure
is retained in hyls-1 mutants (Figure 3H). Thus, the loss of
MAPK-15 apical junction localization is not because these junc-
tions are missing in hyls-1 worms. These results suggest that
HYLS-1 plays a role in the correct localization of MAPK-15.

MAPK15 localizes to the distal end of the basal body in
human cells

MAPK15 has previously been shown to localize to the basal
bodies of motile cilia in vertebrates (Miyatake et al. 2015).
Therefore, we asked whether MAPK15 also localizes to the
base of primary cilia in human cells, similar to our findings
in C. elegans sensory neurons. We found that overexpressed
GFP-tagged MAPK15 preferentially accumulates at the basal
bodies of hTERT-RPE1 and RPTEC/TERT primary cilia, and
also decorates the daughter centriole in a subset of cells to a
lesser extent (Figure 4, A and B and Figure S4E in File S1).
Unlike in C. elegans, human MAPK15 is not found in the ciliary
axonemes (Figure 4, A-D and Figure S4, A and E in File S1).
However, reminiscent of MAPK-15 distribution to apical junc-
tions in C. elegans, MAPK15::GFP colocalizes with the tight junc-
tion protein ZO-1 at RPTEC/TERT cell-cell junctions (Figure 4B).

To determine the localization of endogenous MAPK15,
we stained hTERT-RPE1 cells using a polyclonal antibody
(S. W. Yang et al. 2013) and found a specific signal at the
basal body/mother centriole in ciliated and nonciliated cells,
with no signals at the daughter centriole (Figure 4C and
Figure S4A in File S1). We confirmed the specificity of the
staining by observing loss of signal in hTERT-RPE1 cells de-
pleted for MAPK15 via RNA interference (Figure S4A in File
S1). The ectopic recruitment of GFP-tagged MAPK15 to the
daughter centriole may be explained by its overexpression,
similar to what has been previously reported for other mother

centriole-associated proteins such as ODF2 and TTBK2
(Soung et al. 2009; Cajanek and Nigg 2014).

To further characterize MAPK15 localization to the basal
body, we costained hTERT-RPE1 cells for endogenous CEP164
and ODF2, which mark the distal and subdistal appendages of
the mother centriole, respectively (Nakagawa et al. 2001;
Graser et al. 2007) (Figure 4D). We found that the MAPK15
signal partially overlaps with both ODF2 and CEP164, and
appears to be shifted distally to the ODF2 signal, suggesting
association of MAPK15 with the distal end of the mother
centriole (Figure 4D). These data indicate that, like in C. elegans,
MAPK15 localizes to the basal body of primary cilia and cell-cell
junctions in human cells.

MAPK15 regulates primary cilium formation in
human cells

We next investigated a possible role for MAPK15 in the forma-
tion of human primary cilia by depleting MAPK15 in hTERT-
RPE1 cells. Two independent siRNAs were used, both of which
cause significant reductions in MAPK15 expression (Figure S4,
A and B in File S1). Cilia formation was induced by serum
withdrawal (48 hr), and cilia were visualized by staining for
components of the ciliary membrane (ARL13B) and axoneme
(polyglutamylated tubulin). Compared to a negative control
(scrambled siRNA-treated), fewer MAPK15-depleted cells ex-
hibit cilia (Figure 4, E and F). Moreover, cilia that are retained
upon MAPK15 depletion are shorter than those in the control
cells (Figure 4, E and G). Cilia loss is rescued by the expression
of siRNA-resistant wild-type MAPK15 but not MAPK15(K42R)
(kinase dead) (Figure 4H and Figure S4E in File S1), demon-
strating that the cilium formation phenotype is not due to
siRNA off-target effects and that the kinase activity of MAPK15
is crucial for its ciliogenesis function. We also confirmed by
immunostaining with antibodies against the Ki-67 prolifer-
ation marker that the ciliogenesis phenotype in MAPK15-
depleted cells is not an indirect consequence of defects in cell
cycle arrest (Figure S4, C and D in File S1). Thus, as in C. elegans,
human MAPK15 regulates primary cilium formation, which is
dependent on its kinase activity.

