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Identifying domains of EFHCL1 involved in ciliary localization,
ciliogenesis, and the regulation of Wnt signaling

Ying Zhao, Jianli Shi, Mark Winey, and Michael W. Klymkowsky"
Molecular, Cellular & Developmental Biology, University of Colorado Boulder Boulder, Colorado
80309-0347 U.S.A

Abstract

EFHC1 encodes a ciliary protein that has been linked to Juvenile Myoclonic Epilepsy. In
ectodermal explants, derived from Xenopus laevis embryos, the morpholino-mediated down-
regulation of EFHC1b inhibited multiciliated cell formation. In those ciliated cells that did form,
axoneme but not basal body formation was inhibited. EFHC1b morphant embryos displayed
defects in central nervous system (CNS) and neural crest patterning that were rescued by a
EFHC1b-GFP chimera. EFHC1b-GFP localized to ciliary axonemes in epidermal, gastrocoele
roof plate, and neural tube cells. In X. /aevis there is a link between Wnt signaling and
multiciliated cell formation. While down-regulation of EFHC1b led to a ~2-fold increase in the
activity of the p-catenin/Wnt-responsive TOPFLASH reporter, EFHC1b-GFP did not inhibit 8-
catenin activation of TOPFLASH. Wnit8a RNA levels were increased in EFHC1b morphant
ectodermal explants and intact embryos, analyzed prior to the on-set of ciliogenesis. Rescue of the
EFHC1b MOQ’s ciliary axonemal phenotypes required the entire protein; in contrast, the EFHC1b
morpholino’s Wnt8a, CNS, and neural crest phenotypes were rescued by a truncated form of
EFHC1b. The EFHC1b morpholino’s Wnt8a phenotype was also rescued by the injection of RNAs
encoding secreted Wnt inhibitors, suggesting that these phenotypes are due to effects on Wnt
signaling, rather than the loss of cilia, an observation of potential relevance to understanding
EFHCZ1’s role in human neural development.
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Introduction

Cilia are complex intracellular organelles involved in cellular motility, inter- and
intracellular signaling, and the compartmentalization of cells, as in the case of photoreceptor
cells. Mutations in a number of genes associated with cilia formation and function have been
linked to human diseases, known collectively as ciliopathies (Brown and Witman, 2014.
Ferkol and Leigh, 2012; Hildebrandt et al., 2011). Interpreting the pathological mechanisms
of such mutations is complicated by the fact that a number of proteins associated with cilia
have other, quite distinct functions. For example Chibby (Cby), a protein associated with the
basal body region of cilia also acts as a cytoplasmic regulator of f-catenin-mediated
intercellular Wnt signaling (Shi et al., 2014. Takemaru et al., 2003) yhjle Cetn2, another
basal body region associated protein, is an integral component of the DNA damage repair
complex (Araki etal., 2001y ang appears to play a role in the regulation of gene expression
(Cunningham et al., 2014, Shi et al., 2015 ¢ s therefore necessary to identify the range of
possible functions a protein might have in order to consider its various roles in normal
development and tissue function, as well as the pathological effects of variant alleles.

Here we consider the roles of one such ciliary component, EFHC1. EFHC proteins contain
three conserved DM10 “domains of unknown function”. In EFHC1 there is a putative Ca2*
binding EF-hand domain in the C-terminal region. A paralogous gene, EFHC2, encodes a
protein without a C-terminal EF hand domain. Conserved forms of EFHC proteins have
been found in organisms with flagella, including Chlamydomonas (Rib72)(1keda etal.,
2003y 7etrahymena (Kilburn etal., 2007) ang throughout the vertebrates (Ikeda etal.,
2005). Both EFHC1 and EFHC?2 are reported to be associated with tektin filaments in
Chlamydomonas cilia (Setter etal., 2008y pefhc1.1, a Drosophila homolog of EFHC1 has
been reported to regulate microtubule stability at neuromuscular junctions (Rossetto etal.,
2011); no function has yet been assigned to a second EFHC paralog. In vertebrates, EFHC1
is present in sperm flagella and tracheal cilia ('keda et al., 2005, Suzuki et al., 2008y ‘After
some confusion associated with antibody specificity, the expression of EFHCL1 in the mouse

central nervous system (CNS) appears to be primarily within the choroid plexus and ciliated
ependymal cells (Yamakawa and Suzuki, 2013

