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Abstract

Mutations in leucine-rich repeat kinase 2 (/rrk2) are the most common genetic cause of
Parkinson’s disease. Difficulty in elucidating the pathogenic mechanisms resulting from disease-
associated Lrrk2 variants stems from the complexity of Lrrk2 function and activities. Lrrk2
contains multiple protein-protein interacting domains, a GTPase domain, and a kinase domain.
Lrrk2 is implicated in many cellular processes including vesicular trafficking, autophagy,
cytoskeleton dynamics, and Wnt signaling. Here, we generated a zebrafish /rrk2allelic series to
study the requirements for Lrrk2 during development and to dissect the importance of its various
domains. The alleles are predicted to encode proteins that either lack all functional domains
(Irrk25P4304) | the GTPase, and kinase domains (/rrk22471) or the kinase domain (/rrk2496). Al
three /rrk2 mutants are viable, morphologically normal, and display wild-type-like locomotion.
Because Lrrk2 modulates Whnt signaling in some contexts, we assessed Whnt signaling in all three
mutant lines. Analysis of Wnt signaling by studying the expression of target genes using whole
mount RNA /n situ hybridization and a transgenic Wnt reporter revealed wild-type domains of
Whnt activity in each of the mutants. However, we found that Wnt pathway activation is attenuated
in Jrrk2sbus04/sbu304 \which lacks both scaffolding and catalytic domains, but not in the other
alleles during late embryogenesis. This supports a model in which Lrrk2 scaffolding functions are
key to a context-dependent role in promoting canonical Wnt signaling.
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1| INTRODUCTION

Parkinson’s disease (PD) is a debilitating, progressive, neurodegenerative disorder marked
by tremors, rigidity, and cognitive impairment. PD affects approximately 2% of the
population over the age of 65 in the United States (Davie, 2008; Lill, 2016; Thomas & Beal,
2007). PD is defined by progressive degradation and dysfunction of dopaminergic neurons
(DA) in the substantia nigra pars compacta (SNpc) (Atashrazm & Dzamko, 2016; Gasser,
2009; Parkinson, 2002). Although the majority of PD cases are idiopathic (Larsen, Hanss, &
Kruger, 2018), a few commonly mutated genes have been identified (Houlden & Singleton,
2012; Iwaki et al., 2019; Kitada et al., 1998). Among these, leucine-rich repeat kinase 2
(/rrk2) is the most commonly mutated autosomal dominant PD gene (Dachsel & Farrer,
2010). Mutations in the /rrk2 gene account for 5%-13% of familial inheritance cases and
1%-5% of all sporadic PD cases (Iwaki et al., 2019; Li et al., 2014).

Lrrk2 encodes a ~280 kDa protein that contains multiple enzymatic domains and protein-
protein interacting domains (Figure 1). These include armadillo-like repeats (ARM), ankyrin
repeats (ANK), leucine-rich repeats (LRR), and a WD40 domain, which all function as sites
for protein-protein interactions (Berwick, Heaton, Azeggagh, & Harvey, 2019). The
enzymatic domains of Lrrk2 include the kinase domain and the GTPase domain, which is
comprised of the Roc (Ras of complex protein) and COR (C-terminal of Roc) domains
(Langston, Rudenko, & Cookson, 2016).

Many PD-associated /rrk2 mutations fall within the GTPase or kinase domains (Cookson,
2010). The most common mutation is G2019S located in the kinase domain, which results in
increased kinase activity (Dachsel & Farrer, 2010). The GTPase domain modulates kinase
domain function, and some mutations within the GTPase domain lower GTPase activity and
enhance kinase activity (Cookson, 2015). Lrrk2 G2019S mutation results in a three- to
fourfold increase in kinase activity (Chen et al., 2012). BAC transgenic mice harboring the
Lrrk2 G2019S mutation display some features of PD including reduced locomotor activity,
impaired motor performance, and a decrease in striatal dopamine release (Chen et al., 2012).
However, Lrrk2 function is multifaceted and a reduced kinase activity has also been reported
in other PD-associated mutations, such as Lrrk2 G2385R (Rudenko, Chia, & Cookson,
2012). A thorough understanding of the range of wild-type Lrrk2 activity is essential to
interpreting the consequences of disease-associated Lrrk2 variants.

Whnt signaling is important for many developmental processes; and it is also linked to Lrrk2
pathogenic mechanisms (Berwick & Harvey, 2012; Nixon-Abell et al., 2016). The
relationship between Lrrk2 and Wnt signaling is complex and context dependent. Lrrk2
interacts with multiple components of the p-catenin destruction complex, including
Disheveled family proteins, and binds to the intracellular domain of LRP 5/6 (Berwick et al.,
2017; Sancho, Law, & Harvey, 2009). In addition, Lrrk2 associates with Wnt/PCP
components PRICKLE1 and CELSR1 (Salasova et al., 2017). Lrrk2 knockout mice display
enhanced basal levels of Wnt activation and Lrrk2 knockout fibroblasts also show enhanced
Whnt responsiveness (Berwick et al., 2017). However, some pharmacological antagonists of
Lrrk2 have opposite effects on Wnt signaling (Berwick et al., 2017; Deng et al., 2011). In
addition, the non-canonical Wnt pathway component, PRICKLE1, converts Lrrk2 to an
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activator of canonical Wnt signaling in cell culture (Salasova et al., 2017). Based on these
data and additional analyses, alterations in Wnt signaling are proposed to contribute to the
etiology of PD (Harvey & Outeiro, 2019; Le Grand, Gonzalez-Cano, Pavlou, &
Schwamborn, 2015).

