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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease, yet it has no cure.
It is characterized by the loss of dopaminergic neurons and accumulation of dense aggregates,
primarily composed of a-synuclein protein. Many causative genes have been identified including
SNCA, encoding a-synuclein, and Leucine-rich-repeat kinase 2 (LRRK2). The LRRK2 G2019S
mutation is known to cause hyperactive kinase activity, but its cellular functions, including its
kinase substrates, remain poorly understood. PD has many risk factors including environmental
and genetic modifiers. Polymorphisms in the Embryonic lethal-abnormal vision-like 4 (ELAVL4)
gene modify PD age-of-onset or susceptibility. Incidentally, a genetic screen in Drosophila
identified an ELAVL homologue as required for LRRK2-induced pathology. Therefore, we
hypothesized that LRRK2 phosphorylates ELAVL4 to control phenotypes relevant to PD. We
discovered that three neuronal ELAVLs including ELAVL4 (also known as HuD) bind to, and
post-transcriptionally regulate mRNA encoding a-synuclein and LRRK2. We also show that
LRRK2 phosphorylates HuD and its homologues HuB and HuC. This controls binding of
nELAVLs (i.e., HuB, HuC, and HuD) to mRNA and post-transcriptionally regulates mRNA
abundance and splicing in the mouse midbrain. In mice, the complex interaction between HuD and
Lrrk2 G2019S is associated with motor deficits, dopaminergic neuron loss, and accumulated o-
synuclein protein levels. Targets of nNELAVLs are also selectively misregulated in iPSC-derived
neurons and tissues from PD patients. In a model of PD-relevant inflammation, we also show that
the ubiquitously expressed ELAVL homologue, HuR, controls LRRK2 protein levels. We show
that mice lacking Lrrk2 are more susceptible to an acute model of dextran sodium sulfate (DSS)
chemical-induced colitis. Lrrk2-deficient mice treated with DSS also show accumulated o-

synuclein in brain tissue. Using in vitro models and mouse tissue we show that LRRK2 controls
il



HuR binding to RNA probes and to the proinflammatory cytokine 7nfa in colon tissue, and this
has implications for intestinal pathology relevant to PD. Together, this suggests that misregulation
of ELAVLs may be implicated in neurodegeneration and inflammation observed in Parkinson’s

disease.
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Chapter 1

Introduction



1.1 Parkinson’s Disease

Parkinson’s disease (PD) is a currently incurable neurodegenerative disorder characterized by
motor impairment caused by the selective loss of dopaminergic neurons of the substantia nigra
(Schmidt et al., 2022). PD affects over 6 million people globally, making it the second most
common neurodegenerative disease after Alzheimer’s disease (Armstrong & Okun, 2020). Recent
estimates suggest that Parkinson’s incidence is increasing more than any other neurological

disorder (Armstrong & Okun, 2020).

1.1.1 History of PD

Records describing a Parkinson’s-like disorder in Chinese and Indian text date back millennia
(Goetz, 2011; Manyam, 1990; Z.-X. Zhang et al., 2006). The traditional medicines used to treat
the Parkinson’s-like symptoms in these civilizations share properties with the medicine used to
treat PD today (Section 1.5). Traditional Chinese medicine included an anti-tremor pill made of a
mixture of plants with anticholinergic compounds, antioxidants, and Monoamine oxidase B
inhibiting compounds (Goetz, 2011; Z.-X. Zhang et al., 2006). In India, the Masabaldi pacana
medicine contained seeds of the Mucana pruriens plant- a source of Levodopa (Goetz, 2011;
Manyam, 1990). These texts indicate that Parkinson’s like movement disorders predates many of

the hypothesized causative agents that exist today (Goetz, 2011).

The first medical description of PD is attributed to the English physician Dr. James Parkinson who
described the affliction as “The Shaking Palsy” in an essay he published in 1817 (Goetz, 2011).

Jean-Martin Charcot, a French neurologist who coined the term “Parkinson’s disease” is credited



for his meticulous characterization of PD symptoms and distinguishing it from other movement

disorders like multiple sclerosis (Goetz, 2011).

