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ABSTRACT Although multiple determinants for establishing polarity in membranes of epithelial cells have been identified, the
mechanism for maintaining apicobasal polarity is not fully understood. Here, we show that the conserved Hippo kinase pathway plays a
role in the maintenance of apicobasal polarity in the developing intestine of Caenorhabditis elegans. We screened suppressors of the
mutation in wts-1—the gene that encodes the LATS kinase homolog, deficiency of which leads to disturbance of the apicobasal
polarity of the intestinal cells and to eventual death of the organism. We identified several alleles of yap-1 and egl-44 that suppress the
effects of this mutation. yap-1 encodes a homolog of YAP/Yki, and egl-44 encodes a homolog of TEAD/Sd. WTS-1 bound directly to
YAP-1 and inhibited its nuclear accumulation in intestinal cells. We also found that NFM-1, which is a homolog of NF2/Merlin,
functioned in the same genetic pathway as WTS-1 to regulate YAP-1 to maintain cellular polarity. Transcriptome analysis identified
several target candidates of the YAP-1-EGL-44 complex including TAT-2, which encodes a putative P-type ATPase. In summary, we
have delineated the conserved Hippo pathway in C. elegans consisting of NFM-1-WTS-1-YAP-1-EGL-44 and proved that the proper
regulation of YAP-1 by upstream NFM-1 and WTS-1 is essential for maintenance of apicobasal membrane identities of the growing
intestine.
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THE polarized plasma membrane of epithelial cells is sub-
divided into apical and basolateral membrane domains,

which are separated from each other by cell–cell junctions.
These domains are structurally and functionally distinct,
and the establishment and maintenance of this apicobasal
cell polarity during development is essential for organismal
survival. Genetic screening has identified evolutionarily
conserved polarity determinants including PAR/aPKC, Scribble/
Disc Large and Crumbs complexes whose deficiencies perturb
apicobasal cell polarity (Tepass et al. 1990; Izumi et al. 1998;
Kuchinke et al. 1998; Tabuse et al. 1998; Hung and Kemphues
1999; Wodarz et al. 1999; Bilder and Perrimon 2000; Lin
et al. 2000; Suzuki et al. 2001). These membrane-associated

proteins define the identity of the membrane domains.
Polarized sorting of vesicles that contain membrane-
associated proteins into these distinct membrane domains is
important for maintenance of apicobasal polarity in expanding
membranes (Mellman and Nelson 2008; St Johnston and
Ahringer 2010). Many polarity cues have been revealed, but
how these cues are integrated during complex processes of
tissue development is not well understood.

Several in vivo studies on the nematode Caenorhabditis
elegans have shown that glycosphinglipids (GSLs) synthesis,
clathrin and its AP-1 adaptor are essential for maintenance of
the apicobasal polarity of the growing intestine, by allowing
polarized targeting of multiple apical proteins (Seamen et al.
2009; Zhang et al.2011; Shafaq-Zadah et al. 2012). In addition,
in vitro studies on lumenogenesis using mammalian cell lines,
Madin-Darby canine kidney, have found that vesicular traffick-
ing could contribute to defining membrane domains by tar-
geting polarity determinants including PARs and that the
asymmetric distribution of lipids in the plasma membrane de-
termines apical membrane identity (Bryant et al. 2010; Lu and
Wilson 2016; Román-Fernández et al. 2018). These findings
support the hypothesis that vesicles are not simply directed to
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deliver their cargo to the membrane domain, but can act up-
streamof asymmetric distribution of polarity determinants, and
that the lipid composition of themembrane contributes to spec-
ification of apicobasal membrane.

The Hippo kinase pathway is a highly conserved signaling
pathway that is present in a range of animals, from flies to
mammals; it participates in regulation of tissue-size homeo-
stasis (Harvey and Tapon 2007; Oh and Irvine 2010; Zhao
et al. 2010a). During development, when cell number rea-
ches a certain threshold, threemembrane-associated proteins
(Kibra, Merlin, and Expanded) activate the Hippo pathway,
possibly by recruiting the pathway components at the sub-
apical membrane and facilitating phosphorylation-mediated
activation of the pathway (Boggiano and Fehon 2012;
Enderle and McNeill 2013). As a result, activated LATS/
Warts kinase phosphorylates the transcriptional coactivator
YAP/Yki and inhibits its nuclear localization. In the nucleus,
YAP/Yki interacts with the transcriptional factor TEAD/Sd to
regulate the expression of several target genes that are in-
volved mainly in cell proliferation and apoptosis.

The Hippo pathway has also been implicated in cell polar-
ization. In fission yeast, a NDR/LATS kinase homolog, orb6,
acts to maintain polarized cell growth during cell cycle by
controlling localization of the small GTPase Cdc42, and also
by positively regulating exocytosis (Verde et al. 1998; Das
et al. 2009; Tay et al. 2019). In budding yeast, NDR/LATS
kinase homolog Cbk1 functions in the polarized cell morpho-
genesis under the regulation by Kic1, the MST/Hpo kinase
homolog (Bidlingmaier et al. 2001; Nelson et al. 2003; Brace
et al. 2011). In Drosophila melanogaster, Hippo signaling has
been shown to regulate apical domain size of wing imaginal
disc epithelium; loss of Hippo signaling, or overexpression of
Yki, leads to the expansion of apical domain, but does not
affect the basolateral domain. It is also noteworthy that the
apical polarity determinant Crumbs is required for this apical
hypertrophy, which results from the loss of the Hippo path-
way, but does not affect overgrowth phenotype, suggesting
that the Hippo pathway regulates apical domain size in a
manner that is independent of its functions in controlling
organ size (Genevet et al. 2009; Hamaratoglu et al. 2009).
Although how the Hippo pathway regulates apical domain size
is still unclear, it was proposed that the pathway regulates
membrane-protein turnover and endocytosis, and thereby af-
fects the amount of apical protein transport. Furthermore, the
fact that well-known polarity determinants including Crumbs,
Lgl, and aPKC, have roles in activating the Hippo pathway also
implies the crucial function of theHippo pathway downstream,
as well as upstream, of cell polarization (Chen et al. 2010;
Grzeschik et al. 2010; Ling et al. 2010; Robinson et al. 2010).

Several components of the Hippo pathway and the genetic
interactions among themare conserved inC. elegans (Cai et al.
2009; Kang et al. 2009; Iwasa et al. 2013); wts-1, yap-1, and
egl-44 are some examples of this (Iwasa et al. 2013). A study
showed that the subcellular localization of YAP-1, the worm
homolog of YAP/Yki, is regulated by WTS-1, the worm
homolog of LATS kinase, in the hypodermis. It also showed

that YAP-1 binds to EGL-44, the worm homolog of TEAD/Sd
(Iwasa et al. 2013). An interesting feature of the conservation
of the Hippo pathway in worms is that it serves different pur-
poses from its homologs reported in mammals and flies. The
Hippo pathway in the hypodermis of C. elegans is involved in
heat stress responses and in extending the health span (Iwasa
et al. 2013). Another study showed that loss of WTS-1 activity
causes defects in the maintenance of apicobasal polarity in the
intestine, but this defective polarity is not a result of abnormal-
ities in cell proliferation or apoptosis (Kang et al. 2009). It is
worthwhile to note that the wts-1 mutant worms initially es-
tablish normal apicobasal polarity, but later begin to display a
gradual misrouting of newly synthesized apical proteins to the
basolateral region in a manner that is dependent on exocyto-
sis, and, ultimately, die. This implies that the Hippo pathway is
involved in maintaining, rather than establishing, the identi-
ties of growing membranes in C. elegans.