Lrrk2 and Lrrk1 double-knockout mice display age-dependent loss of dopaminergic neurons
in the substantia nigra, impairment of protein degradation pathways, alpha-synuclein
accumulation, and increased apoptosis (Giaime et al., 2017). In zebrafish, seemingly
contradictory effects of Lrrk2 disruption on DA neurons have been described. Morpholino-
mediated deletion of the WD40 domain, or knockdown of the entire protein, was reported to
result in significant loss of DA neurons and an overall reduction in neuron numbers during
early embryonic development (Prabhudesai et al., 2016; Sheng et al., 2010). However, in
contrast Ren et al, found that disruption of zebrafish Lrrk2 WD40 domain did not lead to
loss of DA neurons (Ren, Xin, Li, Zhong, & Lin, 2011). Lrrk2 knockdown also produced
additional effects including axial defects and edema in the eyes, lens, and otic vesicles
(Prabhudesai et al., 2016).

To circumvent limitations associated with knockdown studies and assess the role of specific
domains of Lrrk2 in modulating locomotor behavior, dopaminergic neuron specification, and
Wht signaling, we generated a series of zebrafish /rrk2alleles that truncate the protein near
the N-terminus, in the GTPase domain or in the kinase domain. All three /rrk2 mutants were
viable. Mutant larvae did not display locomotor defects, alterations in dopaminergic
neurons, or alterations in the basal levels of canonical Wnt target genes. However, upon
activation of Wnt signaling using the GSK3p inhibitor BIO, we observed attenuated
activation of some Whnt target genes in the strongest allele, which eliminates scaffolding and
catalytic functions. Together, these findings suggest that Lrrk2 is not required for zebrafish
viability but instead acts as a context specific activator of Wnt signaling.

2| METHODS
2.1| Fish husbandry

Zebrafish embryos were obtained from natural crosses and maintained at 28.5°C under
13/11 hr light/dark cycle as previously described (Moravec, Samuel, Weng, Wood, &
Sirotkin, 2016). Fish were fed either artemia twice daily or Gemma micropellets
(Skrettering). Adult fish were genotyped and generally separated by sex into 1.8 L tanks at
approximately 3 months of age. The wild-type strain used for all experiments was a hybrid
wild-type background consisting of Tubingen long-fin crossed to Brian’s wild type. For all
experiments, embryos and larvae were maintained in egg water (0.3 g/L Instant Ocean,
0.001 g/L methylene blue). This work was approved and conducted in accordance with the
Stony Brook University Institutional Animal Care and Use Committee. As sex in zebrafish is
indeterminate during embryonic and larval stages, we were unable to consider sex as a
variable.
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2.2 | Generation of the Lrrk2 mutations

An allelic series was created for the Lrrk2 gene using the CRISPR/Cas9 system. gRNAs
were generated using Ambion MegaScript 77 or the Integrated DNA Technologies Alt-R
single guide RNA system. The target sequences for the guide RNAs were /rrk250u71 5" -
GTCAAT GTCCAGTGATTG-3', /rrk20u96 5'-GCGCAGTACTGCTGCAGCAT-3’, and
Irrk25bu304 5" GGATAATCTGGCCAGACCGG-3’. Guide RNA (75 pg) was co-injected
with 150 pg of Cas9 protein (PNA Biosystems) into the cell of one-cell stage wild-type
embryos. Fish were genotyped using the following primers: /rrk2%471 forward 5’ -
TTTGTGGATCTATTAAACCTTGCTC-3, /rrk2P47I reverse 5'-
CGCTCTTCACACAAATCTGC-3’, /rrk204% forward 5’ -GGAGGATTATGGGTAAAT
GAGC-3', Irrk20u% reverse 5'-ACGCTGAGATCGCTAAA-3’, and /rrk20u304 forward 5 -
CTCTGCTGTGTCGGCTGAT-3', /rrk2 $0u304 yeverse 5’ -
CACTCCAACTTACTTGTGTGCAT-3’.

2.3 | Quantitative RT-PCR

Total RNA was extracted from pools of six embryos at 4 hr postfertilization (hpf) or pools of
four embryos at 56 hpf using Trizol (Invitrogen). cDNA was synthesized using SuperScript
Il reverse transcriptase (Invitrogen). Quantitative real-time PCR (qPCR) was performed with
a Light Cycler 480 (Roche) using Quanta SYBR Green (Quanta Bioscience). Transcript
levels from each sample were normalized top-actin. Each experiment consisted of three
pools of embryos run in duplicate. The primer pairs used include: /ef1 forward 5-
TCGCCCATGAAAACTCTACTG-3" and reverse 5'-TGGACCAAAAGTGACGAGC-3’,
adkk1 forward 5 -ACCCACAGGTGAAACAGGAG-3” and reverse 5'-
CAGCATGAAAGCGTTTAGAGG-3’, sp5forward 5 -GCTTGAGGAACTCGAGGAAG-3’
and reverse 5'-TGTTTTCCGGAGAGGAG TTC-3", sp5/forward 5’-
CGGACAATTTCCTCCACAAT-3" and reverse 5'-CTTCCTGCCAAGCCTGACT-3’, and
Irrk2 forward 5'-ATGAGGAGGAATGGGATGTG and reverse 5'-
CTCCGCCAGGTGATACTCAG-3’.