In humans, mutations in EFHC1 have been linked to Juvenile Myoclonic Epilepsy (JME;
OMIM 254770)(Suzuki etal., 2004. von Podewils et al., 2015) while mutations in EFHC2
have been described and tentatively associated with IME (Gu etal, 2005) and neurological
syndromes such as autism (Blaya et al., 2009. Weiss et al., 2007y {omozygous EFCH1 null
mice are viable and fertile, but display increased brain ventricle volume (hydrocephalus) as
well as a number of ciliopathy-associated phenotypes, including a seizure disorder. Cilia are
still present in EFCH1 null mice but their motility appears to be reduced (Suzuki etal.,
2009). As EFHC1 seems to be expressed in CNS and may be required during brain
development, it is necessary to understand its role during vertebrate development to fully
appreciate its roles in pathogenic processes. Here we describe our characterization of
EFHCL1 expression, protein localization, and the effects of down-regulating EFHC1 protein
levels in the context of intact Xenopus laevis embryos and ectodermal explants. The results
reveal an unexpected role for EFHCL1 in the regulation of Wnt signaling and the
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identification of distinct domains of EFHCL in ciliary localization and Wnt signaling
regulation.

Embryos and explants of the vertebrate tetrapod Xenopus laevis have proven to be excellent
systems in which to study complex cellular processes and intercellular interactions,
including ciliogenesis (Brooks and Wallingford, 2015; Werner and Mitchell, 2012)_ In our
case, we have used ectodermal explants and intact embryos, as described previously (Shi et
al., 2014), to characterize cilia-dependent and -independent functions of EFHC1. A BLAST
search of the 9.1 version of the X. /aevis genome reveals two EFHC1-related chromosomal
scaffolds: the first (9.1: chr5L:151037124-151037414, E value: 2e146) contains the
EFHC1b gene while the second (9.1: chr5S:130244405-130244629, E value 7e~7) appears
to contain the EFHC1a gene, but the coding region and intronexon structure of EFHC1a
remain to be determined. Blast analysis indicates the morpholino designed to inhibit the
translation of the EFHC1bRNA matches a second sequence in the X, /aevis genome at 23
out of 25 positions (data not shown); this sequence is in the region of the putative EFHCIa
gene and includes what appears to be a translation start site, and so may also inhibit
translation of the EFHCIa RNA, although this has not been verified experimentally. Our
studies focus on the EFHC1b gene.

In contrast to mouse, human, and 7. thermophiliaEFHC1 polypeptides, the X, /aevis
EFHC1b polypeptide does not appear to have an EF-hand motif in its C-terminal domain.
This motif is also missing from the single £FHC1 gene found in the diploid species X.
tropicalis (FIG. S1A). A BLAST-based search indicates that a number of other vertebrates
have EFHC1-like proteins that are missing the C-terminal EF-hand motif, these include the
zebrafish Danio rerio, the White-tailed eagle Haliaeetus albicilla, the Downy woodpecker
Picoides pubescens, the American anole Anolis carolinensis, and the Burmese python
Python bivittatus. \We note that paralogous EFHCZ2 genes found in mouse, human,
Tetrahymena, and both Xenopus species also lack an apparent C-terminal EF-hand motif.
EFHC proteins appear to be present widely, but are apparently absent in C. e/egans(Kingv
2006y(F|G. s1B).

EFHC1b expression and localization in X. laevis

Our RT-PCR analyses confirms data from Yanai et al (Yanai etal., 2011y ag accessed
through XenBase (Karpinka etal., 2014y ' £r1c75 RNA is supplied maternally and its level
increases dramatically at the onset of gastrulation (stage 10)(FIG. 1A). /n situhybridization
studies reveal that £EFHCI6RNA is present at high levels in the multiciliated cells (MCCs)
of the embryonic epidermis of neurula stage (stage18) embryos (FIG. 1B); by tailbud stage
(stage 33), EFHC1b is expressed in a variety of other tissues including the eye, otic vesicle,
nephrostome, cloaca, neural crest derivatives, and anterior CNS (FIG. 1C).

In the green algae Chlamydomonas reinhardtii ('keda €t al., 2005y ang the ciliate 7;
thermaphila (Kilburn et al., 2007y grthologs of vertebrate EFHC1 localize to both the basal
body and axonemal domains of cilia. Vertebrate EFHC1 has been reported to localize to the
axonemes of sperm flagella, and the cilia of lung tracheal and CNS ependymal ventricle

Dev Biol. Author manuscript; available in PMC 2017 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 4

cells (Ikeda etal., 2005 preyious reports of EFHC1’s association with centrosomal and
mitotic spindle microtubules have been questioned based on studies using EFHC1 null mice
(Yamakawa and Suzuki, 2013y |, the absence of a well-characterized antibody against X.
laevis EFHC1b, we generated plasmids encoding a EFHC1b-GFP chimera for use in
localization and morpholino-rescue studies; EFHC1b-GFP rescued all of the phenotypic
effects associated with morpholino-mediated down regulation of EFHC1b (see below).