Here, to elucidate the molecular mechanism of WTS-1-
involved maintenance of apicobasal polarity, we investigated
the genes that act downstream of wts-1 by using forward
genetic screening. We identified that mutations in yap-1
and egl-44 suppressed the defects in cellular polarity mainte-
nance and the larval lethality ofwts-1mutants.We also found
that NFM-1, the C. elegans homolog of NF2/Merlin, is also
essential to maintain apicobasal polarity of intestinal cells and
acts upstream of WTS-1 to regulate YAP-1. NF2/Merlin is the
most well identified upstream factor of the Hippo pathway, so
our genetic results showed that the conservedHippo pathway is
functional in C. elegans. We also tried to find transcriptional
target genes of YAP-1 and EGL-44 that are responsible formem-
brane disintegrity. Microarray analysis isolated several candi-
date targets including TAT-2, which encodes P-type ATPase
involved in regulatory roles in growing membrane. We also
discuss the physiological and evolutionary significance of the
maintenance of membrane integrity by the Hippo pathway.

Materials and Methods

Worm maintenance and strains

Worms were maintained at 20� and handled as previously
described (Brenner 1974), unless noted otherwise. The Bristol
strain N2 was used as the wild type. The following mutant
strainswere used: VC590wts-1(ok753)/hT2[qIs48],wts-1(ok753);
Ex[wts-1pro(2.7 kb)::wts-1::gfp, sur-5pro::sur-5::gfp], VC590;
Ex[act-5pro::gfp::act-5] (Kang et al. 2009), wts-1(of1), yap-
1(tm1416), yap-1(ys32), yap-1(ys33), yap-1(ys34), yap-1(ys37),
yap-1(ys38), egl-44(n1080), egl-44(ys39), egl-44(ys41), tat-
2(tm2332), VC555 nfm-1(ok754)/hT2[qIs48], and HT1593
unc-119(ed3). hT2[qIs48] has a pharyngeal GFP signal, and
was used as a chromosome I and III balancer. The GFP signal
was used as a marker to identify control heterozygous animals.

Molecular biology

For intestinal expression of YAP-1, the entire yap-1was cloned
into the pPD114.108 under the pept-1 promoter. For nfm-1,

502 H. Lee et al.

https://identifiers.org/bioentitylink/SGD:S000005105?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/SGD:S000001144?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00092033?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00092033?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149975?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00250409?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149970?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149971?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149972?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02148916?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02148915?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00089945?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149973?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149974?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00019166?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00019166?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00251233?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00003593?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00092034?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00006843?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00145093?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00003877?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00003593?doi=10.1534/genetics.119.302477


the full length of nfm-1a genomic DNA under its own 3-kb
promoter was cloned into the GFP containing pPD95.75 vec-
tor. For WTS-1 expression, wts-1pro (2.7 kb)::wts-1::gfp was
used (Kang et al. 2009).

Transgenic lines

For intestinal YAP-1 expression (Figure 3A), we introduced
pept-1pro::yap-1::gfp constructs with UNC-119 wild-type cop-
ies into a unc-119(ed3) background using bombardment. We
then isolated worms in which the uncoordinated phenotype
was suppressed. The penetrance of transgenes was not 100%,
so they may have been transferred as extrachromosomal ar-
rays. For coexpression of intestinal YAP-1 and somatic nuclei
marker SUR-5, we co-injected pept-1pro::yap-1::gfp constructs
with sur-5pro::sur-5::mcherry at 50 ng/ml eachwith 100 ng/ml
of pRF4, the injection marker. All other plasmids were injected
into N2, VC590, and VC555 at 100 ng/ml with 100 ng/ml of
pRF4 unless otherwise noted. Bymating, transgeneswere trans-
ferred to other mutant backgrounds.

Ethyl methane sulfonate mutagenesis and mapping of
responsible genes

To isolate suppressors ofwts-1(ok753) lethality,wts-1(ok753);
Ex[wts-1pro::wts-1::gfp, sur-5pro::sur-5::gfp] animals were
treated with 50 mM ethyl methane sulfonate (EMS), then
�10,000 worms of the F1 generation were plated. Suppressor
mutations were identified by the absence of the SUR-5::GFP.
Fourteen independent suppressor lines were obtained and
backcrossed to the parent line more than four times. Single-
nucleotide polymorphism (SNP) mapping and manual se-
quencing of the YAP-1 and EGL-44 coding regions identified
that five of these lines had mutations in the YAP-1, and two of
them had mutations in the EGL-44 gene. To determine
whether the suppressor mutation is dominant or recessive,
we introduced one copy of each suppressor allele into wts-
1(ok753) homozygote by mating, and observed that it is
sufficient to rescue larval lethal phenotype of wts-1(ok753)
without wild-type copy of WTS-1. Only wts-1(ok753); yap-
1(ys34)/+, wts-1(ok753); yap-1(ys37)/+ survived. For
the complementation test, yap-1(tm1416) or egl-44(ys39)
were used to determine whether the mutations in the
remaining suppressor lines are located in the yap-1 or in
the egl-44 gene.

Fluorescence microscopy

To observe GFP::ACT-5 distribution and YAP-1::GFP subcel-
lular localization, fluorescence microscopy (Axioplan2; Carl
Zeiss) was used. All fluorescence images were acquired using
the confocalmicroscope (ZEISS LSM700; Carl Zeiss) andZEN
software (Carl Zeiss).

Analysis of L1 viability

To measure L1 viability of worms, 20 day 1 gravid adult
worms were transferred to a Nematode Growth Medium
(NGM) agar plate and removed after 2–3 hr, leaving the laid
eggs. We counted the number of embryos and, after 1 day,

counted the number of unhatched embryos; 2 days later, we
checked the number of adults. L1 viability was calculated as
the ratio of the number of adults to the total number of
hatched L1 individuals (total number of embryos – the num-
ber of unhatched embryos). We used same methods for phe-
notype analysis (Figure 6E). Experiments were repeated at
least three times.

Analysis of cellular polarity

We monitored the sorting of apical proteins by observing the
GFP::ACT-5 distribution. For each genotype, 20 day 1 adults
were transferred to NGM plates and removed after 12 hr;
1–2 days later, the distribution of GFP::ACT-5 was observed.
VC590 wts-1(ok753)/hT2[qIs48] or VC555 nfm-1(ok754)/
hT2[qIs48] was maintained as heterozygotes, so, for cell po-
larity analysis of wts-1 and nfm-1, we inspected the newly
hatched L1 and isolated control heterozygotes that expressed
pharyngeal GFP, and mutant homozygotes that did not express
pharyngeal GFP, then transferred them to new NGM plates
separately. On the day that worms hatched, and 1–2 days
later, L1-arrested wts-1 or nfm-1 homozygous mutants were
used for analysis of the cellular polarity. Worms were classified
into three groups; “apical,” which show apical localization of
ACT-5; “+ basolateral,” which show apical and basolateral
localization of ACT-5; and “+ bubble-like,” which have ACT-5
in bubble-like structures, in addition to the apical and basolat-
eral sides. Experiments were repeated at least three times.

YAP-1 subcellular localization analysis

For wts-1 RNAi, four to six L4 worms were transferred to
wts-1 RNAi plates and control plates, phenotype was scored
in their F1 progeny at the L1 stage since wts-1 knockdown
induces L1 arrest phenotype. To quantify subcellular localiza-
tion of YAP-1::GFP, worms were classified into four groups;
“cytoplasmic,” which shows exclusive localization of YAP-
1::GFP in the cytoplasm; “intermediate (L, low),” which has
nuclear and membranous YAP-1::GFP only in anterior intes-
tine cells; “intermediate (M, medium),” which displays YAP-
1::GFP in nucleus andmembrane of several intestinal cells, in
addition to the anterior intestine; and “nuclear + membra-
nous,” which shows nuclear and membranous YAP-1::GFP
expression throughout the entire intestine. Experiments were
repeated three times.