2.4] Whole mount RNA in situ hybridization

The following probes have all been previously described dkkZ (Hashimoto et al., 2000), /ef?
(Dorsky et al., 1999), spand sp5/ (Weidinger, Thorpe, Wuennenberg-Stapleton, Ngai, &
Moon, 2005). Embryos were fixed at 14, 27, 48, and 72 hpf with 4% PFA at 4°C overnight,
washed with PBT, then stored in 100% methanol at —20°C (~15-20 embryos per tube).
Whole mount RNA /n situ hybridization protocol was adapted from Thisse, Thisse,
Schilling, and Postlethwait (1993).

2.5| Behavioral assays

Behaviors of 6 dpf larvae were recorded using a Zebrabox imaging system (Viewpoint Life
Sciences, France) with constant illumination by infrared light and tracking with automated
video-tracking software (Zebralab; Viewpoint Life Sciences, France). All experiments were
conducted between 12 and 6 pm The visual-motor behavior paradigm consisted of 20 min of
acclimation, 15 min in the light followed by a stimulus (light change), and 15 min in the
dark. Beginning at 1 dpf, fish were grown in 24-well plates, with one fish per well. We
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tracked behavioral parameters such as number, distance, and duration, of movements as well
as spatial preference and stimulus-evoked movements upon a change from light to dark.
Data were assessed in 1-min bins for the analysis of spontaneous movement and 1-s bins to
capture acute response to stimulus.

2.6 | Statistics

Data analysis was analyzed using SPSS, GraphPad, and R Suite statistical language
programming. Significance was denoted at a p value less than or equal to 0.05 for all tests,
with error bars representing standard error of mean. Outliers were detected using the
Grubbs’ test and removed from analysis. To analyze the larval behavioral data a Student’s ¢
test was used for comparison between wild type and mutant with values presented as zSEM.
In instances where we were interested in how multiple groups varied from each other, we
used a two-way ANOVA and followed with a post hoc Tukey’s test. Statistical significance
was set to p < 0.05.

2.7| Pharmacological treatments

Working solutions of 6-Bromoindirubin-3"-oxime (BIO, Cayman Chemical) 2.5 and 0.5 pM
were diluted in 1% DMSO E3 embryo media. For the gPCR experiments, zebrafish were
treated at 36 hpf with BIO and the embryos were collected after 20 hr. The zebrafish were
divided into six groups: wild-type control group (DMSO control), /rrk2allele mutant control
group (DMSO control), 0.5 uM BIO-treated wild-type group, 0.5 uM BIO-treated /rrk2
allele mutant group, 2.5 pM BIO-treated wild-type group, and 2.5 uM BIO-treated /rrk2
allele mutant group. In these experiments, /rrk2 mutants were obtained from crosses of
homozygous parents. Control wild types were generated from crosses of wild-type siblings
of the /rrk2 mutants.

2.8 | Fluorescent imaging

The irrk20U71*  jrrk2s0u96/% and jrrk2504304/+ 3| leles were crossed with a siam: GFP
transgenic line (Moro et al., 2012). Embryos from the heterozygous cross were placed in 1%
1-phenyl 2-thiourea during segmentation to inhibit pigmentation. Embryos were
anesthetized with MS-222 (Tricaine) and mounted on slides using 3% methy! cellulose.
Images of 12-15 fish were acquired at each stage during one imaging session using a Zeiss
Axioplan2 microscope and genotyped post hoc.

3| RESULTS

3.1| Generation of alrrk2 allelic series

Zebrafish Lrrk2 has a domain structure very similar to human Lrrk2 as both are comprised
of armadillo-like repeats, ankyrin repeats, leucine-rich repeat, a Roc and COR GTPase,
kinase, and WD40 domains (Sheng et al., 2010) (Figure 1). To study the function of Lrrk2 in
zebrafish development we created an allelic series of mutants. The /rrk2 mutants were
generated by microinjecting single guide RNAs with CAS9 mRNA or protein into one-cell
zebrafish embryos to truncate the protein in distinct regions (Figure 1a). Germline
transmission was achieved for lesions produced by each gRNA. Lesions were amplified by
PCR and sequenced. The alleles we chose to investigate further included: jrrk2049, a net 4
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nucleotide insertion in the kinase domain; irrk250472, a 4-base pair deletion in the ROC
domain; and jrrk294304 an 8 nucleotide deletion in the armadillo repeats that is predicted to
remove all of the key functional domains (Figure 1b).

Homozygous /rrk2 mutants for each of the alleles appeared morphologically normal
throughout embryonic and larval development (not shown). Mutant adults were recovered at
the expected Mendelian ratios (Figure 1c). Offspring of mutant females appeared wild type
suggesting that there is no requirement for maternal /rrk2 mRNA. Because nonsense-
mediated decay of mutant mRNA can cause upregulation of related genes and transcriptional
adaptation (El-Brolosy et al., 2019), we measured /rrk2transcript levels by gPCR in each
mutant line. In each case, no evidence for nonsense-mediated decay of mutant /rrk2
transcripts was found as /rrk2 mRNA was comparable in mutants and control embryos
(Figure 1d).