MAPK15 is required for the localization of a subset of
structural, ciliary signaling, and trafficking proteins in
human cells and in C. elegans

The localization of MAPK15 to basal bodies, and the disrup-
tion of axonemal and transition zone ultrastructure in mapk-15
mutants, in C. elegans suggested that MAPK15 may facilitate
ciliogenesis via regulation of basal body/transition zone
structure and/or ciliary gating functions. To investigate this
hypothesis, we examined the distribution of structural and
ciliary proteins in mapk-15 mutant worms and in MAPK15-
depleted human cells.

Basal body/transition zone/cell junction proteins: We ob-
served mislocalization of the transition zone fusion proteins
NPHP-4::GFP and JBTS-14::GFP, as well as the basal body-
associated proteins DYF-19/FBF1::GFP and GFP::GASR-8 in
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Figure 4 MAPK15 localizes to the ciliary base and regulates ciliogenesis in human cells. (A) Representative images of hTERT-RPE1 cells transiently
transfected with MAPK15::GFP, serum starved for 24 hr ,and stained for ~y-tubulin (centrosome), ARL13B (cilia), and DNA. Insets show higher
magnification images of the centrosomal region. Bar, 5 wm (main images) and 1 wm (magnifications). (B) Representative images of RPTEC/TERT cells
transiently transfected with MAPK15::GFP and stained for polyglutamylated tubulin (polyglu. tub, cilia), ZO-1 (tight junctions), and DNA. Blue and yellow
dotted lines indicate positions of the XZ and YZ cross-sections, respectively. Arrows, tight junctions; arrowheads, basal body. Bar, 5 pm. (C) Repre-
sentative images of serum-starved hTERT-RPE1 stained for endogenous MAPK15, polyglutamylated tubulin (centrioles and cilia), and DNA. Regions
within white boxes are shown at higher magnifications in the lower panels. Bar, 5 wm (main images) and 1 pm (magnifications). (D) Representative
images of hTERT-RPE1 cells stained for the indicated endogenous proteins. Schematic of centrosome depicts CEP164 and ODF2 localization to distal and
subdistal appendages, respectively. Bar, 1 wm. (E-G) Representative images of serum-starved hTERT-RPE1 cells transfected with scrambled siRNA (Scr.
siRNA) or an siRNA targeting MAPK15 (MAPK15-si1). Cells stained for ARL13B, polyglutamylated tubulin, and DNA. Regions within white boxes shown
at higher magnifications to the right. Bar, 5 um (main images) and 1 wm (magnifications). ARL13B staining used to mark cilia and determine the
percentages of ciliated cells (F) and cilia lengths (G). Data shown are means of five independent experiments. Error bars are + SEM. For (F), 100150 cells
were assessed per experimental condition. For (G), 30-60 cilia were scored per experimental condition. *** P < 0.001 (ANOVA followed by Dunnett’s
post hoc test; vs. Scr. siRNA). (H) hTERT-RPE1 cells stably expressing the indicated rescue constructs were treated as in (E) and percentages of ciliated cells
determined using ARL13B as a cilia marker. Data points represented as mean = SEM of three independent experiments. Per experimental condition,
100-150 cells were scored. *** P < 0.001 (ANOVA followed by Bonferroni post hoc test).

AWB cilia in mapk-15 mutants (Figure 5, A and B). In all
cases, we noted that the fusion proteins often accumulate
at ectopic proximal locations in mapk-15 mutants (Figure 5,
A and B). The NPHP-4::GFP mislocalization defects in AWB
were fully rescued upon expression of wild-type mapk-15
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sequence (Figure 5A). We also observed reduced levels of
MKS-2::GFP and MKS-3::GFP at the transition zones of amphid
neurons in mapk-15 mutants (Figure S5A in File S1). However,
overall localizations of the MKS-5::GFP (transition zone) and
AJM-1::CFP (apical junction) protein are largely unaltered in
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amphid and phasmid cilia in mapk-15 mutants (Figure S5, A
and B in File S1). Similarly, in hTERT-RPE1 cells, MAPK15
depletion significantly reduces the levels of NPHP4 at the
transition zone and FBF1 at the centrosome (Figure 5, C
and D). Thus, MAPK15 regulates the localization of a subset
of proteins associated with the ciliary base in both C. elegans
and human cells.