RNAi feeding experiments

For wts-1 RNAi, wts-1 cDNA(bases 350–1550) was cloned
into the L4440 vector (Kang et al. 2009). For nfm-1 RNAi,
we used the construct from the C. elegans ORFome library.
Formob-1, cst-1, cst-2 RNAi, entire cDNA region of each gene
was cloned into the L4440 vector. For other genes RNAi, we
used constructs from the J. Ahringer library. RNAi feeding
experiments were performed using standard methods.

Yeast two-hybrid screen

Thewts-1 bait (full length, 2727 nt) was cloned into BamHI/
PstI sites of the pGBKL vector. The construct was transformed
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into yeast strain PBN204; the resultant strain was tested for
expression ofwts-1 and absence of autoactivation. This strain
was transformed using a C. elegans cDNA AD library in pPC86
vector (PanBioNet, Korea).

GST pulldown assay

yap-1 full-length cDNA was cloned into pGEX-4T1 vector,
then introduced into BL21. GST-YAP-1 was incubated with
glutathione sepharose beads (Amersham) in sonication buffer
[20 mM HEPES-KOH/pH 7.6, 300 mM potassium acetate,
20% glycerol, 2 mMEDTA, 10 mMMgCl2, 1 mMDTT, 1 mM
PMSF, protease inhibitor (Calbiochem)] + 1.5% Triton X-100
at 4�. Beads were washed three times with sonication buffer.
wts-1 full-length,N-terminus, andC-terminus formsof cDNAwere
cloned into the pCDNA3.1 vector. To obtain mutant wts-1 con-
struct on PPxY motif (Y-to-A mutation), a site-directed muta-
genesis kit (Stratagene) was used. To obtain in vitro-translated
WTS-1 proteins, these constructs were used as template for
coupled in vitro transcription/translation (TNT; Promega), in
the presence of 2 mCi [35S] methionine. The 1 ml of radiolabel-
ed WTS-1 proteins were incubated with the GST-beads or GST-
YAP-1-beads in GST pulldown buffer (20 mM Tris acetate/
pH 7.9, 100 mM potassium acetate, 10% glycerol, 0.1 mM
EDTA, 0.2% NP-40, 1 mM DTT, 1 mM PMSF, protease inhib-
itor) + 1% BSA at 4� overnight, washed three times with
GST pulldown buffer, then analyzed using SDS-PAGE and
autoradiography with a Fuji phosphorimager.

Gene expression comparison by microarray and
data analysis

To collect embryos of N2 and yap-1(ys38), gravid adults from
10 plates of 10-cm NGM were bleached. Total RNA was
extracted from three biological replicates using the freeze-
thaw method. The isolated RNA was qualified and used as
templates for cDNA synthesis in the Genome Research Facil-
ity of the Seoul National University, using an Affymetrix chip
(Seolin bio, Seoul, Korea) containing 22,625 gene probes
that target 22,150 genes from C. elegans. The chip data were
analyzed using the Microarray Suite version 5.0 (MAS 5.0)
with global scaling performed as the normalization method
using Genplex ver.3.0 (istech). The results of one sample of
N2 were significantly different from those of the other two
replicates, and were therefore excluded from the analysis.
Significant genes were obtained by calculating fold-change
and Welch’s T-test (P-value#0.05) using a Volcano Plot and
filtering absent (A) by detection call.

Quantitative real-time PCR

Embryos of N2, yap-1(tm1416), egl-44(ys39), and egl-44(ys41)
were obtained by the standard bleaching method. To collect
wts-1(ok753) heterozygous and homozygous mutants, VC590
wts-1(ok753)/hT2[qIs48] gravid adults were bleached, then,
1 day later, hatched L1 worms were sorted based on pharyn-
geal GFP, which marked heterozygous mutants, using a Bio-
sorter instrument (UNION BIOMETRICA). Total RNA of the
obtained embryos or L1 larvae were extracted using TRI

reagent (Molecular Research Center) by the freeze-thaw
method. cDNA was synthesized with TOPscript reverse tran-
scriptase (Enzynomics) using oligo(dT) primer. Quantitative
real-time PCR was performed using Bio-Rad iQ SYBR Green
supermix in Bio-Rad CFX connect as described in manufac-
turer’s manual. Primers used for the validation of the 20 top-
ranked candidate genes are provided in Table 1. For all cases,
the expression levels of act-1/3 genes were used as control. For
act-1/3, we used forward: 59-ACGCCAACACTGTTCTTTCC-
39, reverse: 59-GATGATCTTGATCTTCATGGTTGA-39 primers.
At least three biological replicates were used for analysis.

Data availability

Strains and plasmids used in this study are available upon
request. Supplemental files are available at FigShare. Supple-
mentalMaterial, Table S1 contains results of yeast two hybrid
screening using WTS-1 as a bait. Table S2 is the list of genes
whose expressionwas affected in the absence of YAP-1. Figure
S1 shows thatWTS-1 and YAP-1 bind to each other. Figure S2
shows subcellular localization of intestinal YAP-1 in worms in
which Hpo pathway components were knocked down. Figure
S3 shows larva arrest phenotype of wts-1(of1) which has a
point mutation in the 863rd threonine residue of WTS-1.
Figure S4 shows the validation of candidates for target genes
of YAP-1 and EGL-44 complex. Figure S5 shows tat-2 as a
candidate of yap-1 and egl-44 target. Figure S6 shows sph-
ingolipid deficiency-mediated phenotype analysis of yap-
1(tm1416). The raw data of the microarray experiment were
deposited in the Gene Expression Omnibus (GEO) under the
Subseries GSE133667. Supplemental material available at
FigShare: https://doi.org/10.25386/genetics.8993831.

Results

Identification of yap-1 and egl-44 as genetic
suppressors of the wts-1 lethality phenotype

Worms that lack WTS-1 display lethality in early larval stage
because of defects in apicobasal polarity in their intestinal
membranes (Kang et al. 2009) (Figure 2, A and B). They
establish normal apicobasal polarity at the beginning, but
they fail to maintain it and gradually begin to show baso-
lateral and bubble-like distribution of apical proteins, form-
ing multiple ectopic lumen-like structures. To elucidate how
WTS-1 participates in maintenance of cellular polarity in
the expanding membrane, we performed a forward genetic
screening to identify factors downstream of WTS-1. wts-1
mutants of which lethality was rescued by expressing wild-
type copies of WTS-1 fused GFP with SUR-5::GFP as a trans-
gene marker were treated with EMS to create mutants. In the
F2 generation, we isolated worms that survived without
transgene expression (Figure 1A); 10,000 F1 screenings
yielded 14 independent suppressor lines, which were then
maintained. SNP mapping and manual sequencing demon-
strated that five of them hadmutations in yap-1, whereas two
of them had mutations in egl-44 (Figure 1, B and C). yap-1
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and egl-44 have been suggested to be C. elegans homologs of
YAP/Yki and TEAD/Sd, respectively, which are highly con-
served downstream factors of LATS/Warts kinase (Iwasa
et al. 2013). Of the five alleles of the mutant yap-1, yap-
1(ys34), and yap-1(ys37), which produced truncated YAP-1
proteins containing a WW domain, were dominant whereas
other alleles were recessive (Figure 1B). By a complementa-
tion test, we determined that four of the remaining seven
suppressor lines had mutations in yap-1, and three had muta-
tions in egl-44, not in yap-1. The fact that yap-1 and egl-44 are
the only two genes whose mutations were recovered from the
genetic screen strongly suggests that they are the major, if not
the only, downstream effectors of wts-1 in these phenomena.