3.2| Irrk2 mutants display wild-type locomotor behavior

Because disruption of PD-associated genes and alterations in the dopaminergic system result
in locomotor defects in zebrafish (Godoy, Noble, Yoon, Anisman, & Ekker, 2015; Lambert,
Bonkowsky, & Masino, 2012; Xi et al., 2010) we evaluated the locomotor behavior of each
of the /rrk2 mutants. We studied spontaneous and illumination-evoked changes in locomotor
behavior of all three /rrk2alleles at 6 dpf. Offspring of heterozygous parents was assayed in
24-well dishes at 6 dpf using the Zebrabox system (Viewpoint). Following a 20-min
acclimation period, 15 min of spontaneous movements in the light were recorded. The
lighting was then extinguished and swimming behavior in the dark was recorded for 15 min.
Post hoc genotyping was performed to identify /rrk2 mutants and wild-type siblings. The
number of movements, distance traveled, swim time, swim length, and speed were compared
between /rrk2 mutants and sibling controls (Figure 2 and Figure S1). We found that the
Irrk25bud6/shU96  jrr 25bu71/s0u71 and j. k2bu304/50u304 |aryae all made similar numbers of
movements, when compared to their respective sibling controls, in both light and dark
conditions (Figure 2b,c,e,f,h,i). No differences between /rrk2 mutants and controls were
observed when other parameters such as duration of movements, distance of movements,
swim length, and speed were assessed (Figure S1).

Shifting zebrafish larvae from light to dark produces an abrupt swimming burst (dark flash
photokinesis) (Burgess & Granato, 2007a; Wolman, Jain, Liss, & Granato, 2011) followed
by a characteristic increase in movement (visual-motor response) (Burgess & Granato,
2007b; Emran et al., 2007; Liu et al., 2015) for several minutes following the light change.
Both of these behaviors were indistinguishable in /rr&2 mutants and sibling controls (Figure
2b,d,e,g,h,j). Together, these results demonstrate that locomotor behaviors are not disrupted
in any of the /rrk2 mutants in our assays.

3.3| Dopaminergic neuron numbers are unaltered in Irrk2 mutant larvae

Loss of dopaminergic neurons is a defining feature of PD (Poewe et al., 2017). Previous
LrrkZknockdown studies in zebrafish have come to opposing conclusions on the
requirement for Lrrk2 in dopaminergic neuron specification (Prabhudesai et al., 2016; Ren et
al., 2011; Sheng et al., 2010). To assess the requirement for Lrrk2 in early dopaminergic
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neuron development in our /rrk2 mutants, we performed whole mount RNA in situ
hybridization using two markers of dopaminergic neurons, tyrosine hydroxylase (z41) and d-
alanine aminotransferase (dat)at 72 hpf on the /rrk2504304/50u304 mutants (Figure 3 and
Figure S2), which are predicted to disrupt all of the key domains. The pattern of staining was
unaltered in /rrk260u304/50u304 mytants and the number of dopaminergic neurons was
comparable between mutants and wild-type siblings (Figure 3c) suggesting that Lrrk2 is not
required in zebrafish for dopaminergic neuron specification.

3.4 | Regulation of Wnt target gene expression by Lrrk2

Alterations in Wnt signaling have been implicated in PD and several lines of evidence
support roles for Lrrk2 within this pathway (Berwick & Harvey, 2012; Berwick et al., 2017;
Harvey & Marchetti, 2014; Le Grand et al., 2015; Nixon-Abell et al., 2016; Sancho et al.,
2009). Zebrafish /rrk2is expressed throughout embryonic and larval development (Sheng et
al., 2010). To examine the zebrafish requirement for Lrrk2 in modulating Wnt signaling, we
first evaluated Wnt signaling in /rrk2 mutants using whole mount RNA /n situ hybridization
and a transgenic Wnt reporter, Tg(7xTCF-Xla.Siam:GFP)i#4 (Moro et al., 2012).

Whnt target genes studied by RNA /n situ hybridization included sp5/, dkk1, sp5, and lefl
(Dorsky et al., 1999; Hashimoto et al., 2000; Weidinger et al., 2005). Embryos were
collected from heterozygous intercrosses and genotypes established post hoc. sp5/
expression in the tailbud region of 10-somite embryos (14 hpf) was similar between the /rrk2
mutants and their wild-type siblings (Figure 4a—f). dkkZ expression at 27 hpf in the
pharyngeal pouches was comparable in /rrk2 mutants and their wild-type siblings (Figure
4g-1). Lefl and sp5are both expressed in the brain at 48 and 72 hpf respectively and were
unaltered in /rrk2 mutants compared to controls (figure 4m—x).