Ciliary proteins: Since the transition zone acts as a ciliary
gate, we explored whether altered distribution of transition
zone proteins results in disrupted trafficking of ciliary mole-
cules. We found that localization of the ciliary G protein-coupled
receptor STR-163, cyclic nucleotide-gated channel subunits TAX-2
and TAX-4, and the membrane-associated small GTPase ARL-13,
are affected in the AWB neurons of mapk-15 mutants (Figure 6,
A-D). In all cases, accumulation of these GFP fusion proteins is
observed at the distal dendritic tip, reminiscent of phenotypes
observed in animals with defects in transition zone gating (Cevik
etal. 2013; Brear et al. 2014). Consistent with the notion of a leaky
ciliary gate in mapk-15 mutant worms, the transmembrane tran-
sient receptor potential vanilloid (TRVP) channel protein OSM-9
also shows abnormal accumulations in the PCMC and far distal
dendrite region of OLQ cilia (Figure 6E). However, the examined
IFT proteins (CHE-2/11/13, OSM-3/5/6, DYF-1/2/3/11/13,
KAP-1, and XBX-1) display largely normal distributions in the
amphid and phasmid channel cilia of mapk-15 mutants (Figure
S5C in File S1). These observations indicate that loss of MAPK15
disrupts the localization of select ciliary proteins.

BBSome proteins: The BBSome acts as an adaptor for
the trafficking of a range of ciliary signaling proteins
(Berbari et al. 2008; Lechtreck et al. 2009; Jin et al. 2010;
Domire et al. 2011; Cevik et al. 2013; Loktev and Jackson
2013; Xu et al. 2015). The altered localization of ciliary trans-
membrane proteins in mapk-15 mutants raised the possibility
that MAPK15 regulates BBSome localization and/or func-
tion. To test this hypothesis, we examined the localization
of BBS proteins in C. elegans mapk-15 mutant cilia and
MAPK15-depleted human cells. In mapk-15 mutants, signif-
icantly reduced and altered BBS-7::GFP signals are found at
the basal body of amphid and phasmid neurons, and in some
worms, BBS-7 localization within the ciliary axonemes is also
diminished (Figure 6F). Similarly, we observed a reduced
number of BBS5- and BBS7-positive cilia in MAPK15-depleted
hTERT-RPE] cells as compared to controls (Figure 6, G and H).
These findings suggest that MAPK15 may regulate the trafficking
of ciliary proteins by impacting BBSome localization in C. elegans
and human ciliated cells.

MAPK15 and BBS7 occupy a distinct subcompartment
near the distal end of the basal body

A conserved requirement for MAPK15 at the basal body in
recruiting ciliary transport regulators (BBS7 and FBF1)
prompted us to employ STED (superresolution) microscopy
inhuman cells to investigate the precise spatial organization of
basal body proteins in relation to MAPK15. First, we used

single-color STED microscopy to image endogenous MAPK15
in RPTEC/TERT1 cells. In these cells, the cilium lies perpen-
dicular to the imaging plane and is imaged in cross section
(Figure 7A). Compared to confocal images, the improved
resolution of STED reveals clusters of MAPK15 signal arranged
as a ring at the ciliary base (Figure 7B). In most rings, six to
eight or possibly nine individual clusters of signal can be re-
solved (Figure 7B), which suggests that MAPK15 associates
with a specific basal body substructure. A similar distribution
pattern has been described previously for CEP164 at the distal
appendages (Lau et al. 2012).

Next, we employed dual-color STED imaging to compare
the localization of endogenous MAPK15 with that of CEP164,
ODF2,BBS7, and FBF1. In RPTEC/TERT1 cells, we found that
all these proteins form rings at the ciliary base (Figure 7, C, E,
G, I, and K). We noted that the diameters of the CEP164 and
FBF1 rings are larger (~410-450 nm) than the BBS7, ODF2,
and MAPK15 rings (~280-320 nm each) (Figure 7M). Since
it was difficult to precisely determine the spatial organization
of these proteins along the axial plane in RPTEC/TERT1 cells
due to the cilium being perpendicular to the imaging plane,
we instead imaged hTERT-RPE] cells where cilia lie parallel
to the imaging plane (Figure 7A). We found that while
CEP164 colocalizes with FBF1 (Figure 7L), MAPK15 and
BBS7 associate with a more proximal domain (Figure 7, D
and H). In contrast, the MAPK15 and BBS7 signals lie imme-
diately distal to the ODF2 domain (Figure 7, F and J). Together,
our results indicate that MAPK15 and BBS7 share a distinct
basal body subdomain sandwiched between CEP164/FBF1
(distal appendages) and ODF2 (subdistal appendages) sub-
domains (Figure 7N). A shared localization domain for
MAPK15 and BBS7 is also consistent with our observation
that MAPK15 regulates BBSome protein localization in
worms and human cells.