Ectodermal explants isolated from mid-blastula stage embryos rapidly (within 18 hours)
differentiate to form epidermal tissue characterized by multiciliated cells surrounded by non-
ciliated, mucus secreting cells and ionocytes (Pubaissi and Papalopulu, 2011y \ng generated
ectodermal explants from fertilized eggs injected with EFHC1b-GFP RNA and analyzed
them when control embryos reached stage 24. EFHC1b-GFP appeared to accumulate to
higher concentrations in multiciliated cells as compared to the surrounding non-ciliated cells
and was associated with the axonemal regions of cilia (FIG. 1D), but not apparently with the
basal body regions, as visualized through the binding of centrin-2-RFP (Cetn2-RFP)
expressed from injected RNA (FIG. 1E,F) or by staining with an anti- Xengpus Centrin
(Cetn) antibody (FIG. 2H-H"). Analysis of dissected regions and sections revealed that
EFHC1b-GFP was associated with the motile cilia found on gastrocoel roof plate cells (FIG.
1G-I) and the non-motile primary cilia on cells of the ventral surface of the neural tube
(FIG. 1J-L); in both cases there was a high level of cytoplasmic accumulation of the
chimeric polypeptide. Exogenous EFHC1b-GFP was also seen at junctional regions between
cells in the gastrocoel roof plate.

EFHC family proteins, both EFHC1 and EFHC2, contain three conserved DM10 “domains
of unknown function”. DM10 domains have been identified in only two types of proteins:
the nm23-H7 class of nucleoside disphosphate kinases and the EFHC proteins. To define the
domains of EFHC1b that are necessary for ciliary localization and other functions, we
generated GFP-tagged mutants that lack either the N-terminal domain and first DM10
domain (AN-D1-GFP, 199~552aa), the second DM10 domain (AD2-GFP, 1~238,
359~552aa), and the third DM10 domain together with the C-terminus (AD3-C-GFP,
1~416aa), as well as an N-terminal only construct (NTerm-GFP, 1~92aa)(FIG. 2A). RNAs
encoding these polypeptides were injected into fertilized eggs and examined by immunoblot
at stage 11 using an anti-GFP antibody; polypeptides of the expected size were found to
accumulate (FIG. 2B). To monitor the interaction between these mutant polypeptides with
cilia, ectodermal explants were isolated from RNA-injected embryos, allowed to develop to
stage 24, when ciliogenesis is complete, and examined by confocal microscopy. The full
length EFHC1b-GFP polypeptide was found localized to ciliary axonemes (FIG. 2C,H).
Surprisingly, the NTerm-GFP polypeptide was also found associated with axonemes (FIG.
2D, 1), as were the AD2-GFP (FIG. 2F,K) and the AD3-C-GFP (FIG. 2G, L) polypeptides.
There appears to be a strong localization of basal bodies with the N-terminal construct while
the AN-D1-GFP polypeptide was found in cytoplasmic aggregates (FIG. 2E, J). Compared
to the full length EFHC1b-GFP, deleted polypeptides appear to accumulate to higher levels
in the cytoplasm.
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EFHC1b is required for cilia and ciliated cell formation

To define the functional roles of EFHC1b we had Gene Tools, LLC design and synthesize a
translation blocking morpholino (MO). A BLAST search of the X. /aevis genome revealed
that the EFHC1b MO’s only other match (23 out of 25 positions) was a site within the likely
EFHC1agene (see above); whether EFHC1b MO inhibits the translation of EFHCIa RNA
(or even if there is an expressed £EFHCIaRNA) has yet to be determined. The plasmid that
encodes EFHC1b-GFP contains an exact match to the sequence targeted by the EFHC1b
MO and the co-injection of the EFHC1b MO with EFHC1b-GFPRNA led to a dramatic
reduction in the accumulation of the EFHC1b-GFP polypeptide (FIG. 3A). To analyze the
effect of down-regulating EFHC1b, fertilized eggs were injected with RNAs encoding a
membrane-bound GFP together with either control or EFHC1b MOs; ectodermal explants
were generated, fixed at stage 24, and stained with an anti-acetylated a-tubulin (AAT)
antibody to mark axonemes and an anti-Cetn antibody to mark basal bodies. We used a
semi-automated ImageJ script to quantify the numbers of ciliated cells in the injected
regions of explants (Shi etal, 2014). The density of ciliated cells per explant was reduced in
EFHC1b morphants (FIG. 3B-E) while the overall cell number remained the same (FIG.
S3). We were surprised to find that the number of basal bodies, visualized by staining with
an anti- Xenopus Cetn antibody, was unchanged while the numbers of axonemes was clearly
reduced (FIG. 3G-J).

