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Abstract

Parkinson's Disease (PD) is a late-onset neurodegenerative disease characterized by progressive
motor dysfunction caused by a loss of dopaminergic neurons for which there is no known cure. Among
the most common genetic causes of PD are mutations in the leucine-rich repeat kinase 2 gene (LRRK?),
encoding a multi-domain protein with kinase activity. The LRRK2 G2019S mutation causes hyperactivity
of the kinase domain and is the most frequent LRRK2 mutation in patients with familial PD, though its
role in causing PD pathology remains unclear. Preliminary data from the lab of our collaborator, Dr.
David Park, demonstrated through a genetic screen in Drosophila melanogaster that the deletion of rbp9
encoding an RNA-binding protein prevented pathology induced by PD-relevant mutations in the LRRK?2
kinase domain. The neuronal homolog of RBP9 in humans is HuD, a member of the Hu family of RNA-
binding proteins that regulates the expression of many transcripts involved in neuronal development,
plasticity, and survival. In addition, HuD has been shown to modify the age-at-onset or risk of developing
PD. Here, we studied the effect of LRRK2 on the post-transcriptional regulation of mRNAs bound by
HuD in the context of PD. Our findings showed that HuD is a substrate for LRRK2 phosphorylation in
vitro, and that LRRK?2 G2019S hyperphosphorylates HuD. We demonstrated that LRRK?2 kinase activity
is required for the binding of several transcripts by HuD that encode PD-relevant proteins such as a-
synuclein and neuronal survival factor BDNF. Our findings in human neuroblastoma cells indicated that
LRRK?2 regulates the protein levels of HuD mRNA targets a-synuclein and BDNF in a mechanism that
can by modified by HuD. Finally, we showed that the combination of HuD knockout with LRRK?2
G2019S expression in mice rescues aberrant expression of HuD targets in mice with only the LRRK2
G2019S mutation or the knockout of HuD alone. Together, our findings demonstrate that LRRK?2 affects
the post-transcriptional regulation of HuD-bound mRNAs, and suggest the use of HuD as a potential

therapeutic target in patients with PD caused by the LRRK2 G2019S mutation.
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Clinical features of Parkinson's disease

Parkinson's disease (PD) is one of the most common late-onset neurodegenerative diseases, affecting
1-2% of individuals over 60 years of age and up to 5% of individuals over the age of 80 (Bonifati, 2007;
Gasser, 2009; Dae-Lee et al., 2012; Osgerby et al., 2017). PD is a progressive neurodegenerative disorder
and shows clinical features such as tremors, slow movement, bradykinesia (slow movement), stiffness and
eventual cognitive decline (Jankovic et al., 2007; Dauer and Przedborski, 2003). Current treatment
options are limited, as medications and surgical procedures such as deep brain stimulation relieve the
symptoms of PD but do not reverse, prevent, or slow down the progression of neurodegeneration (Dae-
Lee et al., 2012). In order to develop neuroprotective therapeutic options for PD, it is crucial to broaden
our understanding of key molecular mechanisms leading to disease pathogenesis.

Pathologically, PD is characterized by the irreversible loss of dopaminergic neurons from the
substantia nigra pars compacta (SNc) (Lo Bianco et al., 2002; Dauer and Przedborski, 2003; Jankovic,
2007). The SNc is located in the midbrain and innervates and supplies dopamine to the striatum, a region
of the brain that plays a role in fine motor control (Porritt et al., 2005; Gerfen and Surmeier 2012). The
death of dopaminergic neurons in the nigrostriatal pathway causes a critical depletion of dopamine in the
striatum and affects motor skills (Dauer and Przedborski, 2003; Gerfen and Surmeier 2012). In addition to
the degeneration of dopaminergic neurons, PD is often characterized by the presence of proteinaceous
cytoplasmic aggregates called Lewy Bodies in the affected brain regions (Spillantini et al., 1998; Lo
Bianco et al., 2002; Dauer and Przedborski, 2003). One of the major components of Lewy bodies is a-
synuclein, a pre-synaptic nerve-terminal protein that plays a role in dopamine release (Abeliovich et al.,
2000). Mounting evidence suggests that a-synuclein aggregation in Lewy bodies is associated with the
degeneration of nigrostriatal dopaminergic neurons (Masliah et al., 2000; Dauer and Przedborski, 2003;
Recasens et al., 2014). In fact, several point mutations in the gene encoding a-synuclein (SNCA) as well
as wild type gene duplications and triplications have been associated with PD, further supporting its role
in neuropathology (Kruger et al., 1998; Polymeropolous et al., 1998; Olgiati et al., 2015; Mokretar et al.,
2018). It is important to note however that the presence of Lewy bodies is neither necessary nor sufficient
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for the clinical expression of PD (Luk et al., 2012; Kalia et al., 2015). Parkinsonian motor phenotypes can
exist without Lewy body pathology, while Lewy bodies have been detected in human subjects without

PD-associated motor features (Luk et al., 2012; Kalia et al., 2015).

PD closely linked to mutations in the LRRK?2 gene

Though most cases of PD are sporadic in origin, approximately 10% of cases have a genetic link and
are referred to as familial Parkinson's disease (Farrer et al., 2005; Zabetian et al., 2005). The most
common cause of familial PD are mutations in the leucine-rich repeat kinase 2 gene (LRRK?2) encoding a
2527-amino acid cytoplasmic protein with multiple protein-protein interaction domains, a GTPase domain
and a kinase domain possessing autocatalytic serine/threonine activity (Figure 1) (Paisan-Ruiz et al.,
2004; Zimprich et al., 2004; Mata et al., 2006, Bonifati, 2007; Greggio, 2012). In contrast to other PD-
related genes, the neuropathology and clinical phenotypes of familial PD induced by LRRK2 mutations
are largely indistinguishable from sporadic PD, suggesting that therapeutic strategies developed to target
LRRK2-mediated familial PD may be applicable on a broader level to sporadic cases (Paisan-Ruiz et al.,
2004; Zimprich et al., 2004; Mata et al., 2000).

Numerous studies have proposed roles for LRRK2 in a wide variety of cellular processes
including autophagy (Plowey et al., 2007; Alegre-Abarrategui et al., 2009), synaptic endocytosis (Shin et
al., 2008; Yun et al., 2013), mitochondrial dysfunction (Ramonet et al., 2011; Papkovskaia et al., 2012;
Wang et al., 2012) neuroinflammation and immune system function (Moehle et al., 2012; Russo et al.,
2014), and cytoskeletal dynamics and rearrangement for neurite morphogenesis (MacLeod et al., 2006;
Jaleel et al., 2007; Parisiadou et al., 2009). The exact role of LRRK?2 in many of these pathways remains
elusive, as several studies have produced contradictory results especially in the field of autophagy
(Wallings et al., 2015). The complexity of LRRK2 activity is additionally demonstrated through its
proposed role in the pathology of two inflammatory diseases; Crohn’s disease (Barrett et al., 2008;
Umeno, 2011; Moehle et al., 2012), and Mycobacterium leprae infection also known as leprosy (Zhang

et al., 2009, Moehle et al., 2012). LRRK?2 is highly expressed in macrophages and monocytes which has
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Figure 1: LRRK?2 protein domain structure and pathogenic mutations. The catalytic core is made up
of the ROC GTPase domain, COR and kinase domain. The G2019S substitution in the kinase domain is
recognized as the most common LRRK?2 mutation causing Parkinson's disease.



led to the proposed role for LRRK2 in modulating proinflammatory responses in microglia (Dzamko et
al., 2012, Moehle et al., 2012). It appears as though each LRRK2-associated disease is caused by a
different gene variant, but current studies are working to determine the susceptibility of PD patients to

developing Crohn's disease or leprosy, and vice versa (Wallings et al., 2015).

Importance of LRRK?2 Kkinase activity in PD

At least five pathogenic mutations in the LRRK2 gene have been identified, with the most common
mutation leading to Parkinson's disease being the G2019S amino acid substitution in the kinase domain
(Figure 1) (West et al., 2005; Mata et al., 2006; Gaig et al., 2007). The G2019S mutation has a clear
activating effect, increasing the kinase activity of LRRK2 by approximately 3-fold compared to wild type
LRRK2 (West et al., 2005; Smith et al., 2005; Smith et al., 2006; Luzon-Toro et al., 2007; Gloeckner et
al., 2009). The LRRK2 G2019S mutation has been described as a gain-of-toxic function mutation and
induces progressive neurite shortening and eventual cell death that is not observed when wild type
LRRK?2 is over-expressed in neuronal cell lines and primary cultures (Smith et al., 2005; MacLeod et al.,
2006; Parisiadou et al., 2009). In stark contrast, LRRK?2 knockout typically promotes neurite outgrowth in
primary cell cultures suggesting a critical role for LRRK2 kinase activity in regulating neuronal
differentiation (MacLeod et al., 2006, Parisiadou et al., 2009).

Several research groups have developed and characterized transgenic LRRK2 mice expressing the
G2019S mutation. This has proved to be a challenge, as many studies are contradictory as to whether
LRRK2 G2019S mice show evidence of PD pathology and whether these mice should be trusted as a
model of PD. While Ramonet et al., (2011) showed that LRRK2 G2019S mice exhibit significant
dopaminergic neuron loss from the SNc at 19-21 months of age, these findings are contradicted by Li et
al., (2010) who did not observe any signs of SNc¢ dopaminergic neuron loss in mice of the same age. Li et
al., (2010) also found no abnormalities in the expression levels or aggregation of a-synuclein in the SN¢
in 12 month old mice, which is a common pathology seen in human PD patients (Spillantini et al., 1998).

The majority of studies evaluating the coordination and motor skills of LRRK2 G2019S mice up to 18



months of age report no abnormalities in their performance on a variety of behaviour and locomotor tests
(Lin et al., 2009, Li et al., 2010; Ramonet et al., 2011; Longo et al., 2014). Contradicting these findings, a
2012 study by Chen et al. reported that LRRK2 G2019S mice exhibited reduced activity levels
(hypokinesia) and impaired motor skills (bradykinesia). The discrepancies between the neuropathology
and locomotor behaviour observed in many of these many of these studies can be attributed to the large
variation in the methods used to generate transgenic mice. For example, Chen et al., (2012) used mice
with 10 copies of the LRRK2 G2019S transgene under the control of CMV enhancer/PDGF-b promoter,
which mediated a high level of LRRK2 G2019S expression in SNc dopaminergic neurons. It is therefore
possible that the motor phenotypes observed by Chen et al. (2012) are exaggerated in comparison to other
transgenic LRRK2 G2019S mouse models with only a few copies of the transgene. All together, these
studies suggest that unlike human patients with PD, LRRK2 G2019S is not as detrimental to neuronal
survival and motor activity within the lifespan of mice, and that pathology in humans may involve
different pathways or factors that are not present in mice (Longo et al., 2014).

In contrast to mouse models of PD, transgenic flies overexpressing PD-associated human LRRK?2
(hLRRK2) mutants and corresponding fly LRRK mutants (dLRRK?2) show age-dependent dopaminergic
neuron loss and dendrite degeneration that is not present in flies over-expressing wild type dLRRK2 (Liu
et al.,, 2007; Imai et al., 2008; Ng et al., 2009). A recent study has shown that these neurological
phenotypes in flies expressing hLRRK2 G2019S are accompanied by motor deficits including
bradykinesia, akinesia, hypokinesia, and increased tremor (Cording et al., 2017). Similar motor
phenotypes were also observed in flies expressing a different human over-active kinase LRRK2 mutant
(I2020T), but not in flies expressing a kinase-dead form of LRRK2 or in those expressing the GTPase
domain mutation R1441C (Cording et al., 2017, Xiong et al., 2018). These findings suggest a critical role
for LRRK2 kinase activity in causing neuropathology and motor phenotypes associated with Parkinson's

disease in flies.



Cellular pathways affected by LRRK?2

In order to understand the etiology of LRRK2-mediated PD as well as the biological function of
LRRK?2 in healthy individuals, it is essential to identify LRRK2 kinase substrates and signalling pathways
that contribute to neurotoxicity and pathophysiological effects when LRRK2-mediated phosphorylation is
misregulated. Identification of these substrates may provide critical insight into developing therapeutics
for patients with PD. To date, numerous substrates of LRRK2-mediated phosphorylation have been
proposed including certain members of the Rab GTPase family (Steger et al., 2016), Snapin (Yun et al.,
2013), Ezrin/Radixin/Moesin (Jaleel et al., 2007; Parisiadou et al., 2009), members of the mitogen-
activated protein kinase kinase (MAPKK) family (Gloeckner et al., 2009; Hsu et al., 2010; Chen et al.,
2012), eukaryotic initiation factor 4E binding protein 1 (4E-BP1) (Imai et al., 2008; Kumar et al., 2010),
ribosomal subunit protein s15 (Martin et al., 2014), and Aktl (Ohta et al., 2011). These candidate
substrates play a broad range of functional roles in cellular homeostasis and survival (Figure 2A)
(Greggio et al., 2009; Greggio, 2012; Wallings, 2015). Ezrin, radixin and moesin make up the ERM
family of proteins that are involved in maintaining cell membrane structure by anchoring the actin
cytoskeleton to the plasma membrane (Jaleel et al., 2007; Parisiadou et al., 2009). Snapin is a regulator of
endosomal transport and is essential to autophagy and lysosomal functions in neurons (Yun et al., 2013).
The Rab GTPases play roles in intracellular trafficking while MKK3/6 and MKK4/7 of the MAPKK
family are involved in cellular stress responses (Hsu et al., 2010; Gloeckner et al., 2009; MacLeod et al.,
2013; Steger et al., 2016). Several studies have shown that LRRK2 G2019S increases the phosphorylation
of these substrates by approximately 2-4 fold above wild type LRRK?2 (Jaleel et al., 2007; Gloeckner et
al., 2009; Steger et al., 2016; Lis et al., 2018). Hyperphosphorylation of these substrates by LRRK2
G2019S has been associated with defects in neurite outgrowth and neurotoxicity, but it is poorly
understood as to how they contribute to the degeneration of dopaminergic neurons that is specific to the
midbrain in PD patients (Figure 2B) (West et al., 2005; Jaleel et al., 2007; Gloeckner et al., 2009; Lin et
al., 2010; Parisiadou et al., 2010; Steger et al., 2016; Lis et al., 2018). A recent study has made a potential
link between LRRK2 G2019S-mediated hyperphosphorylation of MKK4 and neuronal death in the SNc.

7



Phosphorylation of MKK4 activates downstream c-Jun N-terminal kinases (c-JNK) which are essential
mediators of neuronal cell death (Chen et al., 2012). In the SNc¢ of LRRK2 G2019S mice, over-active
MKK4 gave elevated phospho-JNK levels and downstream transcription factors like c-Jun that are
responsible for regulating the expression of genes that initiate the apoptotic cascade and caspase
production like Bim and FasL (Chen et al., 2012). Remarkably, elevated levels of Bim and FasL. mRNA,
and caspases were detected in the SNc of LRRK2 G2019S mice, suggesting that the promotion of
apoptosis by LRRK2 G2019S-mediated hyperphosphorylation of MKK4 may be a possible mechanism
contributing to SNc dopaminergic neuron degeneration in PD (Chen et al., 2012).