Discussion

A conserved role for MAPK15 in primary
cilium formation

We have found that loss of C. elegans MAPK-15 disrupts sen-
sory neuron cilium length, morphology, and position, as well
as microtubule number and integrity. Similarly, human
MAPK15 depletion in hTERT-RPE1 epithelial cells abrogates
ciliogenesis and reduces ciliary length. Together, these obser-
vations indicate that MAPK15 plays a conserved role in reg-
ulating primary cilium formation and structure. Our findings
are consistent with, and expand upon, a role for MAPK15 in
regulating the number and length of motile cilia in Xenopus
embryos and mouse multiciliated cells (Miyatake et al.
2015). We conclude that MAPK15 regulates the formation
of both motile and immotile cilia.

MAPK15 regulates ciliary protein localization

We observed partially disrupted localization of multiple ciliary
proteins in MAPK15-depleted human cells and C. elegans
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Figure 5 Localization of transition zone (TZ) and basal body (BB) proteins is disrupted in MAPK15-depleted human cells and MAPK-15 mutant worms.
(A and B) Representative images and quantification of NPHP-4::GFP, JBTS-14::GFP, DYF-19::GFP, and GFP::GASR-8 localization in the AWB neurons of
wild-type (WT) and mapk-15(gk1234) worms. AWB neurons visualized using str-1p::mCherry. GFP-tagged proteins expressed under the str-1 or srd-23
(GASR-8) promoter. Transgene used for rescue is mapk-15p::mapk-15c. Numbers of neurons examined are indicated above each data set. * P < 0.05,
** P < 0.01, and *** P < 0.001 (Generalized Linear Model test and Bonferroni corrections). Arrowheads denote GFP puncta. Arrows denote ciliary
axonemes. Anterior is at left. Bar, 5 wm (all images identically scaled). (C and D) Representative images of hTERT-RPE1 cells transfected with non-
targeting scrambled siRNA (Scr. siRNA) or an siRNA targeting MAPK15 (MAPK15-si1), serum starved for 48 hr, and stained for NPHP4 (C) or FBF1 (D),
polyglutamylated (polyglu.) tubulin, and DNA. Regions within white boxes shown at higher magnification in smaller panels. Bar, 10 wm (large panels)
and 2 pm (small panels). Box-and-whisker plots show the relative intensity of NPHP4 at the transition zone (TZ) (C), and FBF1 at the centrosome (D).
Horizontal lines denote the 25, 50, and 75th percentiles; whiskers denote the full range. One representative experiment out of three is shown.
Per experimental condition, 30-60 cells were scored.* P < 0.05 and *** P < 0.001 (ANOVA followed by Dunnett’s post hoc test; vs. Scr. siRNA).
A.U.: arbitrary units.

mapk-15 mutants. Although the effects on protein distribu-
tion are partly distinct in worm and human ciliated cells, the
affected proteins in both systems include ciliary base and
transition zone molecules that regulate ciliary protein en-
try/exit, transition fiber formation, transition zone integrity,
and basal body stability (Huang et al. 2011; Williams et al.
2011; Mohan et al. 2013; Wei et al. 2013, 2016). MAPK15 is
also required for correct localization of ciliary axonemal pro-
teins including ciliogenic trafficking regulators (BBS7 and
ARIL-13), and subsets of sensory signaling molecules. In ad-
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dition, MAPK-15 has very recently been shown to regulate
the ciliary localization of the PKD-2 polycystin transmem-
brane protein in males (Piasecki et al. 2017). Thus, MAPK15
regulates the distribution of a wide range of ciliary transport-
associated proteins linked to cilium formation and function.