WTS-1 interacts directly with WW domain of YAP-1
through PPxY motifs

To determine whether WTS-1 interacts with YAP-1 directly,
we performed a GST pull-down assay. WTS-1 bound GST
fused YAP-1, but not GST alone; this result indicates that

WTS-1 interacts directly with YAP-1(Figure S1C). The
N-terminus region of WTS-1, including two putative PPxY
motifs and a N-terminal regulatory domain (NTR), bound to
YAP-1, but the C-terminus region did not; this region includes
the kinase domain and following hydrophobic motif (HM;
Figure S1, A and C). This result is consistent with the notion
that the PPxYmotif in LATS kinase is essential to bind YAP. To
test whether putative PPxY motifs in the N-terminal region of
WTS-1 are necessary for binding with YAP-1, we abrogated
themotifs bymutatingY residues toA. TheY398Amutation in
WTS-1 did not affect the interaction. In contrast, Y221A
mutation reduced, but did not completely abolish, the in-
teraction; thedoublemutationatY221AandY398Aabolished
the interaction betweenWTS-1 and YAP-1 almost completely.
These results indicate that both of these Y residues are in-
volved in thebindingbetweenWTS-1andYAP-1,withY221as
a major site (Figure S1C).

We identified 10 putative binding partners (Table S1),
including YAP-1, by performing unbiased yeast two-hybrid
screens using full-length WTS-1 as a bait (Table S1). Consis-
tent with the previous report that WTS-1 interacts with WW
domain of YAP-1 (Iwasa et al. 2013), eight different preys
contained parts of the YAP-1 protein with the WW domain
(Figure S1B). These data indicate that WTS-1 binds directly
to the WW domain of YAP-1 through its PPxY motif.

Mutations of yap-1 and egl-44 suppress polarity defects
of wts-1 mutant animals

yap-1 and egl-44 mutations can suppress the early larval ar-
rest phenotype ofwts-1mutants. In addition to the five alleles
that were obtained from our screen, a putative null mutation
of yap-1(tm1416) also allowed awts-1mutant to develop to a
postlarval stage (Figure 2A). For egl-44, the conventional
mutant egl-44(n1080) failed to suppress early larval lethality
in wts-1(ok753) (data not shown), and we excluded this al-
lele from our analysis (see Discussion). yap-1 and egl-44 mu-
tations that suppress the lethality also suppressed the polarity
defects of wts-1 mutants. Double mutants with wts-1 and
either a yap-1 or an egl-44 mutant allele displayed normal
distribution of apical protein ACT-5 on the luminal mem-
brane of the intestine (Figure 2B). Although wts-1; yap-
1(ys32) mutants showed abnormal distribution of ACT-5 in
the basolateral region, they retained more intact membrane
than did wts-1 single mutants, and were able to overcome
lethality (Figure 2, A and B). These data suggest that induc-
tion of polarity defects and eventual death in wts-1 mutants
requires both YAP-1 and EGL-44. Thus, appropriate regula-
tion of YAP-1 and EGL-44 by WTS-1 during development is
essential for the polarized sorting of newly synthesized pro-
teins and for maintaining apicobasal polarity in expanding
membranes.

WTS-1 regulates subcellular localization of YAP-1 in
the intestine

During development, subcellular localization of YAP is tightly
regulated by the upstream components of the Hippo pathway,

Table 1 Primers used for validation of the candidate genes

ORF name Gene name Primers

F32A7.6 aex-5 F: 59-GTTTGAGGCTCAGTGGAAGC-39
R: 59-GCTTCCCGGATGTAAAGTGA-39

F15E11.13 pud-1.1 F: 59-ATGGGATGCGGATAAGTCTG–39
R: 59-CCGATTTGGTGACCTTTGTT-39

F37A4.3 F: 59-CAATTCTCCGGGATTTTCAC-39
R: 59-TTTCCGGCAAATACCTAACG-39

H22K11.4 sgca-1 F: 59-TCGAACGTCGAAATCATTCA-39
R: 59-TGTGACCGGTGTGCCTATTA-39

Y4C6B.3 F:59-GTGAGCGGAGTGATCTGTGA-39
R: 59-TTTCCAAGCTCTTTGGCACT-39

F28H6.1 akt-2 F: 59-CTTTTGCGGAACACCAGAAT-39
R: 59-TTCGAAGAGTTTGCCGTTCT-39

F58G11.1 letm-1 F: 59-CTAGATGGTGCATTCGCTGA-39
R: 59-CAAATCAACGCTGTTCTCCA-39

F54F2.7 F: 59-GGATTTTGGAACGACGAAGA-39
R: 59-GAACACCTGCTCTCACGACA-39

C16A11.9 fbxc-43 F: 59-ATCGGATAACCCCCTAATCG-39
R: 59-TATTCCCGGTCTTGTTGGAG-39

C52E12.4 ist-6 F: 59-AAGGTGGAGGACACAATTCG-39
R: 59-GTTGTGCCGAGTAACGGAAT-39

F11C1.1 F: 59-ACACCAACCCGAATGATGTT-39
R: 59-CACTCCATAAACGCCATCAA-39

H13N06.2 F: 59-TGGGAAATCGAAGAAACCTG-39
R: 59-TTTTGCCATTTGGTTCTTCC-39

K10B2.2 ctsa-1 F: 59-AGCGACCAAGTTGGAAAGAA-39
R: 59-GCCTCGTTCACTTTCTCCTG-3

Y39B6A.33 F: 59-CCGAAATACGGAAAAGACGA-39
R: 59-ATGTGAATCCTGCTCCTTGG-39

H06H21.10 tat-2 F: 59-CTGTTTTGGCAATGGGATCT-39
R: 59-TGCGTTGTAAAATGCACCAT-39

ZC434.3 F:59-ATGTTGGAACCGACCCATTA-39
R: 59-AATCAAATCTCCAGCCATGC-39

T19D12.7 oig-8 F: 59-TCCGCTCGTTTCAGAAAGTT-39
R: 59-TCCAGGCATTTCATCAACAA-39

F56C9.7 F: 59-TTGGCAATTGGAACGTGTAA-39
R: 59-TTGAACGAATTGCTGACGAG-39

R193.2 F: 59-AGTCGGTCCATCTTCCACAC-39
R: 59-TGCCAAATCTGCGTCAGTAG-39

D1025.4 nspc-20 F: 59-GTTTTGTGCAGGTGTCAACG-39
R: 59-AGGTAACGACGATTGCATCC-39
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whereas TEAD is constitutively localized in the nucleus
(Vassilev et al. 2001). Activated LATS kinase phosphorylates
YAP and inhibits its function as a transcriptional coactivator
in the nucleus. Phosphorylated YAP is sequestered in the
cytoplasm by interaction with the 14-3-3 complex (Vassilev
et al. 2001; Zhao et al. 2007) or undergoes phosphodegron-
mediated degradation (Zhao et al. 2010b). Loss of LATS
kinase activity induces nuclear accumulation of YAP and
abrogates the transcriptional regulation of target genes
(Hao et al. 2008). In C. elegans, YAP-1 is expressed in various
epithelial tissues including the hypodermis and the intestine.
In the hypodermis, yap-1 is localized in the nuclei at the
beginning of ventral enclosure. Afterward, YAP-1 is seques-
tered in the hypodermal cytoplasm throughout the larval
stages in a manner that is dependent on WTS-1 (Iwasa
et al. 2013). EGL-44 expressed more widely than YAP-1
and is observed in the nuclei in various sites including intes-
tine, hypodermis, and neuronal cells throughout develop-
ment (Wu et al. 2001). These distributions are consistent
with the regulatory modalities of YAP/Yki and TEAD/Sd in
other organisms.