Based on current literature, perhaps the most relevant LRRK2 substrates to PD pathology are
cukaryotic initiation factor 4E binding protein 1 (4E-BP1) and ribosomal subunit protein s15. Both
substrates have implicated a role for LRRK2 in translational control (Figure 2A) (Imai et al., 2008; Tain
et al., 2009; Kumar et al., 2010; Martin et al., 2014). 4E-BP1 inhibits translation initiation by binding and
sequestering elF4E (eukaryotic translation initiation factor), thereby preventing elF4F complex formation
and translation from ensuing (Imai et al., 2008; Tain et al., 2009). Ribosomal protein s15 plays a critical
role in assembly of the 40S ribosomal subunit and is central in binding to 16S rRNA (Bubunenko et al.,
2006; Martin et al., 2014). Similar to substrates mentioned previously, phosphorylation of 4E-BP1 and
s15 is elevated by 2-fold and 1.5-fold respectively in the presence of the LRRK2 G2019S mutant, and has
been shown to promote protein synthesis (Figure 2B) (Imai et al., 2008; Martin et al., 2014). Though
there appears to be a consensus regarding 4E-BP1 activity being affected by LRRK?2, a study by Kumar et
al., (2010) suggests that 4E-BP may not be a direct LRRK?2 substrate but is instead affected by kinases
downstream of LRRK2. Regardless, LRRK2 G2019S-mediated hyperphosphorylation of 4E-BP is
suggested to release elF4E from 4E-BP inhibition, thereby promoting cap-dependent translation (Imai et
al., 2008; Tain et al., 2009; Kumar et al., 2010). The large-scale implications of enhanced translation in
PD pathology remain unclear, though over-expression of elF4E has been shown to cause loss of
dopaminergic neurons in flies, while over-expression of 4E-BP suppresses dopaminergic neuron
degeneration in flies expressing a pathogenic mutation (Imai et al., 2008; Tain et al., 2009). In a study by
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Martin et al., (2014), enhanced translation and increased protein synthesis in Drosophila expressing the
LRRK2 G2019S mutation was abolished by blocking the phosphorylation of s15 through site-directed
mutagenesis of the putative phosphorylation site. In accordance with this effect on translation, blocking
s15 phosphorylation additionally rescued neurotoxicity in Drosophila and human neuronal PD models
(Martin et al., 2014).

Lastly, LRRK2 kinase substrate Aktl is a serine/threonine protein kinase involved in several
signalling pathways such as apoptosis (Figure 2A) (Ohta et al., 2011; Chuang et al., 2014). Recent studies
have implicated LRRK2 in protecting neurons from apoptotic death through an Aktl-dependent survival
pathway (Chuang et al., 2014). In contrast to the increased phosphorylation induced by LRRK2 G2019S
mutant of the substrates mentioned above, two separate studies have shown that LRRK2 G2019S fails to
phosphorylate Aktl to the same degree as wild type LRRK2 (Figure 2B), leading to its inactivation (Ohta
et al.,, 2011; Chuang et al., 2014). These sets of data promote speculation that neurons expressing the
G2019S mutation exhibit lower resistance to apoptosis and cause cells to be more susceptible to
neurodegeneration (Figure 2B) (Ohta et al., 2011; Chuang et al., 2014).

In summary, many candidate LRRK2 kinase substrates and cellular pathways affected by LRRK2
have been associated with neurite outgrowth defects and neurotoxicity in G2019S mutant models. A
definitive link between these some of these substrates causing dopaminergic neuron death that is specific
to the SNc has yet to be made, but is possible that PD pathology is the cumulative effect of all
downstream pathways affected by the LRRK2 G2019S mutant. It is also likely that there are molecular
mechanisms and kinase targets contributing to PD pathology that have not been elucidated. Therefore, it
is essential to continue exploring the molecular pathways affected by LRRK2 in order to broaden our

understanding of PD.

Effects of LRRK2 on the transcriptome
In addition to affecting translational control through phosphorylation of 4E-BP1 and ribosomal

protein s15, LRRK2 has been implicated in regulating gene expression at the transcriptional level. Recent



ERM
LRRK2 | — { teins — > | CYtoskeletal dynamics

LRRK2

Indirect(?) / LRRK?2
4E-BP1 LRRK2

© N @\

l MKK 3/6
Rab MKK 4/7
. . GTPases
Protein synthesis l
Synaptic endocytosis . Inflammation
Intracellular trafficking iyl Stress responses
Autophagy

LRRK2 —» ERM Altered cytoskeletal dynamics
(s proteims Neurite outgrowth defects

LRRK2
G2019S
Indirect {?)j LRRK2
G2019S
LRRK2 "

€27 G2019S

@ ',
LT

T Protein synthesis Rab MKK 417
GTPases

|

Alterations in autophagy
and endolexocytosis T Apoptosis T Inflammatory response

)

@/

1

I

I
v

| Parkinson’s disease pathology

Figure 2: Suggested signalling pathways affected by LRRK2-mediated phosphorylation. (A)
Schematic of several known substrates of direct or indirect phosphorylation by LRRK2 and their
involvement in cellular pathways. (B) Downstream effects caused by LRRK2 G2019S-mediated
hyperphosphorylation (double arrow) or hypophosphorylation (dotted arrow) of substrates. The
cumulative effects of the LRRK2 G2019S mutation cause dopaminergic neurodegeneration in Parkinson's
disease.

10



studies assessing the impact of LRRK2 on the transcriptome have uncovered significant misregulation of
hundreds of mRNA transcripts in cells and mice expressing the G2019S mutation as well as in LRRK2
knockout conditions (Habig et al., 2008; Schultz et al., 2011; Nikonova et al., 2012; Dorval and Hebert,
2012). Within the extensive list of misregulated transcripts are those encoding proteins involved in cell

cycle control, neuronal differentiation, axonal guidance and nervous system development (Habig et al.,
2008; Schultz et al., 2011; Nikonova et al., 2012). A study by Nikonova et al., (2012) found that a
significant number of transcripts showed an opposite fold-change in LRRK2 knockout mice vs. LRRK2
mutant G2019S mice. This further reinforces the significance of LRRK2 kinase activity in regulating the
expression of many transcripts, though the mechanism remains uncertain. In searching for possible
cellular pathways in which LRRK2 affects mRNA expression, the most promising mechanism may be
through the interaction of LRRK2 with Argonaute 1 and 2 (Agol and Ago2). Agol and Ago2 are
essential components of the microRNA-induced silencing complex (miRISC) that play a central role in
gene silencing in the RNA interference pathway (Gehrke et al., 2010; Dorval and Hebert, 2012).
However, the effect of LRRK2 on this pathway is poorly understood. A study by Dorval et al., (2014)
found that Ago2 function (binding and maturation of miRNAs in miRISC complex) and its sub-cellular
distribution is not strongly affected by LRRK2 deficiency, indicating that it is dispensable for Ago2

function.

Novel proposal of relationship between LRRK?2 and an RNA-binding protein

The 12020T mutation in LRRK?2 is directly adjacent to the G2019S mutation (Figure 1), and has
been shown to cause over-activity of the kinase domain to a slightly lesser degree than LRRK2 G2019S
(Gloeckner et al., 2009; Greggio and Cookson, 2009). The LRRK?2 12020T mutation has been linked to
familial Parkinson's disease, but is not as common as the LRRK2 G2019S mutation in patients with the
disease (Mata et al., 2006; Greggio and Cookson, 2009). Nevertheless, the LRRK?2 12020T mutation is a
useful tool to gain insight into LRRK2 G2019S disease pathology. A genetic screen in Drosophila
expressing the human LRRK2 (hLRRK?2) pathogenic 12020T mutation was recently performed in the lab
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of Dr. David Park, one of our collaborators. This study was conducted using a measurable model of
degeneration by the analysis of compound eye phenotypes in flies expressing ALRRK2-12020T under the
control of the temperature dependent GAL-UAS system. Controlled expression of ALRRK2-12020T
caused retinal degeneration that was marked by structural and pigmental abnormalities (Vederova et al.,
2009; Marcogliese et al., 2017). Marcogliese et al., (2017) identified several genes that rescued these
phenotypes when their expression was disrupted, indicating that they may have a relation to LRRK2
(Marcogliese et al., 2017). Of particular interest to us was rbp9, a gene encoding an RNA-binding protein
expressed in the central nervous system of flies (Kim and Baker, 1993). In unpublished data, Marcogliese
and colleagues found that the deletion of rbp9 in flies expressing the pathogenic 12020T mutation
suppressed the degenerative phenotype observed in the eye, demonstrating that »bp9 may be required for
LRRK?2 12020T-mediated pathology (Figure 3).

RNA-binding proteins bind to single or double stranded RNA in cells and are key regulators of
post-transcriptional control of gene expression, possessing major roles in alternative splicing,
polyadenylation, mRNA localization, turnover and translation (Stefl et al., 2004; Keene, 2007; Glisovic et
al., 2008; Alipanahi et al., 2014). As mentioned previously, Lrrk2 knockout and G2019S mutation in mice
and cells has been shown to cause significant misregulation of hundreds of transcripts through a
mechanism that has yet to be clarified (Habig et al., 2008; Schultz et al., 2011; Nikonova et al., 2012;
Dorval and Hebert, 2012). It is therefore possible that LRRK2 exerts control over the transcriptome by
affecting the regulation of an RNA-binding protein like RBP9, thereby causing downstream effects on
neuronal survival and PD-related phenotypes. This suggests the potential use of an RBP9 protein

homolog in humans as a therapeutic target in Parkinson's disease.

RNA-binding protein HuD

Conservation of Drosophila ELAVs and vertebrate Hu proteins
The RBP9 protein belongs to a group of RNA-binding proteins in Drosophila called the ELAV
family that also includes found-in-neurons (FNE) and the family namesake embryonic-lethal abnormal

12



GMR-GAL4/  GMR-GAL4: UAS- )
hLRRK2-12020T RMREGALAT:

RBP9-Del

GMR-GAL4/
RBP9-Del; UAS
hLRRK2-12020T

Figure 3: Unpublished data from the lab of D. Park showing scanning electron microscope

(SEM) and optical images of fly eye phenotypes. Flies expressing GMR-GAL4/+; UAS-
hLRRK2(12020T) exhibit bristle disorganization, black lesions and other structural abnormalities. GMR-
GAL4/RBP9-Del deficiency line does not show any visible abnormalities. GMR-GAL4/RBP9-Del
combined with UAS-hLRRK2(12020T) partially rescues the abnormal eye phenotype of the GMR-
GAL4/+; UAS-hLRRK2(12020T) fly.
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vision (ELAV) (Zaharieva et al., 2015). These proteins are co-expressed in a coordinated spatiotemporal
pattern the nervous system and have been widely used as neuronal markers (Bréuer et al., 2014; Zaharieva
et al., 2015). The mammalian homologs of the Drosophila ELAV family are the Hu family of RNA-
binding proteins that consists of four highly conserved members; HuB, HuC, HuD and HuR (Figure 4).

It is suggested that ELAV and Hu-protein coding genes are derived from a common ancestor but
duplicated independently in vertebrates and arthropods (Samson, 2008; Zakarieva et al., 2015). Since
Parkinson's disease pathology manifests in the brain, Hu proteins HuB, HuC and HuD are of particular
interest to us, as their expression is primarily restricted to neurons while HuR is expressed ubiquitously
(Colombrita et al., 2013; Zakarieva et al., 2015). Unsurprisingly, the neuronal Hu members exhibit a
higher degree of amino acid sequence similarity with each other (80-85%) compared to HuR (73-74%)
(Okano and Darnell, 1997; Samson, 2008; Bronicki and Jasmin, 2013). The Hu proteins have also
maintained considerable amino acid sequence similarity (42-45%) with members of the ELAV family
since their divergence from Drosophila (Okano and Darnell, 1997). This has suggested the existence of
functional redundancy within the HW/ELAV protein family. A recent study by Zaharieva et al., (2015)
showed that FNE, RBP9 and HuR can partially substitute for ELAV function in Drosophila, where
knockout of the elav gene would otherwise be lethal (Colombrita et al., 2013; Bronicki and Jasmin,

2013).

Cellular localization of Hu proteins

Hu proteins are composed of three highly conserved RNA-recognition motifs (RRMs) that are
responsible for recognizing target RNA sequences (Figure 4) (Okano and Darnell, 1997; Colombrita et
al., 2013; Zakaraieva et al., 2015). The second and third RRMs are separated by a more variable region
called the linker (or hinge) region (Figure 4) (Okano and Darnell, 1997; Kasashima et al., 1999). The
linker region contains nuclear localization and export signals (NLS and NES) and has been shown to play
a crucial role in cellular localization (Yannoni and White, 1999; Kasashima et al., 1999). It is likely that

variability in the linker sequence has lead to evolutionary deviations in the cellular localization in
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Figure 4: Sequence alignment of the Hu/ELAYV proteins. The amino acid sequence of the four human
Hu proteins (HuR, HuB, HuC, HuD) is compared with Drosophila RBP9 protein. Sequence alignment
was performed using the EMBL Clustal Omega online tool (https://www.ebi.ac.uk/Tools/msa/clustalo/).
Residues exhibiting 100% conservation are highlighted in black, and conservative substitutions are
highlighted in grey. The amino acids making up each RNA recognition motif (RRM) are indicated. The
sequence of amino acids between RRM2 and RRM3 is the most variable between Hu/ELAV proteins and
is known as the linker or hinge region.
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ELAV/Hu proteins, as the Drosophila ELAV proteins are largely nuclear, while mammalian Hu proteins
predominantly localize in the cytoplasm with the exception of HuR which is found in both the nucleus
and cytoplasm (Samson, 2008; Colombrita et al., 2013; Zakarieva et al., 2015). In the cytoplasm, Hu
proteins have been associated with regulating mRINA stability, localization and translation (Brennan and

Steitz, 2001, Fukao et al., 2009; Lebedeva et al., 2011; Ince-Dunn et al., 2012; Colombrita et al., 2013).
While these are the main functions of HuB, HuC, and HuD, the NLS and NES motifs in the hinge region
give them the ability to shuttle between the cytoplasm and nucleus (Fan and Steitz, 1998; Kasashima et
al., 1999). In the nucleus, they have been implicated in pre-mRNA modification processes such as
splicing and polyadenylation (Zhu et al., 2006; Zhu et al., 2008, Zhou et al., 2011). Pre-mRNA processing
is the primary function of nuclear-localized Drosophila ELAV proteins and mammalian HuR (Samson,
2008; Colombrita et al., 2013; Zakarieva et al., 2015). The nuclear localization of HuR is thought to be
mediated by a motif in its linker region aptly named the HuR Nucleoplasmic Shuttling (HNS) sequence
(Fan and Steitz, 1998; Kim and Gorospe, 2008). Interestingly, this motif is similar to a sequence in the
linker region of Drosophila ELAV that has been shown to be essential for nuclear localization (Fan and
Steitz, 1998; Yannoni and White, 1999). Nuclear localization of HuR is thought to give it the unique
ability of binding to target transcripts while in the nuclear compartment and accompanying them to the
cytoplasm, providing transcripts with ongoing protection from degradation (Fan and Steitz, 1998;

Brennan and Steitz, 2001).