The transgenic reporter line Tg(7xTCF-Xla.Siam:GFP)#4 (Moro et al., 2012) was used to
generate dynamic readouts of Wnt activity. Each of the three /rrk2alleles were crossed into
the Tg(7XTCF-Xla. Siam:GFP)ia4 background to evaluate the effects of Lrrk2 disruption on
canonical Wnt signaling. The pattern of expression of the reporter was assessed by
fluorescent microscopy in living embryos at 27, 36, and 56 hpf (Figure 5a,b, Figure S3 and
data not shown). Spatial Wnt reporter expression was found to be the same for each of the
mutants and wild-type siblings. Together, these findings suggest that Lrrk2 disruption does
not dramatically alter basal Wnt signaling during early zebrafish development.

3.5] Irrk2 disruption attenuates response to the Wnt activator BIO

We reasoned that subtle effects of Lrrk2 on canonical Wnt signaling might be most apparent
under conditions when Whnt signaling is enhanced. Therefore, to assess the impacts of Lrrk2
on Wnt signaling, we challenged /rrk2 mutants with the Wnt activator BIO (Cayman
Chemical) and assessed signaling using the transgenic Wnt reporter line and by qPCR.
Treatment of the /rrk2 mutants with 2.5 uM BIO at 56 hpf did not result in appreciable
spatial changes in fluorescence of the reporter (Figure 5c¢,d and data not shown).

We next monitored the effects of Lrrk2 dysfunction on levels of Wnt target gene expression
following treatment with BIO during early gastrula (6 hpf) and late embryogenesis (56 hpf)
using qPCR. We first studied the /72504304 gllele because it lacks all of the protein
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interaction and catalytic domains. Basal levels of the Wnt target genes in untreated control
and /rrk2s0u304/sbu304 mutants were similar at 6 and 56 hpf. As expected, levels of dkkZ, fef,
sp5, and sp5/were increased in wild-type embryos challenged with 2.5 uM BIO (Figure 6),
with induction of dkkZ and sp5more robust than /efZ and sp51 at both 6 and 56 hpf.
Irrk25bu304/50u304 embryos and controls had comparable increases in expression levels of
target genes in response to BIO treatment at 6 hpf (Figure 6a—d). However, in contrast to
controls, at 56 hpf, BIO-mediated induction of dkkI and sp5was attenuated in the
Irrk25bu304/50u304 mutant, and this reduction in response was also apparent at a lower BIO
concentration (0.5 uM) (Figure S4). These findings suggest that Lrrk2 functions as an
activator of Wnt signaling at late embryogenesis, but not during the early gastrula stage.

3.6 | Robust activation of Wnt target genes requires Lrrk2 scaffolding domains

The /rrk250u304 gl lele is predicted to truncate the protein in the third exon, eliminating the
majority of the protein including most of the protein-protein interaction domains as well as
the ROC GTPase domain and the kinase domain (Figure 1). Effects of Lrrk2 on Wnt
signaling could be dependent on scaffolding functions (mediated by the armadillo, Ank, and
LRR domains) or by the catalytic domains. To distinguish between these possibilities, we
challenged the mutants that are predicted to spare the main scaffolding domains,
Irrk25bu71/SDU7I an g [rrk25bu96/5bu96 \yjith 2.5 uM BIO at 56 hpf and measured levels of Wnt
target genes by gPCR (Figure 7). We failed to observe reduced dkkZ or sp5induction in
response to BIO treatment in either /rrk250u7/50u71 \which lacks the GTPase and kinase
domains, or /rrk250u96/50u96 \which lacks only the kinase domain, when compared to related
wild-type controls (Figure 7a,c,e,g). In fact, dkkZ induction in /rrk20u7/50u71 s slightly
enhanced compared to levels in BIO-treated wild type (Figure 7a). Lrrk2 function is
complex, therefore, domain specific effects on the Wnt pathway may be highly context
dependent. Nevertheless, the dependency on Lrrk2 for robust activation of dkkZ and sp5 by
BIO observed in the /rrk250u304/56u304 experiments (Figure 6) was not replicated in either
Irrk25bu71/SDU71 o [rrk 250u96/5bu96 \\hile we cannot exclude catalytic domain functions in
modulation of Wnt signaling (and some data may imply a role), our data are most consistent
with a requirement for the scaffolding functions of Lrrk2 for robust activation of Wnt
signaling in zebrafish during late embryogenesis.

4| DISCUSSION

Challenges in elucidating the pathogenic mechanisms and wild-type functions of Lrrk2 stem
from the complex structure of the protein, which contains multiple protein interaction and
catalytic domains. To study the requirement for Lrrk2 during zebrafish development and
parse functions of regions of the protein, we generated a /rrk2 allelic series that encodes
truncations in the armadillo repeats (which likely encodes a null allele), GTPase domain
(which removes both the GTPase and kinase domain) or the kinase domain (Figure 1). All of
these /rrk2 mutants are viable. Although, overexpression of Lrrk2 produces convergence-
extension defects in Xenopus (Salasova et al., 2017), we did not observe effects on
convergence—extension or morphological defects in any of our /rrk2 mutants.
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As PD is associated with difficulty in initiating movement, movement kinetics are a
convenient means to assess the rudimentary nervous system function of larval zebrafish.
Previous knockdown studies yielded conflicting conclusions on the role of Lrrk2 in
controlling larval zebrafish locomotion (Ren et al., 2011; Sheng et al., 2010). Furthermore, a
Irrk2 mutation that disrupted the C-terminal WD40 domain produced clutch-dependent
effects on locomotion making it difficult to interpret this finding (Sheng et al., 2018). In our
studies, normal locomotor behavior was observed for each of the three mutant lines (Figure
2 and Figure S1) suggesting that either Lrrk2 does not play a significant role in larval
locomotion or that compensatory mechanisms sometimes obscure the role. Although off-
target effects are sometimes associated with morpholinos, compensatory mechanisms can
occur in mutants. The lack of nonsense-mediated decay in our mutants does not rule out
additional compensatory mechanisms.