Tomaintain intestinal apicobasal polarity, WTS-1 acts cell-
autonomously. Intestinal expression of WTS-1 is sufficient to
prevent larval lethality of wts-1 mutants (Kang et al. 2009).
To investigate the subcellular localization of YAP-1 and its
regulatory mechanisms in the intestine, we expressed GFP-
fused YAP-1 in intestinal cells by using the intestine-specific
promoter pept-1. From the L1 stage onward, intestinal YAP-1
was sequestered in the cytoplasm (Figure 3A). Only in late
embryos and just-hatched L1 worms, YAP-1 was detected in
the nucleus and luminal membrane of the intestine. Although
the localization pattern of intestinal YAP-1 seemed to be
highly mosaic in individual animals, anterior cells including
int1 largely showed nuclear and membranous localization of
YAP-1. This localization was not observed during other de-
velopmental stages (Figure 3A). Knockdown of WTS-1 activ-
ity by RNAi induced L1 larval arrest phenotype as previously
reported (Kang et al. 2009) and led to the accumulation of
YAP-1 in the nuclei and luminal membranes of intestinal cells
in the arrested larva (Figure 3B). These data suggest that
WTS-1 is involved in the regulation of the subcellular local-
ization of YAP-1 in the postembryonic intestine, too.

Figure 1 YAP-1 and EGL-44 are downstream targets of WTS-1 (A) Schematic diagram of the EMS mutagenesis screening to obtain wts-1 suppressors in
the wts-1(ok753); Ex[wts-1pro::wts-1, sur-5pro::sur-5::gfp] background. In the parents, extrachromosomal WTS-1 rescues wts-1(ok753) mutant from
larval lethality. From the F2 generation, we isolated adult worms that did not express SUR-5::GFP; this result indicates that the mutation of the
suppressor gene overcame the mutant wts-1 larval arrest phenotype. (B) Structure of yap-1. Dark gray boxes: exons; connecting lines: introns; black
boxes: untranslated regions. ys32 is a missense mutation in the WW domain, caused by a C to Y change. ys33 disrupts the splice acceptor site of the
fifth intron. ys34 and ys37 are dominant mutations that have premature stop codons after the WW domain. ys38 changes R to a stop codon at the
N-terminus of YAP-1. tm1416 is almost completely deleted from the fifth to the sixth exon including the WW domain. (C) The egl-44 structure. ys39 and
ys41 abrogate the C terminal region of EGL-44. ys39 ruins the 39 splicing site ahead of the 10th exon. ys41 creates a premature stop codon in the eighth
exon. n1080 is a missense mutation in the TEA/ATTS domain. Bar, 200 bp
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NFM-1, the NF2/Merlin homolog, is also involved in the
polarity maintenance

Merlin/NF2 has been suggested to act upstream of the core
kinase components of the Hippo pathway in a cooperative
manner with Expanded and Kibra, but the molecular mech-
anism of how these upstream components activate down-
stream kinase cascades was not clear (Hamaratoglu et al.
2006; Baumgartner et al. 2010; Genevet et al. 2010; Yu
et al. 2010; Zhang et al. 2010). A recent study shows
that Merlin and Kibra colocalize at the apical membrane of
epithelial cells and recruit Hpo kinase to the apical mem-
brane for activation in parallel to Extended (Su et al.
2017). C. elegans has one homolog of NF2/Merlin, NFM-1
(Göbel et al. 2004; Josephson et al. 2017). NFM-1 shares
some characteristics of the Merlin/NF2, including the FERM
domain at the N-terminus following the a helix domain (Fig-
ure 4A). Previous studies showed that NFM-1 is expressed
in several tissues including intestine, body wall muscle, and

hypodermis, and has a cell nonautonomous function in mi-
gration of Q neuroblasts (Josephson et al. 2017). Within cells,
NFM-1 is localized in the basolateral domain of epithelial
tissues, but its precise function in the epithelial cell has not
yet been determined (Göbel et al. 2004). We observed that
NFM-1 translational reporter showed expression in various
epithelial tissues, including intestine and hypodermis, as well
as in gonad sheath cells (Figure 4, B–I). It was also localized
subcellularly in both apical and basolateral membranes of
the intestine (Figure 4, D and G).

Remarkably, nfm-1(ok754), similar to wts-1(ok753), dis-
played a gradual conversion of apicobasal polarity and be-
came lethal during the first larval stage (Figure 5A and Figure
6, A and B). In nfm-1 homozygote worms, intestinal cells
initially showed the normal distribution of ACT-5 at the
apical membrane, but gradually displayed basolateral and
bubble-like distribution. This indicates that, similar to wts-1,
nfm-1 activity is required to maintain intestinal polarity.

Figure 2 Mutations in yap-1 or egl-44
suppress wts-1 mutant phenotypes (A)
Results of phenotypic analyses of wts-1,
yap-1, egl-44, wts-1; yap-1, wts-1; egl-
44 mutant worms. L1 viability is calcu-
lated as the ratio of the number of adult
worms to total number of hatched L1
worms. (B) GFP::ACT-5 localization in
the wild type N2, wts-1 mutant, and
double mutant with wts-1 and various
alleles of yap-1 or egl-44. Upper panel:
“+ basolateral” = worms that showed
apical and basolateral localization of the
protein; “+ bubble-like” = worms that
had proteins localized in bubble-like
structures, in addition to the apical
and basolateral sides. Two days after
hatching, ACT-5 localization was mea-
sured. At the time of observation, wts-1
mutants were arrested at the L1 stage.
The wild type, wts-1; yap-1, and wts-1;
egl-44 worms were at the L4 stage.
Lower panel: representative images of
GFP::ACT-5 distribution in each geno-
type of the worms. Arrow: laterally localized
GFP::ACT-5. Data: average percentages of
worms 6 SD: Bar, 10 mm.
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To determinewhether the polarity defects and larval lethal-
ity of nfm-1 are also consequences of misregulated YAP-1, we
introduced a yap-1 mutation into nfm-1(ok754), and found
that loss of yap-1 led to post-L1 development of nfm-1mutants
(Figure 6E). About 60% of nfm-1(ok754); yap-1(tm1416)
double mutants developed until the late L3 stage, in which
intestinal polarity defects were successfully rescued (n = 48,
apical: 95.8%, apical + basolateral: 4.2%; Figure 6D), but
these mutants failed to develop to the adult stage possibly
because of defects in germline development (Figure 6E). Con-
sistent with these findings, extrachromosomal expression of
NFM-1 in nfm-1 mutants allowed only post-L1 development.
Rescued worms developed until the late L3 stages and then
died, similar to the nfm-1; yap-1 double mutants (Figure 6C).
nfm-1 may have additional and essential roles for the post L3
development in the germline, and the failure to rescue might
have come from transgene silencing in the germline of worms
(Kelly et al. 1997). In addition, the functions of nfm-1 in the
germline may be independent of YAP-1 activity. Nevertheless,
our genetic data indicate that NFM-1 acts upstream of YAP-1
to maintain intestinal polarity.

To determine how NFM-1 regulates YAP-1, we observed
WTS-1 localization in nfm-1(ok754). Normally, WTS-1 is pre-
sent only at the subapical region of intestinal cells (Kang et al.
2009) (n = 122, apical = 100%; Figure 5B). However, in
nfm-1(ok754), we found thatWTS-1 was also localized in the
basolateral domain of intestine (n = 75, apical = 8%, api-
cal and basolateral = 92%; Figure 5B). This result suggests

that NFM-1 acts upstream of WTS-1 to regulate YAP-1, and
that the conserved NFM-1-WTS-1-YAP-1-EGL-44 pathway
functions in maintaining apicobasal polarity in C. elegans
intestine.