Hu-binding motifs

The first two RRMs of the Hu proteins are primarily responsible for binding target RNA sequences
typically found in the 3' untranslated region (UTR), while the third motif binds poly(A) sequences and
stabilizes the protein-RNA complex (Chung et al., 1996; Park et al., 2000; Anderson et al., 2000; Wang
and Hall, 2001; Fukao et al., 2009). Many studies have shown that Hu proteins have a strong preference
for short 50-150nt sequences known as AU-rich elements (ARE) (Chung et al., 1996; Joseph et al., 1998;

Park et al., 2000; Bolognani et al., 2009). Early studies examining Hu binding sites in the 3'UTR of target
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transcripts put a strong emphasis specifically on AREs in contributing to the regulation of transcript
stability, but this was based on low-throughput experiments and a limited set of target transcripts and
sequences (Chung et al., 1996; Joseph et al., 1998; Park et al 2000). Upon the development of high-
throughput genome-wide methods like various types of cross-linking and immunoprecipitation (CLIP)
assays, reports have emerged showing that as many as half of all transcripts bound by HuD and HuR do
not contain an ARE, but instead contain C-rich motifs or U-rich stretches with interspersed guanines or
adenosines bound with high affinity by Hu proteins (Table 1) (Bolognani et al., 2009; Mukherjee et al.,
2011; Lebedeva et al., 2011; Ince-Dunn et al., 2012). These studies also found that in addition to the
3'UTR, a significant number of Hu binding sites were also located in introns and a few within the S'UTR
(Mukherjee et al., 2011; Lebedeva et al., 2011; Ince-Dunn et al., 2012). It is generally understood that
intronic binding of certain transcripts regulates their alternative mRNA splicing while 5'UTR binding acts

to promote or repress their translation (Fukao et al., 2009; Mukherjee et al., 2011; Lee et al., 2012).

Molecular and physiological functions of HuD

HuD binds transcripts involved in neurogenesis and differentiation

Of the Hu protein family members, HuD was the first to be cloned and characterized, and is
arguably one of the most well-characterized neuronal RBPs (Szabo et al., 1991; Bolognani et al., 2009;
Bronicki and Jasmin 2013). It was established early in the field by Kim and Baker (1993) that the amino
acid sequence of the RBP9 protein shares its most striking similarity to the sequence of HuD, especially
within the RRMs. It is widely recognized as one of the earliest neuronal markers and it post-
transcriptionally regulates the expression of many genes that have key roles in neurogenesis, neuronal
differentiation and survival (Okano and Darnell, 1997; Aranda-Abreu et al., 1999; Mobarak et al., 2000;
Deschénes-Furry et al., 2006; Bronicki and Jasmin, 2013).

An extensive list of transcripts bound by HuD has been characterized by several studies using high-
throughput technologies (Bolognani et al., 2009; Scheckel et al., 2016). Many of these transcripts encode
proteins that may be pertinent to the pathogenesis of Parkinson's disease such as neurite outgrowth
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regulators Gap-43 and tau, brain-derived neurotrophic factor (BDNF) and cell cycle control factor p2

1 wafl

(p21) (Mobarak et al., 2000; Anderson et al., 2000; Bolognani et al., 2009; Allen et al., 2013; Vanevski et

al., 2015). Gap-43 is primarily expressed in neurons during the initial development of the nervous system

or during regeneration of neuronal connections (Mobarak et al., 2000). Overexpression of Gap-43

promotes neurite extension and neuronal plasticity, while down-regulation of Gap-43 induces growth

Table 1: Examples of experimentally-defined 3'UTR motifs bound by HuD in the literature.

Y=C/U; K=G/U; W=A/U

Sequence of HuD binding site Identification Target Reference
Method transcript
CUGGUUUUUUAUUUAUGUUUUAAACC EMSA c-fos Chung et
al., (1996)
AUAUUUAUAUUUUUAUUUUAUUUUUUU; Filter binding assay =~ N/A Chung et
AUACGUAUAUUUUUAUUUUAUUUUUUU; al., (1996)
AUAUUUAUAUUUUUAUGCUAUUUUUUU;
AUAUUUAUAUCGCUAUUUUAUUUUUUU
UCCACUUUCCUCUCUAUUUCUCUCUG Filter binding assay ~ Gap43 Chung et
al., (1997)
UCUUAAUUAUUAUUUGUGUUUUAAUUUA  Filter binding assay Cdknla Joseph et
AACACCUCCUCAUG al., (1998)
UU(AUUU);AUU EMSA N/A Park et al.,
(2000)
poly(U) Homopolymer N/A Kasashima
binding assay etal.,
(2002)
poly(A) Homopolymer N/A Fukao et
binding assay al., (2009)
KUUUGUUUKKUUU; Genome-wide in vivo N/A Bolognani
UUUUUUUUUWAAA immunoprecipitation etal,
(2009)
UUUUUU; UUUUGU; UUGUUU; UGUUUU; HITS-CLIP N/A Ince-Dunn
AUUUUU; UUUUUG; UUUUUA; UUAUUU; etal.,
UUUAUU (2012)
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cone collapse and abnormal topographical formation of the brain (Aigner et al., 1995; Anderson et al.,
2000). Similar to Gap-43, microtubule-associated protein tau is predominantly expressed in the central
nervous system and is involved in neuronal development and axonal growth (Aranda-Abreu et al.,
1999).Polymorphisms in the gene encoding tau (MAPT) are most often associated with Alzheimer's
disease pathology, but certain polymorphisms have also been shown to have a strong association with
cognitive impairment and dementia in patients with PD (Goris et al., 2007; Lei et al., 2010).
Hyperphosphorylated tau has been found to be incorporated in Lewy bodies in PD patients and co-
localizes with phosphorylated a-synuclein to synergistically promote the fibrillization of both proteins
(Lei et al., 2010). BDNF plays a role in neuronal survival, network development and synaptic plasticity
(Allen et al., 2013). Targeted BDNF knockdown in the dorsal dentate gyrus of mice reduced neuronal
differentiation and induced several behaviour impairments, while BDNF knockout has been shown to
cause defects in synaptic function (Patterson et al., 1996; Taliaz et al., 2010). Several studies have shown
that PD patients exhibit low levels of BDNF in the dopaminergic neurons of the SNc¢ which accompanies
the neurodegeneration seen in Parkinson's disease (Howells et al., 2000; Baquet et al., 2005; Costa et al.,
2015). Unlike Gap-43, tau and BDNF, p21 is a ubiquitously expressed cell cycle inhibitor and modulates
the expression of genes involved in a wide variety of processes surrounding mitosis, DNA replication and
repair (Chang et al., 2000). Misregulated p21 expression is most commonly associated with
carcinogenesis or senescence, though it has also been shown to modulate neurogenesis in certain regions

of the brain (Chang et al., 2000; Pechnick et al., 2007).

HuD regulates mRNA metabolism

HuD has generally been shown to positively regulate the stability of mRNAs encoding Gap-43, p21,
Tau and BDNF by binding AREs and other motifs in the 3'UTR (Aranda-Abreu et al., 1999; Mobarak et
al., 2000; Wang et al., 2000; Lim and Alkon, 2012; Allen et al., 2013). HuD overexpression in neuronal
cell lines and primary cultures has been associated with increased stability of these transcripts and

elevated protein expression, as well as accelerated neurite extension and morphological differentiation
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(Mobarak et al., 2000; Anderson et al., 2000; Anderson et al., 2001; Fujiwara et al., 2006; Vanevski et al.,
2015). On the other hand, downregulation of HuD causes destabilization of target transcripts and defects
in neurite outgrowth (Aranda-Abreu et al., 1999; Anderson et al., 2000; Anderson et al., 2001; Allen et
al., 2013; Vanevski et al., 2015).

The stability of many transcripts bound by HuD is also regulated by a number of other neuronal
RNA-binding proteins that bind AU-rich regions in the 3'UTR. Many of these RBPs such as A+U binding
factor 1 (AUF1), Tristetraprolin (TTP), and K homology splicing regulatory protein (KSRP) antagonize
the stabilizing role of HuD by promoting mRNA decay (Bronicki and Jasmin, 2013). For example, KSRP
binds AREs in GAP43 mRNA and serves to destabilize and promote its degradation (Bird et al., 2013).
Competitive binding assays have shown that KSRP and HuD have similar affinities for the same binding
site in GAP43 transcripts, but that increasing amounts of KSRP can displace HuD from the GAP43 ARE
thereby promoting mRNA decay and limiting axonal outgrowth during development (Bird et al., 2013).
This suggests that the ratio of KSRP to HuD in developing neurons may be critical in regulating GAP43
mRNA levels. Similarly, CDKNIA mRNA (encoding p21) is destabilized by RBPs including poly(C)
binding protein 4 (PCBP4) and fragile X-related protein 1 (FXR1) (Scoumanne et al., 2010; Majmunder
et al.,, 2016). PCBP4 binds poly(C)-rich regions in the 3'UTR of p21 mRNA while FXR1 binds G-
quadriplex (G4) RNA regions that are rich in guanine and form secondary structures (Scoumanne et al.,
2010; Majmunder et al., 2016). The regulation of CDKNIA transcript stability by these RBPs plays an
important role in cell cycle control and senescence in response to DNA damage, but the nature of their
possible antagonistic relationship with HuD in neurons for the binding of this transcript is unclear
(Scoumanne et al., 2010; Majmunder et al., 2016).

In addition to mRNA stability, HuD and the other Hu proteins regulate alternative polyadenylation,
alternative splicing, localization and translation of the transcripts that it binds (Bronicki and Jasmin,
2013). For example, HuD binds mRNA encoding HuR at U-rich motifs in the 3'UTR and serves to
regulate its alternative polyadenylation during neuronal development and appears to be crucial in
mediating the balance between differentiation and proliferation (Mansfield and Keene, 2011). Generally,
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the Hu proteins exert their control over alternative splicing by binding intronic AREs or other high-
affinity motifs such as those in Table 1 to promote the inclusion or exclusion of certain exons (Zhu et al.,
2006; Zhu et al., 2008; Wang et al., 2010; Zhou et al., 2011; Bronicki and Jasmin, 2013). For example,
HuD binds and regulates the alternative splicing of its own mRNA in a pattern that is thought to be
imperative in mouse embryonic development (Wang et al., 2010). In the case of neurofibromatosis type 1
mRNA (NF-1), HuD binds intronic AREs in the pre-mRNA and blocks exon inclusion by inhibiting the
binding of U1/U6 snRNP and auxiliary splicing factors at the 5' and 3' splice site (Zhu et al., 2008). The
involvement of HuD in regulating translation was initially proposed by Fukao et al., (2009), who showed
that HuD directly binds eukaryotic translation initiation factor elF4A to enhance cap-dependent
translation (Fukao et al., 2009). This interaction along with the poly(A)-binding activity of HuD were
shown to be critical for stimulating neurite outgrowth in PC12 cells, offering another mechanism in which

HuD can regulate morphological differentiation (Fukao et al., 2009).

Functional significance of HuD in the nervous system

The variety of post-transcriptional mechanisms of regulation exerted by HuD on mRNAs encoding
proteins involved in neuronal differentiation and survival provides evidence for HuD as a key regulator of
neuronal development (Deschénes-Furry et al., 2006; Bronicki and Jasmin, 2013). As described in the
previous section, many studies on neuronal cell lines and primary cultures have highlighted the
significance of HuD on neurite extension and neuronal differentiation through overexpression and knock-
down experiments (Deschénes-Furry et al., 2006; Bronicki and Jasmin, 2013). This effect appears to be
specific to neuronal Hu proteins, as HuB and HuC can also induce morphological differentiation while
overexpression of HuR is insufficient to induce neurite extension and differentiation (Wakamatsu and
Weston, 1997; Akamatsu et al., 1999; Deschénes-Furry et al., 2006; Katsanou et al., 2009; Mansfield and
Keene, 2011). Despite sharing many targets with the neuronal Hu proteins, HuR shows a binding affinity
for many targets involved in cell cycle regulation and growth rather than neuronal differentiation and

maintenance. Knockout of the gene encoding HuR in mice (Elavil) causes embryonic lethality because of
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its severe effects on extra-embryonic placental development and abnormalities in skeletal development
(Katsanou et al., 2009).

The manipulation of HuD in mice has given insight into its functional significance in the nervous
system. HuD knockout mice show a transient delay in cranial nerve development in early embryonic
stages, but show no significant morphological abnormalities of the central nervous system in later stages
of development (Akamatsu et al., 2005). Adult HuD knockout mice also show slight motor impairments
demonstrated by an abnormal clasping reflex and poor rotarod performance (Akamatsu et al., 2005). Mice
with constitutive HuD overexpression exhibited a disruption in fear conditioning and spatial learning,
suggesting a role for HuD in neuronal plasticity. Otherwise, these mice showed normal sensory-motor
functioning and no morphological deficits in the adult brain (Bolognani et al., 2007). In contrast, loss-of-
function of Hu-homolog elav in Drosophila is embryonic-lethal (Colombrita et al., 2013; Bronicki and
Jasmin, 2013). Since there are two other neuronal Hu proteins with similar functions and overlapping
expression in mammals, Akamatsu et al., (2005) proposed that they may compensate for the loss of HuD
in knockout mice, resulting in only mild effects on nervous system development and motor phenotypes
(Akamatsu et al., 2005; Colombrita et al., 2013). This hypothesis is further supported by Okano and
Darnell, (1997), who showed that HuD expression in the developing mouse brain and adult brain largely
exhibits a high degree of spatio-temporal overlap with HuC (Okano and Darnell, 1997). Similar to HuD
knockout mice, the knockout of HuC in mice does not induce any debilitating neurological or motor
phenotypes, while double HuC/HuD knockout mice die soon after birth (Akamatsu et al., 2005;
Bolognani et al., 2007; Ince-Dunn et al., 2012; Colombrita et al., 2013). This indicates considerable
functional overlap and compensatory actions of HuC and HuD while also demonstrating the critical need
for neuronal Hu proteins during development.

It is not surprising then that misregulation of HuD in humans is associated with several neuronal
pathologies. As previously described, a significant number of HuD target mRNAs are involved in neurite
outgrowth, axon guidance, cell cycle progression and neuronal differentiation and survival (Bolognani et
al., 2009). Many of these mRNAs have been associated with neurological disorders including Alzheimer's
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disease, Huntington's disease, schizophrenia, and Parkinson's disease, and may induce pathology if
misregulated by HuD (Bolognani et al., 2009; Bronicki and Jasmin, 2013). In fact, mutations in the gene
encoding HuD (ELAVL4) and misregulation of protein expression have been implicated to play roles in
neuromuscular diseases including spinal muscular atrophy (SMA) and amyotrophic lateral sclerosis
(ALS) (Hubers et al., 2010; Akten et al., 2011, Fallini et al., 2012, Bronicki and Jasmin, 2013). Hubers et
al., (2010) provided evidence that targeting HuD in the motor neurons may be a viable therapeutic option
for patients with SMA. Perhaps then that by studying the relationship between LRRK?2 and HuD, we may
also be able to suggest its use as a therapeutic target for patients with LRRK2-associated Parkinson's
disease. This is supported by the previously described genetic screen in Drosophila showing that
disruption of Hu-homolog RBP9 expression rescued PD-like pathology in the eye of flies expressing a
pathogenic mutation (Figure 3).