1.2 PD epidemiology

Parkinson’s risk increases with age and is present in an estimated 1-2% of the population over 65
and up to 4-5% over 85 years of age (Varadi, 2020). Risk factors for Parkinson’s disease include
genetic and environmental factors (Dorsey et al., 2018). PD prevalence correlates with the
increased presence of toxins like pesticides and solvents in industrialized countries (Dorsey et al.,
2018). PD shows a sex-bias towards males, likely caused by the lower levels of estrogen which is
thought to be protective (Varadi, 2020). Other potentially protective factors include smoking and
coffee consumption (Varadi, 2020). In addition to the environmental risk factors, PD is also
associated with several genetic risk factors (Section 1.6). Mutations in the Leucine-rich repeat
kinase 2 (LRRK?2), a-synuclein (SNCA), and glucocerebrosidase (GBA) genes are autosomal
dominant while recessive and early onset PD risk alleles include PTEN-induced kinase 1 (PINK/),
Parkin (PRKN) and Parkinsonism associated deglycase, DJ-1 (PARK7) (Bonifati et al., 2003;
Gasser, 2004; Kitada et al., 1998; Valente et al., 2004). An estimated 5-10% of PD cases are caused

by mutations in one of these genes; however, most cases are sporadic (Gialluisi et al., 2021).



1.3 Clinical features of PD

1.3.1 Primary symptoms

The cardinal symptoms of PD are the primary motor deficits including postural instability, tremor,
rigidity, and bradykinesia (Varadi, 2020). Bradykinesia, which describes a slowness in movement,
is the main motor symptom in PD. The lack of energy manifests as slower movements affecting
actions from delayed reaction times to decreased blinking. The rest tremor describes a muscular
contraction in the 4-6 Hz frequency range that can be controlled with dopamine therapies. Rigidity
is characterized by a decreased range of motion and can be managed with some therapies. Finally,
postural instability is associated with more advanced PD and is a risk factor for injuries. It is poorly

managed by dopamine therapies (Varadi, 2020) .

1.3.2 Other symptoms

PD patients are also burdened with a variety of other symptoms like speech impairment and
difficulty swallowing (Pfeiffer, 2016; Polychronis et al., 2019). One of the most common
prodromal symptoms includes constipation, which is experienced by roughly 60% of patients and
can precede the onset of motor symptoms by decades (Roos et al., 2022; Véradi, 2020). Hyposmia,
or a reduced sense of smell, occurs in over 80% of PD patients coinciding with a-synuclein
accumulation in the olfactory neurons prior to dopaminergic neuron degeneration (Varadi, 2020.)
Sleep disturbances are also commonly reported in PD and severely decrease quality of patient life
(Albers et al., 2017). In addition to these symptoms, patients may present with cognitive

impairment and mood dysregulation (Rektorova, 2019).



1.4 PD pathology

Degeneration of dopaminergic neurons

PD is characterized by the progressive loss of dopaminergic (DA) neurons in the substantia nigra
pars compacta, a region of the midbrain (Grosch et al., 2016). These DA neurons project to the
dorsal striatum to form the nigrostriatal pathway where they control motor movement (Grosch et
al., 2016). In Parkinson’s disease, these neurons begin to degenerate and manifest as motor
impairment which can be observed as early as after ~30% of DA neurons are lost (Grosch et al.,
2016). A hallmark feature of PD is the presence of Lewy bodies (LB) that refers to dense structures
found in remaining dopaminergic neurons (Stefanis, 2012). Most literature on Lewy bodies
suggest that they are protein aggregates mostly composed of a-synuclein (Shahmoradian et al.,
2019). Recent ultrastructure analyses of LBs confirm the presence of a-synuclein, including the
toxic phosphorylated S129 species; however, LBs were found to be mostly composed of

fragmented lipids including membranes and organelles (Shahmoradian et al., 2019).

1.5 Current treatments

Levodopa

There are currently no true disease modifying treatments for Parkinson’s disease (de Bie et al.,
2020). The most widely used and most effective treatment is Levodopa which is the precursor to
dopamine and therefore addresses the decrease in dopamine levels associated with motor
impairment (de Bie et al., 2020). Levodopa, or L-DOPA, was first used in PD treatment in the

1960s (Abbott, 2010). Ironically, L-DOPA use may also lead to dyskinesias, and its use may be
5



avoided or delayed. Clinical trial data, however, supports its use early in disease onset as it was
shown to minimize PD disability, and debunked the notion that levodopa therapy should be
delayed for the sake of avoiding levodopa-induced toxicity (de Bie et al., 2020; PD MED

Collaborative Group, 2014; Verschuur et al., 2019).