A potential mechanism by which MAPK15 influences the
localization of a seemingly diverse set of proteins may be
modulation of ciliary gating. Indeed, a subset of our data for
MAPK15 correlates with findings for HYLS-1 and DYF-19,
which are key components of the ciliary gate that also
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Figure 6 Localization of ciliary membrane and BBSome proteins in C. elegans and human cells. (A and B) Representative images and quantification of
ciliary transmembrane STR-163::GFP (seven transmembrane receptor) and TAX-2::GFP (cyclic nucleotide-gated ion channel subunit) localization in the
AWB neurons of wild-type (WT) and mapk-15(gk1234) worms. AWB neurons visualized using an str-71p::mCherry reporter. STR-163 localization
categorized as: Type |, signal restricted to cilia; Type Il, additional diffuse localization in the PCMC; and Type lll, additional localization in the distal
dendrite. TAX-2 localization was categorized as: Type |, restricted to ciliary middle segment; Type Il, additional localization in the distal dendrite; and
Type lll, localization throughout the entire ciliary axonemes. N-values indicated above each data set. Only cells retaining both ciliary axonemes were
analyzed. Arrowheads denote cilium base. Arrows denote ciliary axoneme (shown only for Type I). Anterior is at left. Bar, 5 um. (C and D) Representative
images and quantification of ciliary transmembrane TAX-4::GFP (cyclic nucleotide-gated ion channel subunit) and membrane-associated ARL-13::tagRFP
localization in the AWB neurons of WT and mapk-15(gk 1234) worms. Panels show the percentage of worms with indicated pattern of TAX-4 and ARL-
13 localization (n = 22 for WT and mapk-15 worms). Only cells retaining both ciliary axonemes were analyzed. Arrowheads denote cilium base. Arrows
denote ciliary axonemes (shown only for WT images). Anterior is at left. Bar, 5 um. (E) Representative images and quantification of OSM-9::GFP (TRPV
channel) localization in OLQ neurons. Box plots show the ratio of GFP signal (maximum fluorescence) at the distal ciliary region compared with the
proximal ciliary region (and distal dendrite). Horizontal lines denote 25, 50, and 75th percentile; whiskers denote the full range. N-values indicated
above each data set. Arrows denote ciliary axonemes (shown only for WT). *** P < 0.001 (Welch's t-test vs. WT). Anterior is at left. Bar, 5 pm. (F)
Representative images and quantification of BBS-7::GFP localization in amphid and PHA/B (phasmid) cilia of WT and mapk-15(gk1234) worms.
Schematics show normal and abnormal BBS-7 localizations at the ciliary base. For phasmids, normal and abnormal localization phenotypes also shown
in schematics. n > 50 for each data set in graph. Arrowheads denote cilium base. Arrows denote ciliary axonemes (shown only for WT images). Anterior
is at top in amphid images and at bottom in phasmid images. Bar, 2 um. (G and H) Representative images of hTERT-RPE1 cells transfected with
nontargeting scrambled siRNA (Scr. siRNA) or an siRNA targeting MAPK15 (MAPK15-si1), serum starved for 48 hr and stained for BBS5 (G) or BBS7 (H),
acetylated tubulin (acetyl. tub), and DNA. Regions within white boxes shown at higher magnifications in smaller image panels. Bar, 10 um (large panels)
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accumulate at the distal end of the basal body (discussed
further below) (Wei et al. 2013, 2016). Like MAPK15,

basal body levels and ciliary entry of the BBSome IFT cargo
adaptor, as well as the ciliary restriction of OSM-9 (Wei et al.

HYLS-1 regulates basal body recruitment of DYF-19 and
GASR-8 (Wei et al. 2016), and we report here that HYLS-1
also regulates localization of MAPK-15. Similar to MAPK15
(C. elegans and human), DYF-19 and/or HYLS-1 regulate the

2013, 2016). A gating function for MAPK15 is also consistent
with our observation that MAPK15 facilitates ciliary re-
striction of ARL-13 (worms) and the localization of several
ciliopathy-associated transition zone proteins implicated in

and 2 pm (small panels). Bar graphs show percentages of cilia positive for BBS5 (G) or BBS7 (H). Data points represented as mean * SEM of three
independent experiments. Per experimental condition, 100-150 cells were scored. * P < 0.05 and ** P < 0.001 (ANOVA followed by Dunnett's post