EFHC1b plays a role in Wnt signaling

We examined EFHC1b MO effects in intact embryos by injecting one cell of two-cell
embryos, together with either GFP or B-galactosidase RNAs as lineage markers. Embryos
were sorted at stage 11 and fixed and examined at either stage 18 or 25 by in situ
hybridization. EFHC1b morphants displayed defects in the expression of the CNS markers
Krox20, Engrailed-2 (En2), and neural B-tubulin ( Tubb2) (FIG.4A-C, G, FIG. S4A) and the
neural crest markers Sox9and Twist (FIG. 4D-F, G, FIG. S4B). We found dramatically
reduced expression of all five genes tested in EFHC1 morphants. Overall morphology the
EFHC1b morphant embryos was distorted (see FIG. S5).

When analyzing EFHC1 morphants we noted the loss of 7ubb2b expression in neural
ectoderm, as monitored by /n situhybridization (Fig. S3A) and RT-PCR (see below). This
led us to explore changes in gene expression; Wnt8a, BMP4, FGF8 and Noggin RNA levels
were examined by both standard and quantitative RT-PCR. The result revealed an increase in
Whit8a RNA and a decrease in 7ubb2 RNA levels in ectodermal explants; in contrast, BMP4
and Noggin RNAs were unaltered (FIG. 4H,1). Moreover, a small increase in Wnt8a RNA
was observed in intact EFHC1b morphant embryos analyzed at stage 11 (FIG. 4L), well

before cilia formation, which occurs around stage 17-18 (Chu and Klymkowsky, 1989.
Steinman, 1968y

Basal body and cilia-associated proteins may function in developmental processes by
regulating signaling pathways. Chy is a basal-body associated protein that acts as an
inhibitor of B-catenin mediated Wnt signaling (|1 €t al., 2008. Takemaru et al., 2003.
Takemaru et al., 2009) |y x. fzevis Wnt8a RNA levels are increased in Cby morphant
gastrula stage embryos and there is a dramatic increase in the activity of the p-catenin-
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responsive TOPFLASH reporter (Shi etal., 2014). In EFHC1 morphants, we found an
increase in TOPFLASH activity that was returned to control levels by EFHC1b RNA (FIG.
43). In contrast to the situation with Cby (SMi etal., 2014y ' £ric7p-GFPRNA did not
inhibit the ability of a stabilized form of -catenin (AG-f-catenin) to activate TOPFLASH
(FIG. 4K).

AD3-C mutant rescues the Wnt signaling related phenotype

We found that all EFHC1b MO phenotypes were rescued by the injection of EFHC1b-GFP-
rescue RNA, in which the EFHC1b MO’s target sequence has been altered to minimize
complementarity without changing the final polypeptide’s sequence (FIG. 3D,F,I; FIG.4
G,l,L). In contrast, none of the EFHC1b MO’s effects on ciliated cell density or ciliary
axoneme formation (FIG. 3E) were rescued by any of the deletion constructs. In contrast,
EFHC1b MOQ’s effects on CNS patterning, neural crest markers, and Wnt8a RNA levels
were rescued by AD3-C-GFP (FIG. 4G, L).

Autocrine-paracrine effects of EFHC1b loss

The increased level of Wnt8a RNA observed in EFHC1b morphant explants and embryos
and the ability of AD3-C-GFP to rescue this increase, as well as the EFHC1b MO’s CNS
and neural crest phenotypes suggests that these later stage phenotypes are due at least in part
to effects on Wnt signaling rather than effects on cilia. To test this hypothesis, we co-
injected EFHC1b morphant embryos with RNAs encoding the secreted Wnt inhibitors
SFRp2 (Bradley etal., 2000y o pjickkopf (Dkk) (Clinka et al., 1998). ot inhibited the
changes in Wnt8aand TubbZ RNA levels observed in EFHC1b morphant ectodermal
explants (FIG. 41) as well as the change in Wnt8a RNA levels observed in EFHC1b early
gastrula stage embryos (FIG. 4L). SFRP2 rescued the reduction in ciliated cell density (FIG.
3F), but not the reduction in axonemes per ciliated cells observed in EFHC1b morphant
embryonic explants (FIG. S2). We have not yet been able to define the exact stage where the
development (and ectodermal insertion) of ectodermal multiciliated cells is arrested in
EFHC1b morphant explants.