One of the principal features of PD is a reduction in dopaminergic neurons in the substantia
nigra pars compacta (Surmeier, 2018). These neurons use dopamine to promote motor
activity by reducing inhibition (Poewe et al., 2017). In PD patients, greater exertion of effort
is needed to create any given movement (Tolosa, Wenning, & Poewe, 2006). Analysis of the
strongest allele, /rrk204394 did not reveal any differences in the number and pattern of DA
neurons (Figure 3 and Figure S2). Previous assessments of DA neurons in larval zebrafish
following /rrk2 disruption yielded conflicting findings (Prabhudesai et al., 2016; Ren et al.,
2011; Sheng et al., 2010), and our data support conclusion that Lrrk2 does not impact early
DA specification or survival. Because our alleles are loss of function (LOF) and PD-
associated mutations tend to enhance kinase activity (although GTPase activity is often
reduced), it is not surprising that larval DA neuron populations are intact.

Impacts on Wnt signaling have been proposed to be central to Lrrk2 pathogenic mechanisms
in PD (Berwick et al., 2017; Le Grand et al., 2015). Lrrk2 associates with multiple canonical
and non-canonical/PCP Wnt pathway components including Dvl 1-3, LRP5/6, GSK3,
CELSR1, and PRICKLEL (Berwick & Harvey, 2012; Salasova et al., 2017; Sancho et al.,
2009). Because of the myriad interactions and the intricate cross talk between canonical Wnt
signaling components and PCP components, the impacts of Lrrk2 on Wnt activity is highly
context dependent and Lrrk2 has been proposed to play a role in balancing canonical and
non-canonical/PCP Whnt signaling (Berwick et al., 2019). We did not detect any difference in
the basal output of canonical Wnt signaling in our /rrk2 mutants (Figures 5 and 6). This
contrasts /7 vitro studies and assays of mouse bone development (Berwick et al., 2017) that
shows Lrrk2 acts to repress Wnt activity. Our results suggest that during early zebrafish
development Lrrk2 impacts on basal Wnt signaling are either subtle or absent. However, we
observed a Lrrk2-dependent change when the Wnt pathway was activated with a small
molecule, BIO (Figures 6 and 7). Because the strongest /rrk2allele (sbu304), which is
predicted to eliminate both the domains involved in scaffolding and catalytic function,
reduced the magnitude of Wnt pathway activation by BIO at 56 hpf, we conclude that in this
context, Lrrk2 promotes the Wnt response (Figure 6). However, no effect was observed in
the same assay at 6 hpf (early gastrula). The observation that Lrrk2 functions as an activator
of Wnt signaling is consistent with the finding that PRICKLEL and Lrrk2 together enhance
Whnt activity in mammalian cell culture (Salasova et al., 2017).
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We investigated whether the Lrrk2 alleles that encoded predicted proteins lacking the kinase
domain (/rrk22496) or the kinase and GTPase domains (/rrk250¢72) were able to foster robust
activation of the Wnt pathway at 56 hpf (Figure 7). In neither case did we observe clear
reductions in the levels of Wnt targets as we did in the /2504304 gllele, which lacks the
protein interaction domains. While induction of Wnt target genes by BIO was comparable in
the control-related wild types for the /rrk204304 and Jrrk2594% lines, induction was less
robust in the /rrk2471 controls. This effect is unrelated to /rrk2 function and likely stems
from subtle genetic background differences.

We did not observe nonsense-mediated decay of /rrk2 mutant transcripts (Figure 1d) and
were unable to directly assess mutant protein levels or biochemical properties. However,
many Lrrk2 fragments and isolated domains function in /n vitro assays (Berwick & Harvey,
2012; Salasova et al., 2017; Sancho et al., 2009). While we cannot entirely rule out effects of
the Lrrk2 catalytic domains in modulation of Wnt, our data support a model in which Lrrk2
scaffolding functions are paramount. Many Lrrk1 functional properties differ from Lrrk2,
but Lrrk1 also impacts Wnt signaling in some contexts (Berwick & Harvey, 2012). Future
studies should address potential compensatory activities of Lrrk1 in the /rrk2 mutants.

In conclusion, we discovered that Lrrk?2 is able to facilitate robust activation of the Wnt
signaling pathway during late zebrafish embryogenesis. However, /rrk2 mutants display
normal morphology and locomotor behavior and are fully viable. Pathogenic Lrrk2
mutations are generally gain of function and may take decades to produce discernable
phenotypes. We have not detected overt abnormalities in adult /rrk2 mutants, but future
studies to investigate roles for Lrrk2 during later life stages are warranted. Together, these
findings suggest that Lrrk2 has subtle influences and a highly context-dependent impact on
Whnt signaling.