The involvement of HuD in PD pathology is mostly speculative at the moment, but is supported by
several lines of evidence. First, three separate genetic studies have linked single-nucleotide
polymorphisms (SNP) in ELAVL4 (encoding HuD) with modifying the age-at-onset or risk of Parkinson's
disease (Noureddine et al., 2005; Haugarvoll et al., 2007; DeStefano et al., 2008). One SNP in particular
was identified in all three studies and is located in the last exon (exon 8) of the ELAVL4 (Noureddine et
al., 2005; Haugarvoll et al., 2007; DeStefano et al., 2008). This SNP results in a substitution of a proline
for serine at position 270 in the hinge region of the HuD protein and could affect the secondary structure
of the protein and have implications for function (Bolognani and Bird, 2013). Additional evidence
supporting the potential role of HuD in PD is the involvement of proteins like tau (whose mRNA is bound
by HuD) in PD pathology (Hardy, 2010; Bolognani and Bird, 2013; Schekel et al., 2016). As previously
mentioned, tau protein has been found to form insoluble tangles alongside toxic a-synuclein aggregates in
patients with PD (Zimprich et al., 2004; Goris et al., 2007; Lei et al., 2010; Moussaud 2014). Since the
LRRK2 G2019S mutant has been proposed to facilitate the hyperphosphorylation of tubulin-associated
tau in the context of PD pathology, it is possible that HuD-regulation of tau transcript stability and
translation exacerbates this effect (Kawakami et al., 2012, Shanley et al., 2015). In addition to tau, a

23



recent study has proposed that HuR binds the 3'UTR of SNCA mRNA encoding a-synuclein, and is
involved in its post-transcriptional regulation (Marchese et al., 2017). As previously described, o-
synuclein aggregates are one of the key hallmarks of PD pathology that contribute to neurodegeneration
(Spillantini et al., 1998). Though there have been no subsequent studies to date to confirming that HuD
also binds SNCA mRNA, it is enticing to propose a potential role for HuD in regulating its expression in
the context of PD (Bolognani and Bird, 2013). Finally, as previously mentioned, several mRNAs bound
by HuD such as BDNF encode proteins that are associated with apoptosis of dopaminergic neurons,
which die preferentially in PD (Bolognani and Bird, 2013). Altogether, this evidence strongly suggests

that HuD may have an important role in Parkinson's disease.

Post-translational modifications of HuD

Though HuD plays a critical role in neuronal development and plasticity, few studies to date have
examined the molecular mechanisms that control its activity and expression. Given that HuD has been
linked to several neuronal disorders if not properly regulated, it is necessary to investigate the molecular
events that regulate its function. Post-translational modifications such as phosphorylation and methylation
of various residues of HuD have been shown to affect its localization, abundance and function (Pascale et
al., 2005; Fujiwara et al., 2006; Hubers et al,. 2010; Lim and Alkon, 2012; Bronicki and Jasmin, 2013;
Brauer et al., 2014). CARMI, a methyltransferase that regulates transcription and RNA-processing has
been shown to methylate HuD at an amino acid in the linker (hinge) region (Fujiwara et al., 2006; Hubers
et al.,, 2010). This methylation event reduces the interaction between HuD and CDKNIA mRNA
(encoding p21), thereby reducing transcript stability and decreasing total cellular mRNA levels (Fujiwara
et al., 2006; Hubers et al., 2010). Interestingly, other HuD-targeted mRNAs such as GAP43 and MAPT
seem unaffected by CARMI1-induced methylation of HuD, indicating that certain mechanisms of post-
translational regulation are transcript specific (Fujiwara et al., 2006)

The activation of certain isoforms of serine/threonine protein kinase C (PKCa and €) has been

shown to promote the phosphorylation of HuD (Pascale et al., 2005; Lim and Alkon, 2012). Stimulation
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of PKC activity enhanced the association of GAP43 and BDNF mRNA with HuD, and also lead to an
increase in Gap-43 and BDNF protein expression (Pascale et al., 2005; Lim and Alkon, 2012; Vanevski et
al., 2015). Though no evidence has been produced to show that PKC directly phosphorylates HuD, PKC
inhibition almost completely blocks the effects described above, indicating a key role for PKC in
mediating the phosphorylation and function of HuD (Pascale et al., 2005; Lim and Alkon, 2012).
Post-translational modifications of HuD have not been studied in detail, thus PKC is currently one of
the only kinases reported to induce HuD phosphorylation. The majority of studies to date regarding the
phosphorylation of Hu proteins have addressed HuR, with more than 20 serine, threonine and tyrosine
sites phosphorylated by a variety of proteins including checkpoint kinase 2 (Chk2), p38 mitogen-activated
protein kinase (MAPK) and cyclin-dependent kinase 1 (Cdkl) (Abdelmohsen et al., 2007; Kim et al.,
2008; Lafarga et al., 2009; Doller et al., 2010; Yu et al., 2011). Most of these sites are located in the first
and second RNA-recognition motifs (RRM1/RRM2) or in the linker region, and have been implicated in
controlling the nucleoplasmic shuttling of HuR and affecting the ability of HuR to bind its target mRNAs
(Doller et al., 2010; Kim et al., 2010; Yu et al., 2011; Brauer et al 2014). Due to the high sequence
homology between HuD and HuR, this suggests the potential for HuD as a substrate for phosphorylation

by a more expansive list of proteins than PKC.

Objectives of our study

As discussed above, current knowledge surrounding the mechanism in which the LRRK2 G2019S
mutation, the most common genetic cause of Parkinson's disease, leads to pathology is largely
incomplete. It is imperative that further research be performed to elucidate this mechanism in order to
improve therapeutic strategies for patients with the disease. Given that the unpublished work of our
collaborator (D. Park) showed that the deletion of the rbp9 gene in Drosophila melanogaster expressing a
pathogenic LRRK2 mutation rescued the phenotypic abnormalities otherwise observed in these flies, we

hypothesized that rbp9 may be involved in the pathogenesis of Parkinson's disease. Specifically, we
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proposed that LRRK2 acts on the neuronal RBP9 homolog in humans, HuD, to regulate the post-
transcriptional expression of the RNAs bound by HuD.

In this study, we explored the relationship between LRRK2 and HuD. First, we evaluated the
mechanism in which LRRK?2 acts on HuD, and how the manipulation of LRRK2 affected the binding of
RNAs by HuD. Next, we used human neuroblastoma cells to assess whether LRRK?2 is necessary for the
regulation of the total expression of RNAs bound by HuD. Finally, transgenic mice expressing the
LRRK2 G2019S mutation were used to evaluate genome-wide effects of the pathogenic mutation on the
transcriptome, as well as effects of LRRK2 G2019S on the expression of transcripts bound by HuD. The
results of our study offer a compelling insight into a novel mechanism of whereby LRRK?2 regulates post-

transcriptional gene expression by acting on RNA-binding protein HuD.
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Materials and Methods

27



Cell culture, lysis, transfection and treatments

Mouse neuroblastoma Neuro2A cells and human neuroblastoma SH-SY5Y cells were cultured in
DMEM (Wisent) supplemented with 10% fetal bovine serum (FBS), 100U/mL penicillin and 100ug/mL
streptomycin. Rat pheochromocytoma PC12 cells were cultured in collagen IV coated dishes in DMEM
(Wisent) supplemented with 10% horse serum, 5% FBS, 100U/mL penicillin and 100ug/mL
streptomycin. All cell lines were maintained at 37°C with 5% CO,. Transient DNA transfection was
performed 24 hours post-seeding in low-serum (2-5% FBS), antibiotic-free DMEM using lipofectamine
2000 reagent as per manufacturer's instructions (Thermo Fisher Scientific). HuD overexpression assays
were performed using the pFRT-DestFLAGHA HuD plasmid (Addgene #65760); a gift from Thomas
Tuschl (Rockefeller University, NY, USA). Transfection control assays were performed in parallel using
the pcDNA3-EGFP plasmid (Addgene #13031); a gift from Doug Golenbock. Silencer® Select siRNAs
(Thermo Fisher Scientific; Appendix - Table 1) were transfected at a concentration of 10nM using
RNAiMax following manufacturer's protocol (Thermo Fisher Scientific). Co-transfection of DNA and
siRNA was performed using lipofectamine 2000 and cells were harvested for analyses 60-72h post-
transfection. For total protein collection, cells were washed twice in cold PBS, scraped, and incubated in
lysis buffer [SOmM Tris-HCI (pH 7.4), 75mM NacCl, 0.5mM EDTA, 0.5% Triton-X, 1X protease inhibitor
cocktail (Sigma Aldrich), 1X phosphatase inhibitor cocktail (Sigma Aldrich)] at 4°C for 20 min with
moderate tumbling. Lysates were centrifuged for 5000 x g for 10 min and supernatants were stored at -
20°C until further use. For total RNA collection, ImL TRIzol reagent (Thermo Fisher Scientific) was
added directly to cells following two PBS washes. Cells were allowed to sit at room temperature for 5
min before freezing at -80°C. For experiments involving LRRK2 kinase inhibition, cells were treated with
1uM of DMSO-dissolved LRRK?2-selective inhibitor GSK2578215A (Tocris) for 3 hours immediately

before cell harvest. Control cells were simultaneously treated with 1uM DMSO.
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Mice and tissue homogenization

Mice of desired genotypes for this study were created using heterozygous breeding strategies by
crossing C57BL/6 HuD"" mice with C57BL/6 Lrrk2""" or Lrrk2*"'**" mice. Lrrk2°?""*" mice possessed
a single copy of the LRRK2 G2019S gene in the endogenous loci. Desired genotypes included: HuD wild
type/LRRK2 wild type (HuD"*/Lrrk2"""), HuD wild type/LRRK2 G2019S (HuD""/Lrrk2°?""*""), HuD
knockout/LRRK2 wild type (HuD”/Lrrk2*"") and HuD knockout/LRRK2 G2019S mice (HuD"
/Lrrk29%°"%5) . All mice used for each application in this study are listed in the Appendix (Table 2). At
approximately 4 weeks of age, cortex, ventral midbrain, dorsal midbrain and striatum tissues were
harvested by Dr. Charles Campbell, Dr. Alexandre Savard and Olanta Negeri. Ventral midbrain regions
contained the substantia nigra and small amounts of surrounding hippocampus while the dorsal midbrain
contained the remaining midbrain structures. Tissues were flash frozen immediately after dissection and
stored at -80°C. For total protein analysis, a fraction of each brain region was re-suspended in
homogenization buffer [SOmM Tris-HCI (pH 7.4), 140mM NaCl, 1% SDS, 1% Triton-X and 1X protease
inhibitor cocktail (Sigma Aldrich)] in 2.0mL tubes containing stainless steel beads. Tubes were placed in
a MagNA lyser for two rounds of rapid oscillation at 7000rpm for 15 sec. Tissues were then incubated
with gentle shaking at 4°C for 20 min and centrifuged twice at 10,000 x g for 10 min, placing the
supernatant into a new tube between spins. Tissue lysates were stored at -80°C until further use. For total
RNA analysis, fractions of brain tissue were resuspended in 1mL TRIzol reagent and frozen at -80°C until
RNA isolation was performed. For HuD-RNA immunoprecipitation assays, frozen midbrain tissues were
crushed on dry ice using a steel Plattner's Mortar and Pestle (Thomas Scientific) prior to incubation in IP
lysis buffer [SOmM Tris (pH 7.4), 150mM NaCl, 1% Nonidet P-40, and 1X protease inhibitor cocktail
[Sigma Aldrich]) with gentle tumbling for 30min at 4°C. Immunoprecipitation of RNA-protein complexes

was performed as outlined in the 'Immunoprecipitation' section.
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Western blotting

Protein concentration from cell and tissue lysates was estimated by Bradford Protein Assay
following the manufacturer's protocol (Biorad). Samples were prepared for electrophoresis by combining
appropriate volumes of each lysate to give 25ug of total protein with Laemmli loading buffer [SOmM Tris
(pH 6.8), 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.1M DTT] and distilled water to equal 25uL.
Proteins were denatured by boiling at 99°C for 8-10 min and separated by 10% polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore) and membranes were blocked in 5% milk in TBST [10 mM Tris-HCI (pH 8), 150 mM NaCl,
0.05% Tween 20] for 1 hour at room temperature. Membranes were probed with primary antibody
overnight at 4°C followed by three washes in TBST for 10 min each. Membranes were then incubated
with HRP-labelled secondary antibody at room temperature for 1 hour and washed again for 3x10 min
washes in TBST. All antibodies used are listed in the Appendix (Table 3). Proteins were visualized using
Luminata Crescendo Western HRP chemiluminescent substrate (Millipore) to the membrane on an Image
Quant LAS4010 Biomolecular Imager (GE Healthcare). Quantitative analyses on band intensity levels
were performed using the histogram function on Photoshop CS6 software. Mean band intensity was

normalized to tubulin or actin levels.

Enzyme-Linked Immunosorbent Assay (ELISA)

SH-SYSY cells were transfected with the plasmid encoding FLAG-HA-tagged HuD (herein referred
to as FLAG-HuD) or the control GFP plasmid, and siRNA targeting LRRK2 or negative control siRNA
as previously described (see 'Cell culture, lysis, transfection and treatments'). Media and cell lysates were
collected 72 hours post-transfection. Cell lysates were stored at -20°C until protein analysis was
performed by western blot to confirm FLAG-HuD transfection and LRRK2 knockdown. Cell culture
media was centrifuged at 1500 x g for 10 min and supernatants were immediately used in the Quantikine

Human BDNF Immunoassay (R&D Systems) following the manufacturers' instructions. BDNF
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concentration in all samples was normalized to an untreated media blank before normalizing test samples

to control samples.