Discussion

While mutations in £FHCI have been implicated in JIME (de Nijs etal., 2013y ‘it remains
unclear exactly what cellular mechanisms are involved. The situation is further complicated
by the observation that IME-associated mutations in £FHCZ have been found in apparently
normal individuals (Bai etal., 2009; Pal and Helbig, 2015; Subaran et al., 2015) and
different EFHC1 alleles appear to act through distinctly different mechanisms (Stogmann et
al., 2006y \while clearly a component of cilia (Tkeda et al., 2005y EFHC1 has been reported
to associate with non-ciliary proteins, including the redox-sensitive TRPM2 channel (Katano
etal, 2012) and two transcription factors, the g-catenin-binding HMG box protein TCF4
and the Zinc finger transcription factor ZBED1 (Sahni etal., 2015y Given a recent report of
TRPM2 induced amyloid--induced neurovascular dysfunction (Park etal., 2014y it j
possible that EFHC1-TRPM2 interactions may alter brain development and function.
Mutations in £FHCI have also been reported to lead to increased apoptosis (Katano etal.,
2012) through an as yet undefined mechanism.

Dev Biol. Author manuscript; available in PMC 2017 March 15.
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Our observations indicate that in X. /aevis EFHC1b is necessary for axoneme, but not basal
body formation in ectodermal explants. This axonemal effect appears to be structural,
requires the intact polypeptide, and cannot be rescued by inhibiting the EFHC1b MO’s
effects on Wnt signaling. This is in contrast to the phenotypes observed in EFHC1~/~ mice
(Suzuki etal., 2009y ang 7etranymena (manuscript in preparation) which have cilia,
although in mice (but not 7etrahymena) cilia beat frequency has been found to be reduced.
Whether these differences are due to complementary effects of EFHC2 or other ciliary
proteins remains to be resolved. In this light, it is interesting to consider a recent paper that
found that differences between mutant and morphant phenotypes can arise from genetic
compensation effects in mutants (ROssi et al., 2015,

What is new and significant in our findings is the observation that reducing EFHC1b levels
alters B-catenin-mediated Wnt signaling, as monitored by the activation of the TOPFLASH
reporter, and leads to an increase in Wnt8a RNA, and that some aspects of the EFHC1
morpholino phenotype can be rescued by the expression of extracellular inhibitors of Wnt
signaling. This effect is distinct from that described previously for the basal body associated
protein Chy (Shi etal., 2014). How the absence of EFHC1 influences Wnt8a RNA levels is
unclear and is the subject of on-going studies. It is tempting to suggest, based on the
reported interaction between EFHC1 and the transcription factor TCF4 (Sahni etal., 2015y
that the effect is direct but this remains to be demonstrated, but interactions between cilia
and Wit signaling have been found in a number of contexts (Wallingford and Mitchell,
2011). Effects on other cellular processes, such as the disruption of signaling systems
associated with the inhibition of proteosome activity, described for other ciliopathy-
associated mutations (LU et al., 2014y 'coy1d impact Wt signaling. Gerdes et al (Gerdes et
al,, 2007) found that disruption of basal bodies led to the stabilization of -catenin and to an
increase in Wnt signaling. Basal bodies appear to be intact in EFHC1b morphants. That said,
it is clear that early embryonic effects, arising from the absence of EFHC1b, lead to effects
on later embryonic stages in X. /aevis, specifically the patterning of the CNS and the
formation of the neural crest. Such effects, if they occur in response to EFHC1 mutations
during human development, could produce subtle and pathogenically significant effects on
brain organization and function.