Supplementary Material

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

Leucine-rich repeat kinase 2 (Lrrk2) is a complex protein with multiple enzymatic and
protein interaction domains. The pathways by which altered Lrrk2 function leads to
Parkinson’s disease are unknown. As a means to better understand the actions of Lrrk2
during neural development, we generated a series of truncation mutants in zebrafish and
assessed the impacts on larval locomotion, dopaminergic neurons, and Wnt signaling. We
did not find significant changes in locomotion or dopaminergic neurons in any of the
Irrk2 mutants. However, enhanced responsiveness to Wnt activation was observed, which
may over time produce more pronounced impacts.
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SR I Y I O T P

(b) Sequence

wildtype: GCATCGCGCAATACTGCTGCA----GCATGGGCG

lrrk2sbud6;  GCATCGCGCAATACTGCTGCAAAACCCATGGGCG

wildtype: GCGGGTCAATGTCCAGTGATTGTGGTGGGAACTC

lrrk2sk47l;  GCGGGTCAATGTCCAGTG----TGGTGGGAACTC

wildtype: GATAATCTGGCCAGACCGGTGGACTATGAATTTA

lrrk2sbu3td;  GATAATCTGGCCA-——————— GACTATGAATTTA
(c)

Allele # Screened  # Mutant % Mutant
Irrk2sbuse 163 44 27.0%
Irrk2stu71 243 56 23.0%
Irrk2sbu304 195 47 24.1%

FIGURE 1.

Translation
wildtype:

a4

a8

CSMGVRSSEGTPGFRAPEVARGNVIYNQADVYSFGLLLYDLLTY

Lrrk2sbudt; CONPWASAALKEHVFEPRRWLEETSSTTSRRMFIRSVCCCMIC*
wildtype: AGQCPVIVVGTHADLCEERHLQECLLKLOKELQSQPGFPAIREN
Lrrk2sburi, AGQCPV-WWELMQICVKSATYRSVC*
wildtype: DNLARPVDYEFIDAHKQILKVLHEYHNKDAKMMMVALRALALML
Lrrk2sbu3t4;  DNLA-RTMNL*
(d) Irrk2 transcript levels
2 2 2
® 15 o %15 g 15
S & & o
S 1{8& T & 1 8 § 1{¥ &
k=] 8 =) o =) o
(©]
& os & os & os
0 0
Irrk2** Irrk2sbuse/sbuss Irrk2** Iprk2sbu71/sbu71 Irrk2*/* Irrk2sbu304/sbu3od

Zebrafish /rrk2 Loss-of-Function Allelic Series. (a) Schematics of /rrk2 loss-of-function
mutants created with CRISPR-Cas9. (b) /20496 encodes a 5bp insertion and 1bp deletion
in the kinase domain, Irrk25°u71 encodes a 4bp deletion in the ROC domain, and Irrk2sbu304
encodes an 8bp deletion in the armadillo repeat domain. All deletions in the /rrk2 zebrafish
lines create a premature stop codon indicated by a red asterisk. b (Left): Nucleotide
sequences of the loss-of-function mutants and b (Right): Predicted amino acid translations of
the loss-of-function mutants. (c) Ratio of adults recovered for each /rrk2allele from
heterozygous intercross. (d) /rrk2 mRNA expression in each of the /rrk2 mutants Student’s ¢
test, (/rrk2049%, n=6, p=0.23), (k2?71 n=6, p=0.17), and (/rrk2u304 n=3, p=

0.97)
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Irrk2554% Photic Response
dt
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Assessment of Locomotor Behavior of /rrk2 Mutants. (a) Visual-motor paradigm for
assessing spontaneous locomotor behavior in 6 dpf zebrafish. (b,e,h) Spontaneous movement
count per minute in the light and dark (illumination is removed at minute 15 of the trial) for
(b) lrrk2** (n= 28) and Irrk2sbu96/50u96 (5 = 21), (e) Irrk2*’* (n= 34) and [rrk2bu71/sbu71 (p
= 35), (h) Irk2** (n= 24) and Irrk250u304/56u304 (n = 24). (c,f,i) The average total number of
movements for each genotype recorded during the 15 min in the light (p=0.41, p=0.65, p
=0.82, Student’s ttest, for k20496 [rrk2Pu71 [rrk25bu304 respectively). (d,g,j) Distance
traveled per second upon light change in response to the removal of illumination (photic

response) at second 11 of the trial
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th1+ cell count
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+ T

O

Irrk 2+/+ Irrk 25bu304/sbu304

th1 mRNA Expression and cell count for /rrk204304 Mutant. (a,b) RNA jn situ hybridization
of th1on 72 hpf wild type and /rrk25bu304/5bu304 mutant embryos from heterozygous
intercrosses. Images taken on a dorsal view, focused on the midbrain. (c) Cell counts of #1
positive cells in wild types and /rrk250u304/5bu304 mytants. Student’s ttest, /rrk2*/* (n= 8)

and /rrk2s0u304/5bu304 (n = 7y p=0.32
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FIGURE 4.