Immunoprecipitation

Cells were washed twice with 3mL of phosphate-buffered saline (PBS), and collected in IP lysis
buffer [SOmM Tris (pH 7.4), 150mM NacCl, 1% Nonidet P-40, 1X protease inhibitor cocktail (Sigma
Aldrich)]. For RNA immunoprecipitation, IP lysis buffer also contained 40units/mL of RNaseOUT
Recombinant Ribonuclease Inhibitor (Invitrogen). Lysates were incubated at 4°C for 20 min with gentle
tumbling followed by centrifugation at 5000 x g for 10 min to pellet cell debris. The supernatant was
transferred to a new tube, and pellets were discarded. To pre-clear cell lysates, 10ul. of Dynabeads®
Protein-G magnetic beads (Thermo Fisher Scientific) per lysate sample were first washed three times in
cold IP wash buffer [SOmM Tris (pH 7.4), 150mM NaCl and 0.1% Nonidet P-40]. For
immunoprecipitation of RNA-protein complexes, wash buffer contained 20units/mL RNaseOUT. Beads
were resuspended in 100ulL wash buffer and added to each lysate. Lysates with bead mixtures were then
incubated at 4°C for 20 min with gentle tumbling, after which supernatants were removed and beads
discarded. For immunoprecipitation of the protein-complexes, 2ug of antibody to the protein of interest or
2ug of mouse IgG control antibody (eBioscience) was added to 800ug-900ug of protein from the pre-
cleared supernatants and incubated at 4°C for 2 hours with gentle tumbling. In order to sequester the
antibody-protein complexes, 20ul. of magnetic beads per IP or IgG sample were first washed three times
in cold IP wash buffer before being added to each IP and IgG sample. Samples were tumbled gently at
4°C for 1 hour, after which beads were sequestered on a magnetic rack and supernatants were discarded.
Beads were gently tumbled in cold IP wash buffer for three washes of 5 min each, with increasing NaCl
concentration in buffer for each wash (150mM, 175mM and 200mM). For co-IPs, all beads were
resuspended in 20ulL IP lysis buffer and 1X Laemmli loading buffer. For RNA-protein
immunoprecipitations, 10% of the beads were resuspended in 20uL IP lysis buffer and Laemmli buffer for
western blot, while remaining beads were resuspended in TRIzol reagent. Samples for western blot were
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boiled at 99°C for 10min and beads were sequestered using a magnetic rack and discarded. Eluted
proteins were separated by SDS-PAGE gel electrophoresis and immunoblotting was performed as

described previously (see 'Western blotting').

Phosphorylation assay

Pure GST-tagged mouse HuD or GST control proteins were a gift from Dr. Jocelyn Coté. Pure,
active, full length wild-type LRRK2, recombinant G2019S LRRK2 (aa. 970-2527) and recombinant
D1994A LRRK?2 (aa. 970-2527) human proteins were obtained from Thermo Fisher Scientific (catalogue
no. A15197, PV4881 and PV 6051 respectively). To identify gel migration and banding pattern of
proteins, 500ng of each LRRK2 protein, GST-HuD and GST control were separated by SDS-PAGE and
stained with Coomassie Blue G-250 stain. /n vitro phosphorylation assays were carried out in a 25ul
volume by combining 1.5ug of GST-HuD (or GST control) with 60ng of wild-type, G2019S or D1994A
LRRK2 in phosphorylation buffer [20mM HEPES (pH 7.5), 10mM MgCl,, ImM EGTA, 2mM DTT, 1%
DMSO and 1X PhosSTOP™ phosphatase inhibitor cocktail (Sigma Aldrich)]. Reactions containing GST-
HuD alone, wild-type LRRK2 and G2019S LRRK2 alone were additionally carried out as negative
controls. To initiate phosphorylation, 10uM ATP and 10uCi [y-*P]JATP was added to each tube and
reactions were incubated at 30°C for lhr. A second set of reactions were simultaneously set up as
described above but without [y-*P]JATP to confirm equal use of HuD and LRRK2 protein in each
reaction by western blot. Reactions were terminated by the addition of 1XLaemmli loading buffer and
were subsequently boiled at 99°C for 5 min. Proteins were separated by western blot as previously

described. Membranes were dried and exposed to autoradiography film for 24-72 hours before imaging.

Protein Identification by LC-MS/MS

Samples destined for mass spectrometry were prepared in a sterile work environment and were
separated by polyacrylamide gel electrophoresis using 4-20% Mini-PROTEAN TGX Pre-cast Protein
Gels (BioRad). Proteins were visualized using the PlusOne Silver Staining Kit following the
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manufacturer's protocol (GE Healthcare Life Sciences). Protein bands of interest were excised from gels
and stored in 1% acetic acid and sent to the Ottawa Hospital Research Institute Proteomics Core Facility
for proteomics analysis. Proteins were digested in-gel using trypsin (Promega) according to the method of
Shevchenko et al., (2006). Peptide extracts were concentrated by Vacufuge (Eppendorf). LC-MS/MS was
performed using a Dionex Ultimate 3000 RLSC nano HPLC (Thermo Scientific) and Orbitrap Fusion
Lumos mass spectrometer (Thermo Scientific). MASCOT software version 2.6 (Matrix Science, UK) was
used to infer peptide and protein identities from the mass spectra. The observed spectra were matched
against mouse sequences from SwissProt (version 2016-09) and also against an in-house database of
common contaminants. The results were exported to Scaffold PTM Viewer (Proteome Software, USA)

for further validation and viewing.

Reverse transcription and qPCR

Primer sets for qPCR were designed using the NCBI Primer-BLAST tool with user-guided settings
based on the following criteria: 1) product length must be between 120 to 180bp, 2) primers should be
between 18-23nt long and have melting temperatures of 58-60°C, 3) primers must have minimal
unintended targets and span exon-exon junctions to avoid amplification of genomic DNA. Amplification
efficiency of primer sets for each gene of interest was evaluated through standard curve analysis using
pooled RNA samples from the cell type and species of interest. NRT (no reverse transcriptase) and NTC
(no template control) reactions were also performed with each primer set to asses primer-dimer formation
and background genomic DNA amplification. Only the primer sets with efficiencies of 90-110% and >4
Ct values from NTC and NRT controls were used for subsequent RNA expression analysis (Appendix;
Table 4).
Total RNA

Total RNA from cells and tissues was extracted from TRIzol reagent following the manufacturer's
instructions (Thermo Fisher Scientific) and resuspended in nuclease-free water. RNA was quantified and
purity was estimated using the Take3 BioPlate Reader. 250ng of RNA was reverse transcribed in first
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strand cDNA synthesis reactions using M-MuLV reverse transcriptase (New England Biolabs)
supplemented with Oligo(dT);g and ANTP mix (Thermo Fisher Scientific) following the manufacturer's
protocol. cDNA was diluted 1:25 in nuclease-free water and immediately used in quantitative PCR
(qPCR). gPCR reactions were carried out using GoTaq ® qPCR master mix (Promega) with primer sets
indicated in the Appendix (Table 4). Cycling conditions for all primer sets was as follows: 95°C for 2
min, (95°C for 15 sec, 60°C for 40 sec) x 40 cycles, followed by a melt curve to assess product
dissociation. Fold changes in mRNA levels were calculated using the AACt method. For SH-SY5Y
knockdown experiments, mRNA levels were normalized to housekeeping genes GAPDH and TBP (ACt).
Test conditions were normalized to control conditions for each biological replicate (AACt), and biological
replicates were averaged (n=4). Fold change in each condition was expressed relative to control (1.0). For
analysis of total RNA from mouse tissue samples (5-6 mice per genotype), mRNA levels of interest were
normalized to actin (ACt). ACt values were averaged between mice of the same genotype for each
mRNA, and were normalized to the average ACt in wild type mice to give AACt.
Immunoprecipitated RNA

RNA from immunoprecipitations was extracted from TRIzol reagent following the manufacturer's
instructions (Thermo Fisher Scientific) and resuspended in 25ul of nuclease-free water. During the
extraction process, RNA transfer volumes between tubes was consistent in order to compare the quantity
of RNA pulled down in each immunoprecipitation. 7ul. of RNA was used in first strand cDNA synthesis
using iScript Reverse Transcription Supermix (BioRad) according to manufacturer's instructions. cDNA
was diluted 1:6 in nuclease-free water and immediately used for gPCR. qPCR reactions were carried out
using SsoAdvanced Universal SYBR Green Supermix (BioRad) with primer sets indicated in the
Appendix (Table 4). Cycling conditions for all primer sets was as follows: 95°C for 3 min, (95°C for 10
sec, 60°C for 20 sec, 72°C for 20 sec) x 40 cycles, followed by a melt curve to assess dissociation
temperatures. Products were run on a 1% agarose gel with 0.3ug/mL EtBr to confirm amplification of one
product. Technical replicates that produced undetectable Ct values or multiple/incorrect melt curve peaks
were omitted from analysis. mRNA levels in HuD immunoprecipitations were normalized to levels in
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control IgG samples and expressed as fold change relative to the IgG. In experiments comparing mRNA
enrichment in different conditions, fold changes were normalized to the relative amount of HuD pulled-
down in each condition (using band intensity from western blots.) Fold changes in test conditions were

normalized to the control condition for each biological replicate.

Site-directed mutagenesis

The FLAG-HuD plasmid was used to create three different mutant plasmids: (i) threonine to alanine
at position 144 in the human sequence (T144A) (ii) threonine to alanine and position 169 in the human
sequence (T169A) (iii) both mutations (T144A/T169A). Mutations were created with primers indicated in
the Appendix (Table 4). Primers were designed to anneal 'back-to-back' on opposing DNA strands in a
non-overlap extension site-directed mutagenesis approach described by Hemsley et al., (1989). The
forward primer of each set contained the mismatch(es) needed to create the desired site-directed mutation
on the 5' end, while the reverse primer was exactly complementary to the wild type sequence and did not
overlap with the forward primer. In the case of (iii), mutant plasmid (i) was used in a subsequent round of
site-directed mutagenesis PCR with primers for mutation (ii). PCR reactions contained 25ng DNA
template, 0.25uM forward and reverse primers, 0.25mM dNTPs and were catalyzed by 0.02U/uL QS5
High-fidelity DNA polymerase (New England Biolabs). Negative control reactions were carried out with
the above components except for the primers. Cycling conditions were as follows: 98°C for 3 min, (98°C
for 7 sec, 72°C for 7.5 min) x 27 cycles, 72°C for 10min. PCR reactions gave a linear product that was
phosphorylated at the 5' end using T4 polynucleotide kinase following manufacturer's instructions (New
England Biolabs), followed by ligation using T4 DNA ligase (New England Biolabs) at 16°C overnight.
Template DNA in PCR reactions was digested using DPN1 following the manufacturer's instructions
(New England Biolabs). 5% of PCR reaction volumes were run on 1% agarose gel with 0.3ug/mL EtBr to
confirm product formation and template DNA digestion. DH5a. cells were transformed with 5-10% of
PCR reaction products from mutagenesis and negative control reactions. DNA was purified from colonies
using a plasmid midi-prep kit (Qiagen) as per manufacturer's guidelines and sent for DNA sequencing at
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the StemCore DNA Sequencing Facility to confirm mutagenesis (Ottawa Hospital Research Institute).

Constructs that were successfully mutated were used in subsequent experiments.

Statistical Analysis

Two-tailed student's t-tests (type 3 - unequal variance) were performed using Microsoft Excel 2007
to identify statistical significance between two independent groups of data. For data with more than two
independent groups, a one-way ANOVA (analysis of variance) test was performed. In cases where
statistical significance was identified with ANOVA, a Tukey post-hoc test was performed to determine
which specific groups differed from each other. ANOVA and post-hoc tests were computed in Prism 3.0.

Statistical significance was represented with the following notation: *p<0.05; **p<0.01, ***p<0.001, etc.
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Antibody validation and protein expression

Prior to performing any protein-based experiments, specificity of our HuD and LRRK2 antibodies
was verified by siRNA knockdown of these proteins in human neuroblastoma SH-SY5Y and mouse
neuroblastoma Neuro2A (N2A) cells. Assessment of N2A cell lysates by western blot using the HuD
antibody showed a double banding pattern at ~40-42kDa in control cells (Figure 5A). Cells treated with
siRNA against HuD showed a 65% decrease in the intensity of both bands upon quantification,
confirming the specificity of this antibody. LRRK2 was assessed in SH-SYS5Y lysates and showed a
strong band just above 245kDa whose intensity was reduced by almost 90% in cells treated with an
siRNA against LRRK2 (Figure 5B). A second, weak band was seen at ~180kDa but was not as affected
by LRRK2 siRNA, suggesting that it is non-specific (Figure 5B). Endogenous LRRK?2 expression was
very low in N2A cells, and HuD expression was almost undetectable in SH-SY5Y cells. We compared
endogenous expression of these proteins with lysates from wild type and LRRK2 knockout mouse
embryonic fibroblasts (MEFs), which also served as a negative control for expression of the neuron-
specific protein HuD. Endogenous LRRK?2 in N2A cell lysates was comparable to LRRK2 KO MEFs,
while HuD was not detected in lysates of SH-SYSY (Figure 5C). We additionally evaluated protein levels
in rat pheochromocytoma PC12 cells and found abundant HuD expression but undetectable levels of
LRRK2 (Figure 5C). To achieve co-expression of HuD and LRRK2 in one cell line, we attempted to
transfect N2A and PC12 cells with a plasmid encoding wild type LRRK2 and SH-SYSY cells with a
plasmid encoding FLAG-HA-tagged HuD (herein referred to as FLAG-HuD). LRRK2 plasmid
transfection was unsuccessful, likely due to the large size of the LRRK2 insert (7584nt) and the resulting
plasmid size of ~14kb. Efficient transfection of FLAG-HuD was achieved in SH-SYS5Y cells as shown by
western blot, giving a double banded pattern at ~44-46kDa when assessed with both HuD and FLAG
antibodies indicating that both bands are specific to the protein encoded by our plasmid (Figure 5D). SH-
SYSY cells overexpressing FLAG-HuD were chosen as the model cell line for the majority of our

experiments.
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Figure 5: LRRK2 and HuD expression is variable in neuroblastoma cell lines. (A) Neuro2A cells
were transfected with control siRNA or siRNA targeting HuD, and (B) SH-SYS5Y cells were transfected
with control siRNA or siRNA targeting LRRK2. Cells were harvested 72h after transfection and protein
levels were analyzed by western blot. Bands were quantified and normalized to tubulin. Data are means
+/- SEM; [(A) n=4; (B) n=3]. Asterisks indicate statistical significance as determined by Student's T-test
(two-tailed with unequal variance), *p<0.05, ***p<0.001. (C) Endogenous expression of HuD and
LRRK?2 proteins was evaluated by western blot in wild type (WT) and LRRK2 knockout (KO) mouse
embryonic fibroblasts (MEF), human neuroblastoma SH-SYS5Y cells, rat pheochromocytoma PC12 cells
and mouse neuroblastoma Neuro2A (N2A) cell lysates. (D) Lysates from wild type SH-SYSY cells (lanes
1 and 3) and cells expressing FLAG-HuD (lanes 2 and 4) were subjected to western blot analysis using
antibodies specific to HuD (lanes 1 and 2) or FLAG (lanes 3 and 4). Lysates 1 and 2 were run on separate
gels than lysates 3 and 4.
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LRRK?2 does not associate with HuD in SH-SYS5Y cells

To gain an insight into the relationship between LRRK2 and HuD, we performed FLAG-HuD
immunoprecipitation assays in SH-SY5Y cells and assessed the lysates for the presence of LRRK2 to
determine whether they interact. To verify successful co-precipitation of HuD-binding partners,
immunoprecipitates were assessed by western blot for known HuD-associated protein e[F4A (elongation
initiation factor 4A). A band corresponding to the molecular weight of eI[F4A (~47kDa) was observed in
the cell lysate (input) and FLAG-HuD immunoprecipitate but not in the IgG control (Figure 6A). Efficient
FLAG-HuD pull-down was confirmed in FLAG-immunoprecipitate at ~44-46kDa and corresponded to
the banding pattern seen in the cell lysate (slightly obscured by left-over signal from eIlF4A at 47kDa)
(Figure 6A). Co-immunoprecipitations using both a HuD and a FLAG antibody were assessed by western
blot for the presence of LRRK?2 (Figure 6B). A strong banding pattern corresponding to LRRK2 was
observed in cell lysates, but we did not observe an equivalent signal in immunoprecipitates regardless of
whether FLAG-HuD was pulled-down using the HuD or FLAG antibody (Figure 6B). Though this
suggests that HuD and LRRK?2 do not associate, it is possible that an interaction may be compromised by
the FLAG-tag or HA-tag. It is also possible that a transient interaction exists such as a phosphorylation,

but is not robust enough to be captured by co-immunoprecipitation.