Materials and methods

Embryos, their manipulation and analysis

X. laevis embryos were injected, explants were generated, and staged following standard
procedures (Nieuwkoop and Faber, 1967, Shi etal., 2011. Shi et al., 2014. Sive et al., 2000,
At the two-cell stage, embryo injections were directed equatorially; for explant studies
injections were targeted to the animal hemisphere. Animals were held in IACUC approved
facilities. As an injection tracer, we routinely included RNAs (150 pgs/embryo) encoding -
galactosidase, green fluorescent protein (GFP) or GFP-CAAX, a membrane-associated form
of GFP. In the case of GFP/GFP-CAAX RNA injections, embryos were examined at stage
10-11 by fluorescent microscopy to confirm the accuracy of injection. RNA isolation, RT-
PCR and gPCR analyses were carried out as described previously (Shi etal., 2014. Zhang et
al., 2003 Zhang et al., 2006y cDNA synthesis was performed using 1 pg purified RNA and
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a Verso cDNA kit (Thermo Scientific) following manufacturer’s directions. Real-time
(quantitative) PCR was carried out using a Mastercycler Epgradient Realplex device
(Eppendorf). PCR reactions were set up using DyNAmo SYBR Green qPCR kits
(Finnzymes). Each sample was normalized to the expression level of ornithine
decarboxylase (ODC) or elongation factor 1-alpha (EF1a). The cycling conditions used
were: 95°C for 5 minutes; then 40 cycles of 95°C for 15 seconds, 56°C for 15 seconds, 60°C
for 30 seconds. The AACT method was used to calculate real-time PCR results. The primers
used for RT-PCR analysis were EFla: [U 5'-TGG TGA CAG CAA GAATGA CC-3' D 5'-
AAC TTG CAA GCA ATG TGA GC-37; ODC: [U 5'-CAG CTA GCT GTG GTG TGG-3'
D 5-CAA CAT GGA AAC TCA CAC-37; Wnt8a [U5-TGA TGC CTT CACTTC TGT
GG-3'D5-TCC TGC AGC TTC TTC TCT CC -37; BMP4 [U 5-TGG TGG ATT AGT
CTCGTG TCC -3'D 5-TCA ACC TCA GCA GCA TTC C -37; Noggin [U 5-AGT TGC
AGA TGT GGC TCT -3' D 5-AGT CCA AGA GTC TCA GCA -3’]; FGF8 [U 5’-TGG
TGA CCG ACC AAC TAAGC D 5’-CGA TTA ACT TGG CGT GTG g-3’]; Tubb2 [U 5°-
CCAGGCTTT GCC CCATTAACD5’-GCT ACT GTG AGG TAG CGT CC].

Morpholinos and plasmids

The EFHC1b MO was designed and synthesized by Gene Tools, Inc. The control
morpholino used has been described previously (£hang and Klymkowsky, 2009y gqr
ectodermal explant experiments 20 ngs/embryo of morpholino was injected per embryo; for
whole embryo experiments 10 ngs/embryo of morpholino was injected into either one of two
cells, at the two-cell stage, or 10 ngs/blastomere was injected into both cells of a two-cell
embryo. We generated plasmids that encode EFHC1b-GFP chimeras that either matched
(pCS2-EFHC1b-GFP-match) or maximally mismatched (pCS2-EFHC1b-GFP-rescue) the
EFHC1b MO. Both plasmids were sequenced to confirm the absence of mutations
introduced in the course of their construction. Other plasmids used include those that encode
membrane-bound GFP, GFP-CAAX, supplied by Kristen Kwan (U. Utah), AG-p-catenin
(Merriam etal., 1997), Dickkopf-1 (Glinka etal., 1998), SERP2 (Bradley etal., 2000), and
RFP-tagged centrin plasmids from Sergie Sokol (Mt. Sinai School of Medicine) and John
Wallingford (U. Texas). 200 pgs/embryo of RNA was injected for most of the experiments
otherwise stated in the text. The details of the TOPFLASH/FOPFLASH assay have been
described previously (£hang etal., 2006y sgatistical analyses were based on values
expressed as mean + standard deviation. All conditions were normalized to control MO,
which was set to 1. Comparisons between EFHC1 MO alone or together with rescue RNA
versus control MO were analyzed by unpaired student’s t-test. p <0.05 was considered as
significant in all analyses.

In situ hybridization studies and immunoblot

Anti-sense probes for EFHCI1b, Sox9, Twistl, Krox20, EnZ2, and Tubb2 RNAs were
synthesized using digoxigenin-UTP following standard methods. For /n sifu hybridization
studies, embryos were co-injected with -galactosidase RNA (50 pg/embryo); -
galactosidase activity was visualized in fixed embryos using a brief Red-Gal (Research
Organics) reaction. /n situ hybridization images were captured using a Nikon D5000 camera
on a Wild microscope. Immunoblot analysis was carried out as described previously using a
mouse anti-GFP antibody (Covance, Princeton, NJ)(for FIG. 2B) or a rabbit anti-GFP
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antibody (for FIG.3A). Secondary antibodies were anti-rabbit Alexa680 (Invitrogen) and
anti-mouse 1R800, which were detected on a LI-COR Odyssey infrared imager (LI-COR,
Lincoln, NE).