Whnt Target Gene Expression in /rrk2 Mutants. (a-f) RNA in situ hybridization of sp5/in 10-
somite embryos from /rrk250U96, [rrk25Pu71 | rrk25bu304 heterozygous intercrosses, dorsal
view of the tailbud region. (g-1) RNA /n situhybridization of dkkZ in 27 hpf embryos from
Irrk250U96 [rrk2sbu7l - [rrk 250u304 heterozygous intercrosses; dorsal view of the hindbrain
expression. (m-r) RNA Jn situ hybridization of /ef1 in 48 hpf embryos from /rrk26496,
Irrk250u71 [k 2bu304 heterozygous intercrosses; lateral view of the head. (s-x) RNA in situ
hybridization of sp5in 72 hpf embryos from /rrk250496, [rrk250U7L [rrk 2504304 heterozygous
crosses; dorsal view of the brain
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FIGURE 5.
Wt Reporter 7g(7xTCF-Xla.Siam:GFP) in Irrk25P4304 Mutants with Wnt Activator BIO

Treatment. (a-d) Fluorescent images of /rrk224304 mutants in a Siam:GFP background at 56
hpf. Response to Wnt activator: (a,b) DMSO control 56 hpf /rrk2*/* and /rrk25bu304 sbu304,
(c,d) Treated with BIO (2.5 uM) 56 hpf /rrk2*/* and irrk25bu304/5bu304 \mages taken in
lateral view
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FIGURE 6.

mRNA Expression of Wnt Target Genes in /204304 Mutants. (a-d) Real-time qPCR
showing the expression level of (a) dkkZ (n=6), (b) lefl (n=6), (c) sp5 (n=6) and (d) sp5/
(n=6) for Irrk2*/* and Irrk256u304/5bu304 ot 6 hpf for vehicle (DMSO)-and BIO (2.5uM)-
treated embryos. (a) Expression levels of dkkZ comparing /rrk2*/* control and treated (p =
0.00022) and /rrk260u304/50u304 control and treated (p = 0.000034). (b) Expression levels of
lef1 comparing /rrk2*’* control and treated (o = 0.0019). (c) Expression levels of sp5
comparing /rrk2*/* control and treated (p = 6.7e-8) and /rrk25bu304/5bu304 control and treated
(p=1.2e-6). (d) Expression levels of sp5/comparing /rrk2*/* control and treated (o=
0.000082) and /rrk25bu304/5bu304 control and treated (p= 0.028). (e-h) Real-time gPCR
showing the expression of (e) dkki(n=3), (f) lefl(n=13), (g) sp5 (n=13), and (h) sp5/ (n=
3) for Irrk2** and Irrk2s0u304/50u304 ot 56 hpf for vehicle (DMSO)- and BIO (2.5uM)-treated
embryos. () Expression levels of dkkZ comparing /rrk2*/* control and treated (p = 3.1e-7),
Irrk250u304/56u304 control and treated (p = 0.0082), and /rrk2** treated and /rrk250u304/5bu304
treated (p = 2.8e-6). (f) Expression levels of /ef1 comparing /rrk2*/* control and treated (o=
0.000025) and /rrk250u304/56u304 control and treated (p = 0.00032). (g) Expression levels of
sp5 comparing /rrk2*/* control and treated (o= 0.00001) and /rrk256u304/56u304 control and
treated (p = 0.023), and /rrk2*/* treated and /rrk250u304/50u304 treated (p = 0.00012). (h)
Expression levels of sp5/comparing /rrk2** control and treated (p= 0.0012) and
Irrk250u304/56u304 control and treated (p = 0.00076). Statistical analysis for pairwise
comparisons was done with a post hoc Tukey’s test. A two-way analysis of variance was
conducted to test if there was a significant interaction between genotype and treatment. We
found a significant interaction between genotype and treatment for (e) dkk1(Fy gy = 105.7, 7
=3, p=6.9e-6)) and (g) sp5 (F1s) = 33.89, n=3, p=0.00039) at 56 hpf. p< 0.05 (*), p<
0.01 (**), p<0.001 (***)
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FIGURE 7.
mRNA Expression of Wnt Target Genes in /20472 and /rrk250496 Mutants. (a-d) Real-time

gPCR showing the expression level of (a) dkkI (n=11), (b) lefl (n=11), (c) sp5 (n=11),
and (d) sp5/ (n=111) for Irrk2*"* and Irrk250u72/50u71 56 hpf for vehicle (DMSO)- and BIO
(2.5uM)-treated embryos. (a) Expression levels of akkZ comparing /rrk2*/* treated and
Irrk280u71/5bu71 treated (p = 0.0073) and /rrk2P471/50u71 congrol and treated (o = 0.000067).
(c) Expression levels of sp5comparing /rrk2*/* control and treated (p = 0.000025). (e-h)
Real-time gPCR showing the expression of (e) dkk1 (n=6), (f) lefi(n=6), (g) sp5 (n=6)
and (h) sp5/ (n= 6) for lrrk2*"* and Irrk250u96/5bu96 ot 56 hpf for vehicle (DMSO)- and BIO
(2.5 uM)-treated embryos. () Expression levels of akkZ comparing /rrk2** control and
treated (p = 0.000041), /rrk256u96/ sbud6 control and treated (p = 0.0023). (g) Expression
levels of sp5 comparing /rrk2*/* control and treated (p = 0.0016). Statistical analysis for
pairwise comparisons was done with a post hoc Tukey’s test. p< 0.05 (*), p<0.01 (**), p<
0.001 (***)
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