Hpo kinase-dependent phosphorylation of WTS-1 may
be conserved in worms

The highly conserved MST/Hippo(Hpo) kinase functions as
one of the core Hippo pathway components along with LATS/
Warts and YAP/Yki. Whether the entire Hippo pathway is
conserved in C. elegans remains controversial (Yang and Hata
2013). In the hypodermis, WTS-1 was the only component of
the Hippo pathway that controlled YAP-1; therefore, LATS
kinase, YAP, and TEAD, but no other components, have been
identified as possible conserved signaling components in
C. elegans (Iwasa et al. 2013; Yang and Hata 2013). RNAi
against each worm homolog of the Hippo pathway compo-
nents except WTS-1 failed to induce nuclear accumulation of
YAP-1 in the intestine (Figure 3B and Figure S2); this obser-
vation is consistent with the results in the hypodermis.
Knockdown of CST-1 and CST-2—the worm homologs of
MST/Hpo kinase—only partially triggered the nuclear local-
ization of YAP-1 in the intestine. Furthermore, a recent study
shows that simultaneous loss of both CST-1 and CST-2 does
not result in organismal death (Feng et al. 2017). We as-
sumed that the loss of the worm homolog of Hippo kinase,
the upstream regulator of WTS-1, should lead to polarity
defects and larval lethality, if conserved. Thus, CST-1 and

Figure 3 Regulation of the subcellular
localization of YAP-1 in intestine. (A)
Subcellular localization of intestinal
YAP-1 in developing worms. Nuclear
(arrowhead) and membranous (arrows)
localization of YAP-1 was restricted to
late embryos and early L1-stage worms.
From L1 stage, intestinal YAP-1 was
consistently localized in the cytoplasm.
(B) WTS-1-mediated regulation of
subcellular localization of YAP-1 in
intestine. Nucleus was labeled with
SUR-5::mCherry. Knockdown of WTS-1
by RNAi caused nuclear (arrowheads)
and membranous (arrow) localiza-
tion of intestinal YAP-1 in larva. Right
graph: quantified results. “cytosplas-
mic”: worms that show exclusive ex-
pression of YAP-1::GFP in cytoplasm;
“intermediate (L, low)”: worms that
show nuclear and membranous YAP-
1::GFP only in anterior intestine; “inter-
mediate (M, medium)”: worms that
have nuclear and membranous YAP-
1::GFP in anterior intestine and some
other intestinal cells; “nuclear + mem-
branous”: worms that show nuclear
and membranous YAP-1::GFP through-
out the entire intestine. Data: average
percentages of worms 6 SD: Bar,
10 mm.
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CST-2 do not appear to be parts of the Hippo pathway in
C. elegans. To identify the C. elegans Hpo kinase that acts in
the developing intestine, we screened all putative Ste20-like
kinases of worms that are expressed in epithelial tissues, in-
cluding the intestine, that are essential for viability whose
deficiency triggers larval lethality. The genes that meet these
criteria are gck-3, gck-4, and kin-18. The loss of yap-1 activity
could not suppress the lethal phenotype of any of the mu-
tants. However, independent genetic screening for lethal

mutations detected a single point mutation (T863I) in the
hydrophobic motif of WTS-1, caused early larval lethality
(Figure S3, A and B). T863, along with S700, is one of two
evolutionarily conserved phosphorylation residues of LATS/
Warts; these two sites are essential for phosphorylation-
mediated activation by MST/Hpo kinase (Chan et al. 2005;
Kang et al. 2009). Although we have not identified the Hpo
ortholog in C. elegans, the genetic results suggest that the
phosphorylation-mediated regulatory mechanism of WTS-1
by a Hpo kinase may be conserved in the nematode.

Identification of YAP-1 and EGL-44 target genes

Our genetic data suggest that the constitutive localization of
YAP-1 in the intestinal nuclei of wts-1 mutants leads to api-
cobasal polarity defects and organismal lethality in a manner
that is dependent on EGL-44. This inference implies that the
misregulated target genes of YAP-1 and EGL-44 are respon-
sible for the polarity defects and the eventual lethality of
wts-1 mutants. In other organisms, YAP/Yki and TEAD/Sd
complexes in the nucleus regulate the expression of several
genes like cyclin E, diap, and bantam, which promote organ
growth (Harvey et al. 2003; Hu et al. 2004; Wei et al. 2007).

To identify target genes of the Hippo pathway for cellular
polarity maintenance, we compared the expression levels of
all the genes of yap-1(ys38) mutants to those of wild-type
worms by using a microarray experiment. Nuclear localiza-
tion of endogenous YAP-1 is limited to embryos and very
early L1 stages (Figure 3A) (Iwasa et al. 2013), so we col-
lected the embryos of each genotype for mRNA extraction.
We found that 29 genes were significantly downregulated,
and 51 were upregulated in the absence of YAP-1 activity
(Table S2). TEAD/Sd is usually involved in YAP/Yki-medi-
ated gene inductions (Lin et al. 2000), so we focused on the
genes that were downregulated in yap-1(ys38). To select
candidates for the Hippo pathway target genes, we measured
the expression levels of these genes in the different mutant
alleles of yap-1(tm1416), egl-44(ys39), and egl-44(ys41).
Eight genes of the top-ranked 20 genes were consistently
downregulated in all yap-1 and egl-44 mutants (Figures S4
and S5, A and B). Among the eight genes, TAT-2 was the only
candidate for which the intestinal function is known and
mutants were available. In addition, TAT-2 expression level
was increased in larva that lacked wts-1 (Figure S5C).

The tat-2 mutant was previously isolated by genetic
screening for suppressors of sphingolipid deficiency-mediated
larval death (Seamen et al. 2009). sptl-1 encodes a puta-
tive serine palmitoyltransferase, and its activity is required
for sphingolipid synthesis (Zhang et al. 2011). Knockdown of
sptl-1 by RNAi caused defects in polarized protein sorting in
the growing intestine, which eventually led to early larval
death (Seamen et al. 2009; Zhang et al. 2011). Introduction
of a tat-2 mutation into this sphingolipid-deficient worm
caused it to bypass organismal lethality without restoration
of lipid synthesis (Seamen et al. 2009). Interestingly, we
found that the loss of YAP-1 also partially suppressed lethal-
ity of sphingolipid deficiency (Figure S6). These results

Figure 4 NFM-1, the NF2/Merlin homolog, is expressed in various tissues
including intestine (A) The structure comparison of NF2/Merlin and NFM-
1 genes. Numbers: amino acid identity with NFM-1. (B–I, I9) Expression
pattern of translational reporter of NFM-1. (B–D) NFM-1::GFP expression
in intestine of embryos. NFM-1 localized at apical (a) and lateral (l) mem-
brane. (E) NFM-1::GFP expression in the hypodermal membrane of em-
bryos. (F–I) NFM-1::GFP was expressed in the (F) pharynx, (G) intestine, (H)
vulva and uterus, and (I, I9) gonad sheath cell at postembryonic stage.
“a,” “b,” and “l” mean apical, basal, and lateral membrane in the in-
testine, respectively, in (G). Bar, 10 mm.

Hippo Pathway in Apicobasal Polarity 509

https://identifiers.org/bioentitylink/WB:WBGene00013355?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007287?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00002201?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02148915?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02148915?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBVar00250409?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149973?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
http://identifiers.org/bioentitylink/WB:WBVar02149974?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00008748?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00001208?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00007047?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00019166?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00016020?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00016020?doi=10.1534/genetics.119.302477
https://identifiers.org/bioentitylink/WB:WBGene00019166?doi=10.1534/genetics.119.302477


indicate that TAT-2 is one of the possible target genes of
YAP-1 and EGL-44 responsible for defective cell polarity.