Immunocytochemistry and confocal microscopy

Whole-mount immunocytochemistry was carried out as described by Dent et al (Pentetal.,
1989). Gastrocoele and neural tube cilia were visualized as described in Shi et al (Shi etal,
2014). Images were collected using a Zeiss 510 Confocal Laser Scanning Microscope. The
mouse monoclonal anti-acetylated a-tubulin antibody 6-B-11 (Sigma) was used to
visualized ciliated cells (Chu and Klymkowsky, 1989) 'Rappit anti- Xenopus centrin
antibody was supplied by Sergei Sokol (Kim etal., 2012). 4 chicken anti-GFP antibody was
purchased from Immunology Consultants Lab, Inc. Quantitative confocal microscopy was

carried using a customized ImageJ script written by Domenico Galati, as described
previously (Shl etal., 2014).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement

EFHCL1 is a highly conserved ciliary protein. In humans mutations in EFHC1 have been
linked to Juvenile Myoclonic Epilepsy. Using embryos and ectodermal explants from the
clawed frog X. laevis, we find that down-regulation of EFHC1 leads to up-regulation of
intracellular Wnt signaling. Blocking Wnt signaling rescues central nervous system
defects associated with EFHC1 down-regulation. Defects in Wnt signaling could play a
role in producing the defects observed in the human condition.
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Highlights
In Xenopus, EHFC1 localizes to the axonemal region of cilia.

The N-terminal domain of EHFC1 appears to be necessary and sufficient for
axonemal localization

Reduction of EFHCL1 levels leads to the up-regulation of WntRNA levels and
signaling.

Wht effects in EFHC1 morphants lead to central nervous system and neural crest
defects
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Figure 1. EFHC1b is associated with various types of cilia
A: An RT-PCR analysis during early development (stages indicated) revealed that EFHC1b

RNA levels increase at the onset of gastrulation, confirming previous data from Yanai et al
accessed through the Xenbase website. £FZa RNA was used as an internal control. /n situ
hybridization reveals the presence of EFHC1bRNA in the ciliated cells of the embryonic
epidermis in stage 18 embryos (B) and in a number of different tissues in tailbud stage (stage
33) embryos (C)(CNS: central nervous system; NC: neural crest). D-F: RNAs encoding
EFHC1b-GFP and Cetn2-RFP were injected into fertilized eggs and ectodermal explants
were generated and analyzed when intact embryos reached stage 24; EFHC1b-GFP (D) was
localized to the axonemes and excluded from the basal body regions of the cilia in
multiciliated cells (E,F)(see figure 2). Scale bar of main image: 20um; scale bar for inserts:
10 pm. G-I: The gastrocoele roof plate regions of EFHC1b-GFPRNA injected, stage 19
embryos were dissected and probed with antibodies against GFP (G) and acetylated-a-
tubulin (AAT)(H,I-merged image). Individual GRP cilia are indicated by arrowheads. Scale
bar of main image: 15um; scale bar for inserts: 8um. J-L: At stage 26, a section through the
neural tube region of an EFHC1b-GFPRNA injected embryos were stained for EFHC1b-
GFP (J) and AAT (K,L-merged image); arrowheads indicate primary cilia. Other AAT
structures may be neuronal axons or radial glia. Scale bar of main image: 10um; scale bar
for inserts: 5um.
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Figure 2. The N-terminus of EFHCL1b is required for its axonemal localization
A: Plasmids encoding GFP-tagged wild type and deleted forms of the EFHC1b were

generated. B: Immunoblot analysis was carried out using an anti-GFP antibody on stage11
embryos injected with RNAs encoding these GFP-tagged polypeptides. C,H: Full length
EFHC1b-GFP localizes to axonemes. NTerm-GFP (D, 1), AD2-GFP (F,K) and AD3-C-GFP
(G, L) were also associated with axonemes, although higher cytoplasmic levels were found
compared to the full length protein. The AN-D1-GFP (E, J) polypeptide accumulates to
detectable levels in every cell, in contrast to the other mutants and the full-length
polypeptides, which appear to accumulate preferentially in ciliated cells. In double labeling
studies, fertilized eggs were injected with RNAs encoding EFHC1b-GFP (H-H"), NTerm-
GFP (1-1), AN-D1-GFP (3-J), AD2-GFP (K-K™), and AD3-C-GFP (L-L"); ectodermal
explants were generated and analyzed when intact embryos reached stage 24. Basal bodies
were visualized by anti-Xenopus centrin antibody staining (H’, I’, 3, K’, and L’; in no case
was there any obvious overlap between the EFHC1 and centrin staining (overlap images in
parts H”, 1”7, J”, K”, and L"). Scale bars: 5um.
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Figure 3. Depletion of EFHC1b results in deficient cilia and multiciliated cell formation
A: The EFHC1b morpholino is efficient for EFHC1b depletion. Embryos were injected with