LRRK?2 phosphorylates HuD in vitro

Though we found that LRRK?2 and HuD do not participate in a direct, long-lasting interaction by co-
immunoprecipitation, we hypothesized that HuD may be a candidate for phosphorylation by LRRK2. To
test our hypothesis, we performed in vitro kinase assays by incubating wild type LRRK2 (WT), over-
active LRRK?2 kinase mutant G2019S, or kinase-dead LRRK2 mutant D1994A with purified GST-HuD
substrate. Prior to performing these assays, pure proteins were evaluated by Coomassie blue staining to
identify their banding pattern and migration on a gel. Three bands corresponding to purified GST-HuD
were observed between 48-63kDa, while GST control protein was seen at 25kDa in a single band (Figure
7A). LRRK2 WT full-length protein migrated just above 245kDa while recombinant LRRK2 G2019S and
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Figure 6: LRRK2 does not co-immunoprecipitate with HuD in SH-SY5Y cells. (A) SH-SYSY cells
expressing FLAG-HuD were subjected to immunoprecipitation with a FLAG antibody and IgG isotype
control antibody. Total cell lysate (input) and immunoprecipitates were analyzed by western blot using an
antibody against known HuD-binding partner elF4A to confirm co-precipitation methods, following by
the FLAG antibody to verify FLAG-HuD pulldown. Migration of antibody immunoglobulin heavy chain
(HC) and light chain (LC) is indicated. (B) Cell lysates were subjected to immunoprecipitation with a
FLAG antibody, HuD antibody, or IgG isotype control antibody. Total lysate (input) and
immunoprecipitates were analyzed by western blot using antibodies against HuD and LRRK2.

41



LRRK2 D1994A proteins (truncated at N-terminus; aa. 970-2527) migrated slightly below 245kDa
(Figure 7A; [a]). All three LRRK?2 proteins showed a second, faint band between 63-75kDa that likely
represents a truncated form of the protein (Figure 7A; [b]).

When GST-HuD was incubated with LRRK2 WT and G2019S, we observed a strong
phosphorylation signal corresponding to the molecular weight and Coomassie banding pattern of GST-
HuD (Figure 7B; arrowheads). No evidence of phosphorylation was seen when GST-HuD was incubated
with kinase-dead LRRK2 D1994A mutant. In assays combining GST-HuD substrate with LRRK2
G2019S, we observed a 3.0-fold increase in band intensity compared to assays containing WT LRRK?2
(Figure 7D). All assays were performed in parallel without radioactive ATP and evaluated by western blot
to confirm equal use of LRRK?2 and GST-HuD (Figure 7C).

In control assays containing active LRRK2 kinase and GST-ctrl, faint background bands were
observed with LRRK2 WT and LRRK2 G2019S that were not present when GST was combined with
kinase-dead LRRK2 D1994A (Figure 7B; [a-c]). The same banding pattern was evident in LRRK2 WT
and G2019S assays carried out with no substrate, suggesting that they represent weak LRRK?2
autophosphorylation rather than GST phosphorylation. In fact, background bands at 245kDa correspond
to the molecular weight and banding pattern of full-length LRRK2 by Coomassie (Figure 7A&B; [a]),
while bands the between 63-75kDa correspond to the size of the truncated proteins identified previously
(Figure 7A&B; [b]). Additional, non-specific signals between 48-63kDa were seen in assays with active
LRRK?2 (regardless of substrate presence), but do not correspond to the masses LRRK2 or HuD by
Coomassie (Figure 7B; [c]). Ultimately, our observations not only suggest that HuD is a substrate for

LRRK2 phosphorylation, but they also indicate that HuD is hyperphosphorylated by G2019S.

HuD binds mRNAs associated with neuronal function and Parkinson's disease in SH-SYS5Y cells

Since we discovered that HuD is phosphorylated by LRRK2, we hypothesized that LRRK2
kinase activity may have an impact on the function of HuD in mRNA binding. Prior to investigating this
hypothesis, we first assessed the enrichment of several candidate mRNAs in HuD-RNA
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Figure 7: LRRK2 phosphorylates HuD in vitro. (A) 500ng of pure GST-HuD, GST control, wild type
LRRK2 (WT), over-active kinase mutant LRRK2 G2019S, and kinase-dead mutant LRRK2 D1994A
proteins were separated by SDS-PAGE and visualized by Coomassie staining. Full-length LRRK2 WT
and recombinant LRRK2 G2019S and D1994A are indicated by [a], while truncated forms of each
LRRK?2 protein are indicated by [b]. (B) Pure LRRK2 WT, LRRK2 G2019S and LRRK2 D1994A were
incubated with GST- HuD or GST control and [y-32P]ATP. Additional assays were run with LRRK2
WT, LRRK2 G2019S and GST-HuD alone as negative controls. Incorporation of [y-32P]ATP into protein
subtrates was visualized by autoradiography of PVDF membranes. HuD phosphorylation in is indicated
by arrowheads. LRRK?2 autophosphorylation of full-length and truncated proteins is indicated by [a] and
[b], and background phosphorylation is indicated by [c]. (C) Membranes used for autoradiography in (A)
were subjected to immunoblotting using antibodies specific for HuD and LRRK2. (D) HuD
phosphorylation by LRRK2 WT, G2019S and D1994A was quantified from autoradiographs using
Photoshop CS6 software. Data are means +/- SEM; (n=3). Statistical significance of the data set was
determined by one-way analysis of variance test (ANOVA) = **p<0.01. Tukey post-hoc tests were used
to determine statistical significance of each condition compared to each other, indicated by asterisks;
*p<0.05, **p<0.01.
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immunoprecipitation assays to identify a sub-set of transcripts to pursue in subsequent experiments. We
chose to evaluate several mRNAs known to be bound by HuD including those encoding neurite-
development protein Gap-43, cell cycle control factor p21"*" and BDNF (Brain-Derived Neurotrophic
Factor) (Bolognani et al., 2009; Vanevski et al., 2015; Marchese et al., 2017). We also chose to evaluate
the HuD-RNA IP enrichment of transcripts encoding PD-relevant proteins tau and a-synuclein; the former
mRNA binds HuD while the latter binds HuR, a highly conserved Hu protein family member (Aranda-
Abreu et al., 1999; Marchese et al., 2017). Finally, we assessed the binding of mRNA encoding LRRK?2
to HuD. Though LRRK2 has not been described as an mRNA target of HuD in existing literature, it
contains numerous Hu-binding motifs in its 3'UTR as predicted by the RBPmap motifs database
(http://rbpmap.technion.ac.il/), using representative query motifs from Table 1. Potential HuD-binding
motifs in the 3'UTR sequence of the human and mouse transcripts encoding LRRK2 are listed in
Appendix Table 5. The 3'UTR of human and mouse transcripts encoding a-synuclein was also assessed
for HuD-binding motifs using this method and showed many AU- and U-rich regions predicted to be sites
for HuD binding (Appendix Table 5). HuD-RNA immunoprecipitation assays performed in SH-SY5Y
cells (using FLAG-HuD) showed a striking enrichment in transcripts encoding LRRK?2, p21, BDNF and
a-synuclein by at least 5000 fold in HuD-RNA IP samples compared to control IgG samples, (expressed
as a function of logl0 in Figure 8B). GAP43 mRNA showed a trend towards enrichment in HuD-RNA
IPs, but was not statistically significant. In addition, mRNA encoding tau was not enriched in HuD-RNA
IPs. As a negative control, the enrichment of GAPDH mRNA was assessed in HuD-RNA IPs as it has not
been cited to bind HuD in existing literature. As expected, there was no significant difference in GAPDH

mRNA between HuD-RNA IP and control IgG samples (Figure §B).

LRRK?2 knockdown causes a reduction in mRNA binding by HuD

In order to evaluate whether LRRK?2 affects the ability of HuD to bind mRNA, SH-SY5Y cells
expressing FLAG-HuD were treated with a control siRNA or siRNA targeting LRRK2 for 60 hours prior
to performing RNA-immunoprecipitation assays on lysates. Analysis of total protein in cell lysates by
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Figure 8: HuD binds mRNAs associated with neuronal function in SH-SYSY cells. (A) SH-SY5Y
cells expressing FLAG-HuD were subjected to immunoprecipitation (IP) in RNase-free conditions using a
FLAG antibody or a control IgG antibody. (B) Equal volumes of immunoprecipitated RNA from HuD IPs
and IgG IPs was used in RT-qPCR with primers specific for a selected set of mRNAs. Amplification of
mRNA in HuD IPs is expressed as fold enrichment relative to amplification in IgG IPs on a logl0 scale.
Data are means +/- SEM; (n=4). Asterisks indicate statistical significance as determined by Student's T-
test (two-tailed with unequal variance), *p<0.05, **p<0.01.
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western blot showed proficient knockdown of LRRK2 by siRNA and equal expression of FLAG-HuD in
both control and LRRK?2 knockdown conditions (Figure 9A). Western blot of IPs showed efficient pull-
down of FLAG-HuD (Figure 9B). Equal volumes of RNA pulled down with HuD in control and LRRK?2
knockdown conditions were used in subsequent RT-qPCR reactions, and the enrichment of mRNAs from
HuD-IPs in cells treated with LRRK2 siRNA were expressed relative to control siRNA conditions. We
chose to evaluate mRNAs that showed a significant positive fold change in our previous HuD-RNA
pulldowns in Figure 8 (mRNAs encoding LRRK2, BDNF a-synuclein and p21). We observed a
significant reduction in HuD-binding of mRNAs encoding LRRK2, BDNF and a-synuclein by 85%, 90%
and 80% respectively in LRRK?2 knockdown conditions (Figure 9C). Enrichment of mRNA encoding p21
was reduced by 20% in HuD IPs in LRRK2 knockdown conditions, but data were not statistically
significant (Figure 9C). This suggests that LRRK?2 is required for the binding of certain transcripts by
HuD, while binding of other transcripts may be dependent on additional factors.

We hypothesized that the reduction in mRNA binding by HuD observed as a result of LRRK?2 loss is
caused by the lack of LRRK2-mediated phosphorylation of HuD. To investigate this, SH-SYS5Y cells
expressing FLAG-HuD were treated with a selective LRRK2 kinase inhibitor GSK2578215A (GSK) for 3
hours prior to performing HuD-RNA immunoprecipitation assays in cell lysates. GSK is a 2-
arylmethyloxy-5-substitutent-N-arylbenzamide compound that shows potent and highly selectivity for
LRRK?2 across the kinome as demonstrated by Reith et al., (2012) and Qin et al., (2017). Preliminary
experiments were also performed using a second LRRK2 kinase inhibitor, 2,4-diaminopyrimidinyl
compound HG-10-102-01, but we found that this compound gave inconsistent results and was not as
effective as GSK. These observations are supported by West et al. (2015) who reported that HG-10-102-
01 shows suboptimal pharmacokinetics and stability.

The efficiency of LRRK2 kinase inhibition by GSK was validated by examining the reduction of
LRRK?2 autophosphorylation at residue Ser935 by immunoblot. Autophosphorylation of this site has been

validated by several studies as a key biomarker of LRRK2 kinase activity in cells, mice and in human
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Figure 9: LRRK2 knockdown reduces HuD-mRNA binding. Human neuroblastoma SH-SYSY cells
expressing FLAG-HuD were treated with control siRNA or siRNA targeting LRRK2. Cells were lysed
after 60 hours under RNase-free conditions and lysates were subjected to RNA-immunoprecipitation (IP)
using a FLAG antibody or a control IgG antibody. (A) FLAG-HuD and LRRK?2 expression in total cell
lysates was assessed by western blot shows using antibodies specific for LRRK2 and FLAG. (B) Total
cell lysate (input) and 10% of immunoprecipitated RNA-protein complexes were assessed by western blot
using a FLAG antibody to confirm equal FLAG-HuD pulldown. (IgG and IP samples on LRRK2
knockdown blot were run on the same blot as the input sample but in the opposite order; samples were
flipped horizontally to match loading order in control siRNA blot.) (C) Equal volumes of RNA extracted
from HuD-RNA IPs and IgG-RNA IPs in each condition was analyzed by RT-qPCR using primers
specific for mRNA sequences encoding LRRK?2, BDNF, a-synuclein and p21. Fold enrichment of mRNA
in [P samples was normalized to relative amount of FLAG-HuD pulled-down in the IPs using band
intensity in western blots from (B). Enrichment of mRNA in FLAG-HuD IPs from cells transfected with
LRRK?2 siRNA is expressed relative to mRNA enrichment in control cells. Data are means +/- SEM;
(n>3). Asterisks indicate statistical significance as determined by Student's T-test (two-tailed with
unequal variance), *p<0.05.
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Figure 10: HuD-mRNA binding is inhibited upon loss of LRRK2 Kkinase activity. Human
neuroblastoma SH-SYSY cells expressing FLAG-HuD were treated with LRRK2 kinase inhibitor
GSK2578215A (GSK) or DMSO (control condition) for 3 hours prior to cell lysis. Cells were lysed 48
hours after initial plasmid transfection in RNase-free and phosphatase-free conditions and subjected to
RNA-immunoprecipitation (IP) using a FLAG antibody or control IgG antibody. (A) Total cell lysates
were analyzed by western blot for LRRK2 autophosphorylation at S935 and for total LRRK2 protein.
Expression of FLAG-HuD was verified using a FLAG antibody. (B) FLAG-HuD levels in total cell lysate
(input) and 10% of immunoprecipitated RNA-protein complexes were assessed by western blot using a
FLAG antibody. (C) Equal volumes of RNA extracted from FLAG-HuD IPs and IgG IPs were used in
RT-qPCR with primers specific for mRNAs encoding LRRK2, BDNF, a-synuclein and p21. Enrichment
of mRNA in FLAG-HuD IPs from cells treated with the LRRK?2 kinase inhibitor is expressed relative to
mRNA levels from DMSO control treated cells. Data are means +/- SEM; (n>3). Asterisks indicate
statistical significance as determined by Student's T-test (two-tailed with unequal variance), **p<0.01,
*A*EPp<0.0001.
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patients treated with LRRK2 inhibitors (Dzamko et al., 2012, Chia et al., 2014, Perera et al., 2014). In our
studies, western blot of GSK-treated cells showed a striking loss autophosphorylation of LRRK?2 at S935
confirming the activity of this inhibitor as previously reported (Figure 10A). Immunoprecipitation of
FLAG-HuD using the FLAG antibody showed efficient pull-down in both control and LRRK?2 kinase
conditions (Figure 10B). Normalization of RNA from HuD IPs was performed as described in the
previous section. Similar to LRRK2 knockdown conditions, we observed a significant reduction in HuD-
binding of transcripts encoding LRRK?2, BDNF and a-synuclein by 99%, 90% and 80% respectively in
LRRK kinase inhibition conditions (Figure 10C). Though the binding of mRNA encoding p21 appeared
to follow a similar trend as the other mRNAs and was reduced by 50% in LRRK2 kinase inhibition
conditions, data exhibited large variation and was not statistically significant (Figure 10C). Together,
these findings indicate that LRRK2 kinase activity is necessary for the ability of HuD to bind certain

mRNAsSs.