We speculated that ectopically increased TAT-2 was re-
sponsible for the disruption of the apicobasal membrane
polarity, and consequent early larval lethality ofwts-1mutants.
To test this hypothesis, we introduced a tat-2 mutation into

wts-1 mutants. However, the loss of tat-2 alone failed to sup-
press the larval lethality of wts-1 mutant; this result indicates
that tat-2 is not the only target gene. It suggests that defective
polarity of the intestinal membrane requires upregulation of
other target genes than tat-2 by improperly activated YAP-1.

Discussion

In expanding epithelial membranes, the polarized sorting of
newly synthesized proteins to distinct membrane domains is
essential for the maintenance of structural integrity of the
membranes and for the survival of the organism. In the de-
veloping intestine of C. elegans, WTS-1, the worm homolog of
LATS kinase, is necessary for sorting of newly produced apical
proteins to the apical membrane domain (Kang et al. 2009).
Loss of WTS-1 activity causes basolateral sorting of several
apical proteins, resulting in membrane disintegration and
organismal death. This abrogated protein sorting occurs in
an exocytosis-dependent manner since knockdown of the
exocyst complex genes suppresses protein mislocalization
of wts-1 mutant (Kang et al. 2009). In this study, we have
shown that the conserved Hippo pathway, consisting of
NFM-1, WTS-1, YAP-1, and EGL-44, is functional in worms
and that the spatio-temporal regulation of YAP-1, by upstream
signaling through NFM-1 andWTS-1, is essential to maintain
apicobasal membrane polarity in the developing intestine. In
the absence of the Hippo pathway, disinhibited YAP-1 enters
the nucleus and causes malfunctions in the EGL-44-mediated
transcriptional regulation. As a result, dysregulated targets
including TAT-2 may lead to basolateral trafficking of newly
synthesized apical proteins possibly by affecting membrane
identities of growing intestine and result in consequent fail-
ure of lumenogenesis and death of the organism (Figure 7).

Our genetic screens repeatedly identified mutations in yap-1
and egl-44 as downstream suppressors of the wts-1 mutation.
Although one cannot rule out the possibility that unrevealed
WTS-1 downstream factors other than yap-1 and egl-44 exist
because larval viability was not fully restored in the suppressor
lines, it is obvious that YAP-1 and EGL-44 are the major, if not
sole, effectors of WTS-1 in the maintenance of apicobasal po-
larity. YAP-1 and EGL-44 are worm homologs of YAP/Yki and
TEAD/Sd, which are known downstream factors of LATS/
Warts kinase. A deletion mutation in yap-1, tm1416, also
suppresses the phenotype of wts-1 mutants. However, egl-
44(n1080), in which EGL-44-mediated neurogenesis is defec-
tive (Vassilev et al. 2001), failed to suppress the wts-1mutant
phenotype. The C-terminal region of TEAD/Sd is responsible
for binding to YAP/Yki (Hao et al. 2008). Therefore, an EGL-44
protein with an abrogated C terminal in egl-44(ys39) and egl-
44(ys41)might be more defective in binding with YAP-1 than
is an EGL-44 that has a missense mutation in its fifth exon in
egl-44(n1080).

TheWWdomain of YAP is a well-known proteinmotif that
binds the PPxY motif found in several components of the Hippo
pathway, including LATS kinase. These proteins bind and inacti-
vate YAP in manners that are both phosphorylation-dependent

Figure 5 NFM-1, which may be the upstream regulator of WTS-1, is
involved in the maintenance of intestinal membrane polarity. (A) Defec-
tive GFP::ACT-5 localization in nfm-1 mutant. nfm-1 mutant initially
established normal apical polarity, but gradually lost the polarized distri-
bution of GFP::ACT-5 at the apical domain. Lower graph: quantified
results. Worms were categorically scored and quantified as done in Figure
2B. (B) WTS-1 subcellular localization in nfm-1(ok754)/+ and nfm-
1(ok754) intestines. (A and B) hT2[qIS48], which has a pharyngeal GFP
signal, was used as a dominant balancer for nfm-1. The GFP signal was
used as a marker to identify control heterozygotes. Bar, 10 mm.
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(Huang et al. 2005) and phosphorylation-independent (Oh
et al. 2009). In our suppressor lines ys34 and ys37, which lack
WTS-1, the imperfect YAP-1 that contains the WW domain
might compete with the intact YAP-1 for binding with the PPxY
motif of other unknown binding factors and display dominant
effects. Consistently, cell-line experiments showed that C ter-
minal YAP that contains the WW domain has dominant nega-
tive effects (Yagi et al. 1999). All of these data suggest the
presence of unknown binding partners containing PPxY motifs
that positively regulate YAP-1. While several inhibitory up-
stream regulators of YAP/Yki have been identified, including
components of the Hippo pathway, positive regulators of YAP/
Yki are relatively unknown. Angiomotin (Amot), a member of
motin family, interacts directly with the WW domain of YAP
through the PPxY motif, and positively regulates YAP by inhib-
iting the interactionwith LATS1 (Yi et al. 2013). SinceAmot has
also been suggested to function upstreamof theHippo pathway
as a negative regulator of YAP (Zhao et al. 2011), the proposed
function of Amot as a cofactor of YAP-TEAD complex seems
controversial. The mode of regulation of YAP by Amot may
depend on the context. Overall, our results suggest that C.
elegans has unknown factors that act as positive regulators by
direct interaction with YAP-1.

Activated LATS kinase is known to phosphorylate and
inhibit YAP by sequestering it in the cytoplasm (Zhao et al.
2007). In organisms studied so far, nuclear localization of
YAP is restricted to early developmental stages. In C. elegans,
intestinal YAP-1 was transiently observed in the nucleus only
in late embryos and early larvae, then sequestered in the
cytoplasm during the larval stages. We did not observe any
significant phenotypic defects in yap-1 or egl-44 single mu-
tants, possibly due to genetic redundancy.

Loss of WTS-1 activity led to abnormal accumulation of
YAP-1 in the intestinal nuclei and the luminal membranes. An
interesting feature of nuclear YAP-1 is that it was highly
observed in clusters. Although the physiological meaning of
its nuclear clustering is not clear, a recent study using super-
resolution microscopy showed that, in several mammalian
cells, nuclear YAP is distributed mainly in the clusters, and
upstream signal weaken clustering and transcriptional activ-
ity of YAP (Gao et al. 2017). This suggests subnuclear distri-
bution of YAP as a new layer of the regulatory mechanism of
YAP, and our observation implies that this mechanism might
exist in worms.

Polarity defects and lethality in wts-1 mutants require the
activity of EGL-44, the C. elegans homolog of TEAD/Sd, so
dysregulation of YAP-1 and EGL-44 target genes in the nu-
cleus is responsible for these defects. A comparative gene
expression study identified 29 genes that showed decreased
expression in the absence of YAP-1. Among these genes, tat-2
was proposed to function in the regulation of postembryonic
growth (Seamen et al. 2009), thus it was suspected to be a
target of YAP-1 and EGL-44. Consistently, expression of tat-2
was decreased in yap-1 and egl-44mutants, and increased in
the absence of WTS-1. In addition, similarly to tat-2(tm2332),
yap-1(tm1416) suppressed larval lethality mediated by sphin-
golipid deficiency, suggesting that the effect of yap-1 loss is
similar to that of tat-2 loss. Although our genetic data showed
that loss of tat-2 alone was not enough to suppress larval
lethality of wts-1, tat-2 is still one of target genes of YAP-1
and EGL-44. Tight regulation of TAT-2 expression by WTS-1
may allow animals to maintain apicobasal polarity of the in-
testinal membrane; this polarity is essential for the survival of
the organism.