hoc test; vs. Scr. siRNA).
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diffusion barrier control (worms and human cells) (Williams
et al. 2011; Cevik et al. 2013). Based on these observations,
we speculate that MAPK15 may function as a ciliary gate
regulator at the basal body and transition zone, together with
HYLS-1 and DYF-19/FBF1. However, compared to known
ciliary gate gene mutants, the “gating” phenotype of mapk-
15 null mutants is less penetrant, suggesting that MAPK15
facilitates gating efficiency rather than being a core compo-
nent of the gating machinery. It also remains possible that
MAPK15 has additional cilia-related roles, and that the gat-
ing defects are a secondary consequence of loss of MAPK15
function in other ciliary pathways. We note that in a recent
study, MAPK-15 is implicated in synaptic trafficking of the
dopamine transporter protein in C. elegans dopaminergic
neurons (Bermingham et al. 2017), suggesting a role for
MAPK-15 in regulating protein transport at multiple sites in
C. elegans ciliated sensory neurons.

Dual localization of MAPK15 to the basal body and
cell-cell junctions

We found that MAPK15 localizes to the basal body of primary
cilia in C. elegans and human cells, in agreement with findings
for MAPK15 in Xenopus multiciliated cells (Miyatake et al.
2015). We refined the basal body distribution of MAPK15
using superresolution (STED) imaging and found that this
kinase forms clusters, approaching nine in number, arranged
as a ring toward the distal end of the basal body. In addition,
dual-color STED imaging reveals that MAPK15 and BBS7
occupy a discrete axial subdomain of the basal body that lies
between CEP164/FBF1 (distal appendages) and ODF2 (sub-
distal appendages) subdomains. These findings suggest that
MAPK15/BBS7 associate with distinct basal body structural
elements, with one possibility being that CEP164 and FBF1
decorate the tips of the distal appendages, whereas MAPK15/
BBS7 localize at more proximal regions of the same append-
ages (Figure 7N). Indeed, this model agrees with various
ultrastructural studies using electron microscopy, indicating
that distal appendages taper out from the centriolar microtubules
at an oblique angle (Anderson 1972; Ibrahim et al. 2009). An
appendage association for the IFT cargo adaptor protein BBS7 is
also consistent with the reported localization of IFT machinery at
these sites (Deane et al. 2001; T. T. Yang et al. 2013). Further-
more, a shared MAPK15/BBS7 basal body subdomain correlates
with the requirement of MAPK15 for BBS7 ciliary localization in
worms and human cells. However, MAPK-15 is also associated
with the axoneme middle segments in C. elegans but not in hu-
man cells, suggesting that MAPK-15 may have additional cilia-
associated functions in worms.

We also observed highly enriched pools of MAPK15 at cell
junctions in C. elegans and human cells, which is again con-
sistent with findings in Xenopus embryos (Miyatake et al.
2015). In worms, these cell junctions occur between the den-
dritic endings and the supporting glial cells (Perkins et al.
1986), and may play a role in anchoring basal bodies
(Nechipurenko et al. 2016). A functional connection between
the C. elegans basal body and cell junction is also supported

by our observation that HYLS-1 at the ciliary base controls
MAPK-15 localization at the cell junction. While, to our
knowledge, MAPK-15 is the first protein for which a dual
basal body/junction localization has been described in
C. elegans, similar dual distribution has been reported for
several NPHP proteins in cultured mammalian cells (Delous
et al. 2009; Sang et al. 2011). Although these NPHP proteins
have also been shown to regulate junction formation (Delous
et al. 2009; Sang et al. 2011), MAPK-15 does not appear
to modulate the localization of the apical junction protein
AJM-1 in C. elegans sensory neurons. However, it is possible
that the altered axoneme positioning observed in mapk-15
mutants reflects defects in apical junction structure/function.
Therefore, we suggest that MAPK15 plays dual roles at the
basal body and associated cell junctions.

Conclusions

In multiciliated cells, MAPK15 has been shown to regulate the
apical actin network and basal body migration in part via
phosphorylation of the actin regulator CapZIP (Miyatake et al.
2015). Our current data do not support a role for MAPK15 in
the migration and docking of basal bodies in cells containing
primary cilia. Instead, MAPK15 appears to organize the basal
body region to ensure proper localization of ciliary proteins.
Moreover, the C. elegans genome does not encode a CapZIP
ortholog, suggesting that the targets of MAPK15 function
may be different for ciliogenesis of motile and primary cilia.
In the future, identification of MAPK15 substrates in cells
with primary cilia will allow us to further characterize the
shared and divergent molecular mechanisms that underlie
the generation and function of different cilia types across
species.
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