Increased binding of Bdnf mRNA in LRRK2 G2019S mice

Since we discovered that LRRK?2 phosphorylates HuD and that the loss of LRRK2 kinase activity
reduces the binding of HuD to mRNAs including those encoding LRRK2, BDNF and a-synuclein, we
proposed that the over-active kinase mutant G2019S would have the opposite effect on mRNA binding to
HuD. To investigate this, we performed HuD-RNA immunoprecipitation assays in the dorsal midbrain
regions of 4 week old LRRK2 wild type mice (Lrrk2"") and LRRK2 G2019S knock-in mice

* and

(Lrrk29?""""). Western blot showed efficient immunoprecipitation of HuD from both Lrrk2
Lrrk29°"""" mice (Figure 11A). RT-qPCR was performed on equal volumes of immunoprecipitated RNA
from HuD-IP and control IgG samples from four LRRK2 WT mice and three LRRK2 G2019S mice. We
chose to evaluate the binding of Bdnf mRNA and Snca mRNA (encoding a-synuclein) to HuD, as their
binding was among the mRNAs most prominently affected in previous in vitro experiments in SH-SYSY
cells. GAPDH was used as a negative control for mRNA binding to HuD, and showed no enrichment in

HuD-RNA IPs compared to IgG-IPs in Lrrk2"" mice and Lrrk29*""*" mice (Figure 11B). A significant
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increase of more than 5000-fold in the binding of Bdnf mRNA to HuD was observed in Lr#k29"'*"* mice
compared to Lr#k2"* mice (Figure 11B). A similar trend was observed in the binding of Snca mRNA to
HuD in Lrrk29°""*" mice, but data was variable between mice of the same genotype and did not give
statistical significance (Figure 11B). Together, our findings suggest that the over-active LRRK2 kinase

mutant (LRRK2 G2019S) modifies the ability of HuD to bind Bdrnf mRNA in the dorsal midbrain.

LRRK?2 phosphorylates residues in RRM2 and linker region

As our findings have shown thus far, LRRK2 phosphorylates HuD in vitro and its kinase activity
appears to be crucial in regulating HuD-mRNA binding. In order to gain insight into the mechanism of
this effect, it is necessary to determine which HuD residue(s) are phosphorylated by LRRK2. As
previously mentioned, the first two RNA-recognition motifs (RRMs) of HuD are necessary for mRNA
binding while the third RRM binds the poly(A) tail to stabilize the mRNA -protein complex (Chung et al.,
1996; Ma et al., 1997, Anderson et al., 2000, Park et al., 2000, Beckel-Mitchener et al., 2000, Bolognani
et al., 2009). The linker region between the second and third RRM has been implicated in Hu-protein
mediated alternative splicing, and also contains nuclear localization and export sequences and is required
for cytoplasmic shuttling of HuD (Kasashima et al., 2001; Zhu et al., 2008; Zhou et al., 2011).

To identify candidate HuD sites for phosphorylation by LRRK2, we performed mass spectrometry
and proteomics analysis on non-radioactive in vifro kinase assays combining GST-HuD substrate with
mutant LRRK2 G2019S. As a negative control, we used GST-HuD substrate alone, as well as reactions
combining GST-HuD with kinase-dead mutant D1994A. Several unique phosphorylation events were
detected in assays with LRRK2 G2019S, including four threonine residues in the first two RRMs (T63,
T147, T149, T174), one serine between RRM1 and RRM2 (S133), and three serines and one tyrosine in
the linker region (S222, S223, S233 and Y259) (Figure 12A). Control assays and LRRK2 G2019S assays
both showed phosphorylation of residue S69, suggesting that it is not specific to LRRK2. Phosphorylation
intensity of each residue detected is listed in Table 2, and is expressed as a fraction of phosphorylated
peptides out of the total number of peptides detected. Peptide coverage was between 65-68% for all
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Figure 11: Bdnf mRNA is enriched in HuD-RNA IPs from LRRK2 G2019S mice. Dorsal midbrain
tissues were isolated from 4 week old LRRK?2 wild type mice (Lr#k2"") and LRRK2 G2019S mice
(Lrrk29?"'%"). Brain tissue lysates were subjected to RNA-immunoprecipitation (IP) using a HuD or IgG
isotype control antibody in RNase-free conditions. (A) Western blot of tissue lysates (input) and 10% of
immunoprecipitated RNA-protein complexes confirmed HuD pull-down in Lr#k2"" and Lrrk22"
mice. Blots were exposed for a greater amount of time (shown in the darker exposure) to quantify the
amount of HuD immunoprecipitated from each brain lysate. (B) Equal volumes of RNA extracted from
HuD IPs and IgG IPs from each brain lysate were analyzed by RT-qPCR using primers specific for
mRNAs encoding GAPDH, BDNF and a-synuclein. Amplification of targets in HuD IP samples was
normalized to amplification in IgG samples. Data are means (Lrrk2”" n=4; Lrrk29""*"" n=3) +/- SEM,
and are expressed on a logl10 scale. Asterisks indicate statistical significance as determined by Student's
T-test (two-tailed assuming unequal variance), ***p<0.001.
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assays. Of all sites detected, only T149, T174 and S233 exhibited a statistically significant difference in
intensity between LRRK2 G2019S samples and control samples (HuD alone or LRRK2 D1994A) (Table
2). The highest phosphorylation intensity was exhibited by T149 in RRM2, giving a value approximately
2-fold higher than T174 in RRM2 and S233 in the linker region (Table 2). Due to the close sequence
homology between proteins in the Hu family, we were interested in whether these sites are also conserved
in HuB, HuC and HuR as well as in Drosophila homologs ELAV and RBP9. (Recall that a genetic screen
in Drosophila expressing a pathogenic LRRK?2 mutation showed that the deletion of the rbp9 gene in
these flies rescued pathology). Hu/ELAV sequence alignment showed that HuD phosphorylation site
T149 in mice is conserved in RBP9, ELAV and in all mouse and human Hu proteins with the exception
of HuC, where a serine residue is found instead of threonine and may therefore still be a candidate for
phosphorylation (Figure 12B). Conservation of this site suggests that its potential phosphorylation by
LRRK?2 plays a common functional role in other mammalian Hu proteins and Drosophila homologs. Sites
T174 in RRM2 and S233 in the linker region are conserved in all mouse and human Hu proteins but not
in either of the Drosophila homologs (Figure 12B&C). These phosphorylation events could therefore be

involved in regulatory functions unique to mammalian Hu proteins.

Table 2: Intensity values of HuD sites phosphorylated by LRRK2 in vitro. Phosphorylation intensity
is expressed as the number of phosphorylation events/total # peptides detected (PTM spectrum counts).
Data was compiled using Scaffold PTM software. Sites in bold exhibited statistically significant
phosphorylation events (p<0.05), and were pursued in subsequent experiments.

PTM spectrum counts

HuD residue (mouse) No LRRK2 LRRK2 D1994A LRRK2 G2019S P-value
T63 - - 0.022 0.21
S69 0.321 0.056 0.181 0.48
S133 - - 0.050 0.21
T147 - - 0.015 0.21
T149 - - 0.062 0.04*
T174 - - 0.030 0.05*
S222 - - 0.026 0.21
S223 - - 0.040 0.09
S233 - - 0.034 0.02*
Y259 - - 0.037 0.07
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T149 phosphorylation detected in vivo

Next, we attempted to confirm LRRK?2-mediated phosphorylation of candidate HuD sites in vivo by
mass spectrometry and proteomics analysis of immunoprecipitated HuD from mouse cortex tissues.
Phosphorylated HuD residues in LRRK2 wild type mice (Lrrk2*"") and mice expressing the LRRK?2
G2019S mutation (Lrrk2°°""*") were compared to those detected in LRRK2 knockout mice (Lrrk27). It
should be noted that our population size was limited; only two mice of the LRRK WT and LRRK
G2019S genotypes and one LRRK2 KO mouse was available for these experiments. Of the sites
previously detected from in vitro assays, only T147, T149 and S223 were detected in vivo (Table 3). Sites
T149 and S223 were phosphorylated in all mice, while T147 was detected in LRRK2 WT and KO mice,
but not in LRRK2 G2019S mice (Table 3). Phosphorylation intensity of sites in LRRK2 WT and G2019S
mice was within 1-2 fold of that observed in LRRK2 KO mice, suggesting that phosphorylation of these
sites is not LRRK2-specific, and that there are other kinases capable of phosphorylating these HuD

residues.

Table 3: Intensity values of HuD sites phosphorylated in vivo. Phosphorylation intensity is expressed
as the number of phosphorylation events/total # peptides detected (PTM spectrum counts). Data was
compiled using Scaffold PTM software. Sites in bold exhibited statistically significant phosphorylation
events (p<0.05), and were pursued in subsequent experiments. (Note n=1 for Lrrk2” and n=2 for Lrrk2""*
and Lrrk29""%™).

PTM spectrum counts

HuD residue Lrrk2-/- Lrrk2+/+ Lrrk2 G2019S8/+
T147 0.50 0.25 -
T149 0.33 0.17 0.13
S223 0.20 0.17 0.13
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> mHuD 137 ANLYVSGLPKTMEOKELEQLFSQYGRIITSRILVDQV-—--- BGVSRGVGEFIRFDKRIEAEE 193
mHuB 139 ANLYVSGLPETMISOKELEQLFSQYGRIITSRILVDQV-———- WGISRGVGEIRFDKRIEAEE 125
mHuC 125 ANLYVSGLPKTMSQKEMEQLESQYGRIITSRILLDQA-———— IGVSRGVGEIRFDKRIEAEE 181
mHuR 106 ANLYISGLPRTMEQKDVEDMFSRFGRIINSRVLVDQT ————— BGLSRGVAFIRFDKRSEAEE 162
hHuD 132 ANLYVSGLPETMUWOKELEQLESQYGRIITSRILVDQV-——--— INGVSRGVGEIRFDKRIEAEE 188
hHuB 125 ANLYVSGLPKTMOKELEQLESQYGRIITSRILVDOV-——---— BGISRGVGFIRFDKRIEAEE 181
hHuC 125 ANLYVSGLPKTMSQKEMEQLEFSQYGRIITSRILVDQV-——--— BGCVSRGVGEFIRFDKRIEAEE 181
hHuR 106 ANLYISGLPRTMEQKDVEDMFSRFGRIINSRVLVDQT 77777 IGLSRGVAFIRFDKRSEAEE 162
ELAV 248 ANLYVSGLPKTMQOELEAIFAPFGAITITSRILONAGND----TQTKGVGFIRFDKREEATR 305
RBPY9 196 ANLYVSGLPENMWOSDLESLESPYGKIITSRILCDNITDEHAAGLSKGVGFIRFDOQRFEADR 257

Linker region

mHuD 218 PSQKSSQALLS---QLYQEPNRRYPGPLHHQAQRFRLDNLLNMAY--GVKRLM 265
mHuB 220 PSQKTNQAILS---QLYQRPNRRYPGPLAQQAQRFRLDNLLNMAY--GVK--- 264
mHuC 206 PSOKTGQALLT---HLYQOESARRYAGPLHHOTOQRFRLDNLLNMAY--GVKSPL 253
mHuR 187 PNONKNMALLS---QLYHSPARRFGGPVHHQAQRF-—-—-—--——-——————————— 218

hHuD 213 PSQKSSQALLS---QLYQEPNRRYPGPLHHQAQRFRLDNLLNMAY--GVEKRLM 260

hHuB 206 PSOKTNQAILS---QLYORJPNRRYPGPLAQQAQRFRLDNLLNMAY--GVK-——= 250
hHuC 206 PSQKTGQALLT---HLYQESARRYAGPLHHQTQRFRLDNLILNMAY--GVKSPL 253
hHuR 187 PNONENVALLS---QLYHSPARRFGGPVHHQAQRF-—---—--——————————— 218
ELAV 330 PGSTSKIIQPOLPAFLNPQLVRRIGCAMHTP-—==-———-——————m————m 360
RBP9 282 PSSNENSMQPL---AAYIAPQNTRGGRAFPA-—--—-—-— NARAGARAAAAAAATH 325

Figure 12: HuD phosphorylation sites are conserved with other Hu proteins and homologs. (A)
Diagram depicting the domain architecture of the mouse HuD protein with sites phosphorylated by
LRRK2 indicated in RNA-recognition motifs (RRMs) and the linker region. Sites in red exhibited
significant phosphorylation intensities in in vitro phosphorylation assays upon the incubation of GST-
HuD with mutant LRRK2 G2019S, and were chosen for subsequent analysis in protein sequence
alignment. The mouse HuD (B) RRM2 sequence and (C) linker sequence was aligned with the amino acid
sequences of the other mouse (m) and human (%) Hu proteins, and Drosophila melanogaster homologs
ELAV and RBP9 proteins. Sequence alignment was performed using the EMBL Clustal Omega online
tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). Primary isoforms of Hu proteins and Drosophila
proteins were used for alignment. The mouse HuD sequence is denoted by an arrowhead. Significant
phosphorylation sites from (A) that are conserved with mouse HuD in are highlighted.
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As we were not able to detect LRRK2-specific phosphorylation of HuD in vivo by mass
spectrometry, we made an alternative attempt to visualize the phosphorylation of threonine residues of
HuD by western blot of N2A cell lysates. Lysates from wild type cells were assessed using a general
phosphothreonine (P-Thr) antibody (see Appendix Table 3) which showed faint bands by western blot in
the cell lysate (input) and dark bands corresponding to the heavy and light antibody chains (HC and LC)
in IgG and IP samples (Appendix; Figure 1). However, no obvious bands corresponded to the molecular
weight of HuD in IP or cell lysate samples, suggesting that the antibody is not able to detect
phosphorylated HuD residues, or that protein de-phosphorylation is occurring prior to western blotting.
We additionally performed immunoprecipitation assays using the P-Thr antibody in an attempt to pull-
down phosphorylated proteins. Cell lysates and immunoprecipitates were evaluated by western blot for
the presence of HuD, which gave a strong band corresponding to its molecular weight in the input, but not
in the control IgG or P-Thr-immunoprecipitate (Appendix; Figure 1). This again suggests that the P-Thr
antibody is not specific for phosphorylated residues on HuD or that the phosphorylated residues are not

accessible to the antibody.