Figure 6 yap-1 suppresses polarity de-
fects and larval lethality of the nfm-1
lacking mutant (A and B) Representative
images of 3-day-old larvae of (A) nfm-1
heterozygous mutants and (B) nfm-1
homozygous mutants. nfm-1 homozy-
gous mutants were arrested in the L1
stage, whereas heterozygous mutants
developed to the L4 stage. Boxed re-
gion: magnification of somatic gonad
precursor cells. (C) Rescue with wild-
type copies of NFM-1 allowed only L3
development, possibly due to the
germline defect in nfm-1(ok754). (D)
Suppression of polarity defects in nfm-
1(ok754) by introduction of yap-1 mu-
tation. (E) Suppression of early larval
arrest phenotype of nfm-1(ok754) by
yap-1. yap-1 mutation also allowed
only L3 development of nfm-1(ok754).
Lower graph: average percentage of
worms 6 SD: Bar, 10 mm.
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Subcellular localization of YAP-1 implies that YAP-1 has
functions in the plasmamembrane aswell as in the nucleus. In
embryos, YAP-1 is localized in the membrane and in the
nucleus, and loss of WTS-1 triggered localization of YAP-1
in both membranes and nuclei. Alternatively, membrane lo-
calization of YAP-1 could be a result of a WTS-1-independent
inhibitorymechanism. Amot has been known to inhibit YAP in
two different ways; by phosphorylation and sequential acti-
vationof theHippopathway,orbydirectbinding toYAPand its
sequestration of it in the membrane (Zhao et al. 2011). Stud-
ies to identify upstream factors or unknown binding partners
of YAP-1 that may interact with its WW domain will help to
clarify the functions of YAP-1 in the membrane.

Studies of the Hippo pathway in C. elegans have found that
YAP-1 and EGL-44 act downstream of WTS-1 in C. elegans
hypodermis, and that YAP-1 is involved in heat-shock re-
sponse and health-span regulation (Iwasa et al. 2013). How-
ever, the conservation of the other components of the Hippo
pathway was unclear (Iwasa et al. 2013; Yang and Hata
2013). We observed that NFM-1 is also involved in the main-
tenance of cellular polarity along with WTS-1 to regulate
YAP-1; this relationship suggests extended evolutionary con-
servation of the Hippo pathway. Loss of NFM-1 caused de-
fective apicobasal polarity and eventual larval death similar
to the phenotypes of wts-1 mutants, in a manner that is de-
pendent on YAP-1. Neither introduction of a yap-1 mutation
nor introduction of wild-type copy of NFM-1 fully restored
postlarval growth; this observation implies that NFM-1 has
functions in germline development in a manner that is in-
dependent of the Hippo pathway. A recent report showed
NFM-1, possibly in muscles, genetically interacts with

SLT-1/Slit to guide Q neuroblast migration. Intriguingly, a
fosmid-derived wild-type copy of NFM-1 could fully restore
viability of the nfm-1 mutant (Josephson et al. 2017). This
inconsistency may occur because fosmid-derived constructs
tend to be more resistant to germline suppression than a
transgene array (Sarov et al. 2012)

The core kinase of the Hippo pathway is the MST/Hpo
kinase, which receives signals from upstream and phosphor-
ylates and activates LATS/warts kinase. However, loss of Hpo
kinase homologs, CST-1 andCST-2, only partially induced the
nuclear localization of YAP-1 and did not lead to larval death.
We screened several Ste20-like kinases for which activity
deficit results in larval death; the loss of yap-1 could not
suppress the lethality of anymutants. Despitemany attempts,
we were unable to identify the worm homolog of the Hpo
kinase that acts in maintenance of membrane polarity. How-
ever, the evolutionary conservation of the phosphorylation
residue in WTS-1 implies that an unknown Hpo kinase ho-
molog functions in activation of WTS-1 by phosphorylation.
Alternatively, NFM-1 may regulate WTS-1 directly. We showed
that loss of NFM-1 causes abnormal distributions of WTS-1 in
the plasma membrane. Our observation is consistent with the
previous observation in mammals and Drosophila, in which
NF2/Merlin directly binds to and recruits LATS/Warts kinase
to the membrane, leading to the phosphorylation and activa-
tion of LATS/Warts (Yin et al. 2013). It is also possible that
mislocalization of WTS-1 in nfm-1 mutant is a indirect conse-
quence resulted from defective membrane polarity rather than
a direct outcome of the loss ofnfm-1. Therefore, further studies
should be conducted to identify the factors that phosphorylate
and activate WTS-1 in C. elegans. Nevertheless, evidence from

Figure 7 The working model of the
Hippo pathway in the cellular polarity
maintenance based on our genetic
studies After the C. elegans adherens
junction (CeAJ) forms, WTS-1 is local-
ized to the subapical membrane, possi-
bly in a manner that depends on
NFM-1, and may be activated. Acti-
vated WTS-1 phosphorylates YAP-1
and inhibits its nuclear localization.
In the nucleus, EGL-44 alone cannot
induce expression of its target genes.
In the absence of the Hippo pathway
(e.g., in nfm-1, wts-1 mutants), YAP-1
entry to the nucleus, and interaction of
YAP-1 with EGL-44, are not restricted.
YAP-1-EGL-44 ectopically induces tar-
get gene expression, including TAT-2.
Misregulated target genes may influ-
ence the identities of the plasma mem-
brane domain; consequently, polarized
sorting of newly produced proteins to
the distinct domain is abrogated. Exo-
cytosis-mediated abnormal sorting of
apical proteins such as ACT-5 to the
basolateral region leads to disintegra-
tion of intestinal membranes and or-
ganismal death.
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our genetic studies demonstrates the developmental function
of the conserved Hippo pathway in maintaining the cellular
polarity of expanding membranes. Our comparative gene ex-
pression analysis also suggests a molecular mechanism for the
maintenance of membrane-domain identities.

The function of the Hippo pathway in the apicobasal
polarity regulation suggests several clinical implications in
polarity-associated diseases. First, worms that are deficient
in the Hippo pathway have a multiple lumen-like structure
phenotype, which is similar to those in patients of microvilli
inclusion disease (MVID). Two disease responsible genes,
myosin VB (MYO5B) and syntaxin 3 (STX3), are required
for apical exocytosis of several apical proteins. More impor-
tantly, Myo5bKD human colon cells leads to nuclear retention
of YAP and to crypt-like phenotype (Wiegerinck et al. 2014;
Kravtsov et al. 2016; Vogel et al. 2017). These observations
imply the involvement of the Hippo pathway in MVID. Sec-
ond, the Hippo pathway is required for proper development
of kidneys, and its deficiency is relevant to various kidney
diseases including polycystic kidney disease (PKD), in which
epithelial cysts replace normal renal tubes (Happé et al.
2011; Reginensi et al. 2013; Seo et al. 2016; Jiang et al.
2017; Kunnen et al. 2018; Xu et al. 2018). Patients with
autosomal dominant (AD) PKD show defective membrane
polarity, mislocalization of apical proteins to the basolateral
domain, and mislocalization of normally basolateral proteins
to the apical, luminal membrane (Wilson et al. 1991; Du and
Wilson 1995; Lebeau et al. 2002). Two genes, PKD1 and
PKD2 are responsible for ADPKD, and a recent study identi-
fied the RhoA-YAP1-c-Myc axis as a direct effector of PKD1
deficiency in ADPKD (Cai et al. 2018). We have observed that
the conserved Hippo pathway acts in the maintenance of
apicobasal polarity of epithelial tissues by regulating several
putative target genes; this information will help to develop
understanding of the mechanism of ADPKD pathogenesis,
and may guide identification of therapeutic targets.
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