RNAs encoding GFP (150 pgs/fembryo) and EFHC1b-GFP match (100 pgs/side) and either
control or EFHC1b MO (10 ngs/embryo) and analyzed at stage 11. EFHC1b MO reduced
EFHC1b-GFP protein levels, as visualized using an anti-GFP antibody. To examine the
effects of reducing EFHC1b levels on the number of ciliated cells (B-D)(scale bar: 100 pm),
the basal body density (J), and the number of ciliary axonemes per cell (G-1) (scale bar: 5
um), both blastomeres of two-cell embryos were injected with membrane-GFP RNA
together with either control MO, EFHC1b MO, EFHC1b MO plus EFHC1b-GFPRNA, or
EFHC1b MO plus SFRP2RNA. Membrane-GFP was visualized using an anti-GFP
antibody, while anti-acetylated a-tubulin and anti-centrin antibodies were used to visualized
cilia and basal bodies, respectively. Quantitation of the EFHC1b morpholino’s effect on the
number of ciliated cells per cap (E, F) and the basal body density (J)(calculated by dividing
the total basal body number per cell by the cell size) are shown as mean = S.D. All the
conditions were normalized to control MO (set as 1). N=20 to 25 explants per experimental
condition. Significant differences between conditions are marked by horizontal bars (** for

£<0.01)
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Figure 4. EFHC1b plays a role in Wnt signaling
In situhybridization shows defects (red arrows) in central nervous system (£n2) patterning

(A, B) and neural crest (Sox9) migration (D, E) in EFHC1b morphants at stage 18 and stage
25, respectively. These phenotypes were rescued by co-injection of EFHC1b-GFP-rescue
RNA (C, F). Embryos were injected with either control MO, EFHC1b MO, or EFHC1b MO
together with EFHC1b6-GFPRNA. All embryos (A-C) were injected with RNA encoding f3-
galactosidase (red) as a lineage tracer. The loss of neural patterning markers (En2, Krox20,
Tubb2b) as well as neural crest markers (Sox9, Twistl) was also rescued by AD3-C-GFP
(G). The percentage of embryos that were “abnormal”, that is displayed reduced marker
gene expression, was calculated from two independent experiments (N=55 to 60 embryos
per condition). H: RNA levels in control and EFHC1b morpholino explants were analyzed at
stage 18 using RT-PCR; EFHC1b morphant explants displayed decreased levels of 7ubb2
RNA and increased levels of Wni8a RNA. Levels of BMP4, Nogginand FGF8RNA were
unchanged. I: gPCR analyses (N=3) of control and EFHC1b morphant explants co-injected
with EFHC1b-GFP-rescue, Dkk1, or SRFP2 RNAs. Both EFHC1b-GFP-rescue and the two
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Whit signaling inhibitors returned all RNAs to control levels. J, K: Embryos were injected
with TOPFLASH and FOPFLASH (control) plasmid DNAs (100 pgs/embryo) together with
AG-p-catenin RNA (100 pgs/embryo) either alone or together with GFP or EFHC1b-GFP
(100 pgs/embryo) RNAs or control, EFHC1b MO (10 ngs/embryo) and EFHC1b MO with
SFRP2 RNA. The Y-axis indicates the fold-increase relative to the control TOPFLASH/
FOPFLASH value (set equal to 1, N=3). L: gPCR analyses (N=3) of control and EFHC1
morphant explants co-injected with EFHC1b-GFP-rescue, SRFPZ, or EFHC1b mutant RNAs
on Wnt8 RNA. Besides the EFHC1b-GFP and the Wnt inhibitor SFRP2, injection of AD3-
C-GFP RNA (100 pgs/embryo) also returned the Wnt8 RNA to control levels. Significant
differences between conditions are marked by horizontal bars; in each case, data are
represented as mean + SD, *for p<0.05 and ** for p<0.01.
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