Non-functional mutations in HuD cause loss of mRNA binding

Due to the pivotal role that RRM2 plays in RNA binding, we chose to assess the importance of
phosphorylation sites in this domain identified previously through in vitro assays. As previously
mentioned, sites T149 and T174 exhibited the highest and most significant phosphorylation intensities
compared to other sites identified in RRM2. Remarkably, the RRM2 amino acid sequence in mice is
100% conserved in humans. Sites T149 and T174 become T144 and T169 in humans respectively, and
will subsequently referred to as such. Based on current models of HuD crystal structure, T144 appears to
be located in an a-helix and T169 is found in a loop connecting two -sheets (Wang et al, 2001). It is
possible that phosphorylation of these residues is important in maintaining the surface charge or

biochemical structure of RRM2 and in turn the precision of its contacts with AU-rich mRNA targets. We
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therefore hypothesized that loss of LRRK2-mediated phosphorylation of these residues would affect the
ability of HuD to bind mRNA.

To evaluate our hypothesis, we used the human FLAG-HuD plasmid to create non-conservative
mutations of threonine to alanine at sites T144 and T169 using site-directed mutagenesis. Single HuD
mutants T144A and T169A were created as well as a double HuD mutant with both T144A and T169A.
Plasmid expression was validated by western blot and was not inhibited by either mutation (Figure 13A).
HuD-mRNA binding was evaluated by RNA-immunoprecipitation in SH-SYS5Y cells transiently
transfected with each plasmid. Western blot of precipitates showed adequate pull-down of wild type
FLAG-HuD and all mutants in a banding pattern that corresponded to input samples (Figure 13B). The
binding of mRNAs encoding LRRK?2, a-synuclein, BDNF, p21 and Gap-43 was evaluated by RT-qPCR.
While HuD-binding of GAP43 mRNA remained fairly consistent regardless of HuD mutation, at least one
of the mutations significantly inhibited the binding of mRNAs encoding LRRK?2, a-synuclein, BDNF and
p21 by HuD (Figure 13C). Single mutant T144A caused a consistent, 65% reduction in binding of
mRNAs encoding LRRK2, a-synuclein and p21 compared to wild type HuD, while mutant T169A caused
a 50-60% reduction in the binding of these mRNAs (Figure 13C). Double mutant T144A/T169A
appeared to have a stronger effect on the binding of LRRK2 mRNA by HuD than either of the single
mutations; decreasing binding by 75%. The double mutant caused a similar reduction in binding of
mRNAs encoding p21 and a-synuclein compared to the single mutant T169A. Interestingly, binding of
BDNF mRNA was not significantly inhibited by either single mutation, but was reduced by 60% by the
double mutation (Figure 13C). Taken together, this suggests that both T144 and T169 in HuD are
important for the binding of transcripts encoding LRRK?2, a-synuclein, BDNF and p21 by HuD. Our
findings imply that preventing phosphorylation of these threonine sites by non-conservative mutation to
alanine prevents proper binding of these mRNAs. This proposal correlates with our previous observations
in LRRK2 knockdown and kinase inhibition conditions, where we also saw a significant reduction in

HuD-binding of transcripts encoding LRRK2, BDNF and a-synuclein.
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Preliminary analysis of LRRK2, p21 and a-synuclein protein levels was performed in cells
expressing each of the HuD mutants to determine whether the non-conservative mutations influence
protein expression. With the exception of LRRK?2 expression in HuD T169A mutants, we observed a
slight increase in protein levels in cells expressing the single mutations (Figure 13D). That said, it should
be noted that these findings are the result of two replicates, and were not statistically significant (Figure

13E). Additional replicates should be performed to confirm this effect.

LRRK2 loss gives elevated protein levels of mRNAs bound by HuD

Previous research groups have shown that HuD is required for the stability and expression of target
transcripts including Gap-43 and BDNF (Mobarak et al., 2000; Vanevski et al., 2015). Since our findings
thus far have illustrated that LRRK?2 kinase activity affects the ability of HuD to bind several mRNAs
including those encoding a-synuclein, BDNF and LRRK2, we speculated that this would have
consequences on their total cellular levels. To investigate this, we assessed the total mRNA and protein
levels of a-synuclein, BDNF, p21 and Gap-43 in response to the manipulation of LRRK2 and HuD
expression in SH-SYSY cells. In addition to these HuD-mRNA targets, we also evaluated the expression
of HuR; a HuD homolog and mRNA target of HuD that has been implicated to play a role in
inflammatory diseases (Katsanou et al., 2005; Suzuki et al., 2006, Chen et al., 2017, Shang and Zhao,
2017). To create conditions in which HuD and LRRK2 expression was present or partially absent, SH-
SYSY cells expressing FLAG-HuD or GFP (+HuD and -HuD conditions respectively) were treated with
control siRNA or siRNA against LRRK2 (referred to as +LRRK?2 and -LRRK2 conditions respectively).
LRRK?2 knockdown was confirmed in by western blot (Figure 14A) and RT-qPCR (Figure 14B). Equal
transfection and expression of FLAG-HuD in control and LRRK2 knockdown conditions was verified by
western blot (Figure 14A).

Western blot was used to evaluate the protein levels of a-synuclein, p21, Gap-43 and HuR in each of
our conditions, while levels of the secreted protein BDNF were evaluated by ELISA using cell culture
media from each condition. We observed a significant increase in a-synuclein expression in LRRK?2
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Figure 13: Non-conservative mutation of HuD residues T144 and T169 to alanine causes reduced
mRNA binding by HuD. Human neuroblastoma SH-SYS5Y cells were transfected with plasmids
encoding FLAG-HuD that contained single mutations T144A or T169A, or double mutation
T144A/T169A. Lysates were subjected to RNA-immunoprecipitation (IP) using a FLAG antibody or a
control IgG antibody. (A) Plasmid expression in total cell lysates was assessed by western blot using an
antibody specific FLAG. (B) Total cell lysate (input) and 10% of immunoprecipitated RNA-protein
complexes were assessed by western blot using a FLAG antibody. (C) Equal volumes of RNA extracted
from IPs and IgG controls were analyzed by RT-qPCR using primers specific for mRNAs encoding
LRRK2, BDNF, a-synuclein, p21 and Gap-43. Enrichment of mRNA in FLAG-HuD IPs from cells
expressing HuD-T144A, HuD-T169A and HuD-T144A/T169A is expressed relative to enrichment in
cells expressing wild type HuD. Data are means (n=3) +/- SEM. Statistical significance was determined
by one-way analysis of variance (ANOVA). Asterisks indicate statistical significance between individual
conditions as determined by Tukey's post-hoc tests; *p<0.05, **p<0.01, ***p<0.001. (D) Western blot of
cell lysates from (A) were analyzed for expression of LRRK2, a-synuclein and p21. (E) Protein
expression in (D) was quantified and expressed relative to wild type FLAG-HuD conditions. Data are
means (n=2) +/- SEM. Statistical significance was determined by one-way analysis of variance (ANOVA)
and Tukey's post-hoc tests.
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knockdown conditions (+HuD/-LRRK?2) that was rescued when HuD was also absent (-HuD/-LRRK?2)
(Figure 14C). Similar to a-synuclein, a significant increase in BDNF was observed as a result of LRRK?2
knockdown (+HuD/-LRRK?2) (Figure 14E). BDNF protein levels showed a slight rescue back to control
levels (+HuD/+LRRK?2) when HuD was also absent (-HuD/-LRRK?2). Although statistically insignificant,
a similar trend in HuR and p21 expression was observed where protein levels increased in response to
LRRK?2 knockdown, and were rescued when both HuD and LRRK?2 were absent (Figure 14C). Gap-43
showed no significant changes in response to LRRK2 and HuD manipulation (Figure 14D).

Interestingly, protein levels of a-synuclein, p21, HuR, Gap-43 and BDNF did not change
significantly between FLAG-HuD overexpression (+HuD/+LRRK?2) and HuD absence (-HuD/+LRRK?2)
(Figure 14C-E). These observations they suggest that HuD does not induce changes in protein expression
on its own but can modify LRRK2-induced changes in expression. These findings also indicate that while
the expression of certain HuD-bound mRNAs appears to be regulated by LRRK2, the expression of others
such as Gap-43 are less affected by LRRK?2 and may be regulated through alternative mechanisms.

Although we observed a significant increase in protein levels of a-synuclein, BDNF and a trend
towards increased HuR and p21 protein levels upon LRRK2 knockdown (+HuD/-LRRK?2), their
expression at the mRNA level did not follow the same trend. In fact, no significant change in the mRNAs
encoding a-synuclein, BDNF, p21, Gap-43 or HuR observed in response to the manipulation of LRRK2
or HuD expression (Figure 14F). This suggests that LRRK2 mediates the translation or post-translational

regulation of mRNAs bound by HuD and does not have an effect on the levels of the mRNA themselves.

Using knock-in LRRK?2 G2019S and HuD knockout mice to evaluate protein levels

The LRRK2 G2019S over-active kinase mutation is one of the most common pathogenic mutations
found in both familial and sporadic cases of Parkinson's disease (Gaig et al., 2007, Bouhouche 2017).
Parkinson's disease pathology largely manifests as dopaminergic neuron loss in the region of the midbrain
known as the substantia nigra pars compacta (SNc) which innervates and supplies dopamine to the
striatum (Huot et al., 2007; Gerfer and Surmeier, 2011; McCarthy et al., 2011). The striatum plays a role
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Figure 14: LRRK2 knockdown affects protein expression of mRNAs bound by HuD. Human
neuroblastoma SH-SYS5Y cells were transfected with the plasmid encoding FLAG-HuD or a GFP
plasmid, and either control siRNA or siRNA targeting LRRK?2. Cells expressing both HuD and LRRK?2
were designated as the 'control' condition (+HuD/+LRRK?2). Representative blots show one biological
replicate per condition (additional biological replicates on blots between +HuD/-LRRK?2 and -HuD/-
LRRK?2 lanes were removed for redundancy). (A) Cell lysates were analyzed by western blot for FLAG-
HuD expression and LRRK?2 knockdown using appropriate antibodies. (B) LRRK2 knockdown was
additionally verified by RT-qPCR. (C) Lysates were assessed for expression of HuR, p21 and a-synuclein
using their respective antibodies. (D) Gap-43 protein expression was assessed by western blot and
quantified. (E) BDNF protein levels were evaluated by ELISA using cell culture media from cells in each
of the above conditions. (F) Total levels of transcripts encoding HuR, p21, a-synuclein, Gap-43 and
BDNF were evaluated by RT-qPCR and normalized to GAPDH and TBP housekeeping genes. For
quantification of protein and mRNA in (A-F), levels in test conditions (conditions lacking HuD and/or
LRRK?2) were normalized to levels in control conditions individually in each set of biological replicates
(n=4). Biological replicates were averaged and are shown +/- SEM. Statistical significance of all data sets
was determined by one-way analysis of variance (ANOVA). Asterisks indicate statistical significance
between individual conditions calculated by Tukey's post-hoc tests; *p<0.05, **p<0.01, ***p<0.001.
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in fine motor control and has been shown to be critically affected by the death of dopaminergic neurons in
the SNc in Parkinson's disease patients (Kish et al. 1988, Porritt et al, 2005, Gerfer and Surmeier, 2011).
Since we discovered that LRRK2 mutant G2019S hyperphosphorylates HuD and causes increased Bdnf
mRNA binding to HuD in mice, we were interested in how this affects the total expression of mRNAs
bound by HuD. We were also interested in whether LRRK2 G2019S-mediated hyperphosphorylation of
HuD affects total cellular levels of HuD. To test this, we evaluated total protein levels in the midbrain and
striatum regions of 4 week old HuD wild type/LRRK2 wild type (HuD"/Lrrk2""), HuD
knockout/LRRK2 wild type (HuD”/Lrrk2™""), HuD wild type/LRRK2 G2019S (HuD """ /Lrrk2°?""**") and
HuD knockout/LRRK2 G2019S mice (HuD"/Lrrk2°?""***). To differentiate between the SNc and other
midbrain structures, we divided the midbrain into a ventral region (containing the SNc), and a dorsal

region upon dissection.

HuD expression is elevated in LRRK2 G2019S mice

The specificity of our HuD antibody in vivo was confirmed by western blot using brain tissue lysates
from wild type and HuD knockout mice, and in liver lysates from wild type mice. When blotted for HuD,
wild type brain lysates showed three bands between 37-50kDa, two of which were absent in HuD KO
mice and corresponded to the molecular weight of HuD (Figure 15A). The third, faint band was observed
in both HuD WT and HuD KO mice brain lysates, but was absent in WT liver lysates where HuD and
other neuronal-specific Hu proteins (HuB and HuC) are not expressed (Figure 15A). This is likely a non-
specific band or cross-reactivity of the antibody with HuB or HuC in the brain lysates. For this reason,
only the middle and bottom bands were evaluated for HuD expression in dorsal midbrain (DM), ventral
midbrain (VM) and striatum (STR) lysates.

Western blot of lysates from each brain region first confirmed a lack of HuD expression in all HuD™
mice. In comparing HuD expression in the DM between LRRK2 WT mice (HuD " /Lrrk2""") and LRRK2
G2019S mice (HuD""/Lrrk29"'*""), we observed a large variation in expression within mice of the same
genotype (Figure 15B). As a result, quantification of western blots gave no significant difference in HuD
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Figure 15: HuD expression is affected by LRRK2 G2019S in the striatum. (A) Specificity of the HuD
antibody was verified by western blot using brain lysates from wild type HuD (+/+) and HuD knockout (-
/-) mice and liver lysates from wild type mice. (B) Dorsal midbrain (DM), ventral midbrain (VM) and
striatum (STR) tissues were isolated from 4 week old wild type mice (HuD""/Lrrk2""), HuD knockout
mice (HuD"/Lrrk2""), LRRK2 G2019S mice (HuD""/Lrrk29"'*"), and HuD knockout/LRRK2
G2019S mice (HuD”/Lrrk29%""*"). Lysates were assessed by western blot using the HuD antibody.
Representative blots show 3 mice per genotype. (C) HuD expression in wild type LRRK2 and LRRK2
G2019S mice in (B) plus 2-3 additional mice per genotype (not shown) was quantified using tubulin as a
loading control. Expression was averaged between mice of the same genotype and is shown relative to
wild type mice (Lrrk2""). Data are means (n=5-6) +/- SEM. Asterisks indicate statistical significance as
determined by Student's T-test (two-tailed assuming unequal variance); *p<0.05.
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expression between HuD'/Lrrk2"* and HuD""/Lrrk2*""** mice (Figure 15B). In contrast, we
observed a 50% reduction in HuD levels in the striatum of HuD™"/Lrrk29°""*" mice compared to
HuD""/Lrrk2"" mice, suggesting that LRRK2 affects HuD protein expression (Figure 15B&C).
Similarly, the representative western blot of lysates from the VM showed a visible decrease in HuD
expression in HuD""*/Lrrk2*"'**" mice c