Deep Brain Stimulation (DBS)

Deep brain stimulation describes the delivery of electrical pulses to selected brain regions via
surgically implanted devices (Pycroft et al., 2018). DBS may be employed for movement disorders
and was specifically approved for Parkinson’s by the FDA in 2003 (Bucur & Papagno, 2023). In
the case of PD, DBS targets the subthalamic nucleus (STN) or globus pallidus internus (GP1i)
(Bucur & Papagno, 2023). Candidate patients may be selected if drug therapy is insufficient

(Geraedts et al., 2019).

Dopamine Agonists

Dopamine agonists were first used in the 1970s to treat PD (Antonini et al., 2009). Dopamine
agonists differ in their pharmacological profile from Levodopa showing a longer half-life and are
associated with fewer complications but are overall less effective than Levodopa at managing PD
symptoms (Antonini et al., 2009). Dopamine agonists are commonly used both as an early
monotherapy and as an adjunct therapy to levodopa and are associated with numerous negative
side effects including leg and peripheral edema, decreased impulse control, psychosis, depression,

confusion, and excessive sleepiness (Antonini et al., 2009).



Other drugs

Anticholinergic drugs were the first class of drugs used to treat PD. They are antagonists of
muscarinic receptors that were used to treat motor symptoms associated with PD (Barrett et al.,
2021). They were prescribed in early-stage PD to spare Levodopa for later stages, as prolonged L-
DOPA use is associated with dyskinesias (Barrett et al., 2021). They were also used as an

adjunctive therapy with L-DOPA in advanced cases (Brocks, 1999).

Monoamine oxidase inhibitors are another class of drug used to treat PD. Monoamine oxidases
(MAO) are a group of enzymes that degrade amine-based neurotransmitters, which include
dopamine (Cho et al., 2021). Monoamine oxidase B (MAOB) inhibitors are mostly believed to
simply increase extracellular dopamine levels; however, there is some evidence that they might be
effective via a different mechanism (Cho et al., 2021). MAOB inhibitors in the use of PD are
effective at slowing down the progression of motor symptoms and may be used as an adjuvant

therapy in PD to mitigate levodopa-related complications (Tan et al., 2022).



1.6 Genetics of Parkinson’s Disease

1.6.1 Autosomal recessive

DJ1 (PARK?7)

Mutations in the deglycase-1 (DJ-1/PARK7) gene are associated with early-onset familial PD
(Bonifati et al., 2003). Patients with DJ-1 mutations present with an earlier onset of classic PD
motor symptoms that are manageable with L-DOPA, and eventually may develop cognitive and
mood symptoms (Repici & Giorgini, 2019). DJ-1 has been associated with many cellular processes
including mitochondrial homeostasis, oxidative stress, transcription, and glucose homeostasis
(Ariga et al., 2013). DJ-1 plays a neuroprotective role in cells and its loss of function results in
increased sensitivity to toxins like MPTP in dopaminergic neurons of DJ-1 deficient mice

(Aleyasin et al., 2010).

PINK1 (PARKG6)

The PTEN-induced kinase 1 (PINKI) gene encodes a mitochondrial serine/threonine kinase
involved in mitochondrial homeostasis and the selective degradation of damaged mitochondria
(i.e., mitophagy)(Quinn et al., 2020). Mutations in PINK] are among the most common form of
autosomal recessive PD and are associated with an age at onset of around 30 years (Gongalves &
Morais, 2021). Clinically, patients with PINKI mutations present with a slower, and less severe
progression of symptoms principally characterized by motor dysfunction, with little cognitive

impairment (Gongalves & Morais, 2021).



In cells, damaged mitochondria cause the loss of mitochondrial membrane potential which signals
the recruitment and accumulation of PINK1 to the mitochondrial outer membrane. This recruits
its protein partner, Parkin and together they initiate mitophagy (Vizziello et al., 2021). PINK1 is
also related to the mitochondrial respiratory chain, where loss of function results in impaired
Complex 1 function and subsequent mitochondrial dysfunction (Vizziello et al., 2021). Despite the
obvious detrimental effects of mutant PINK/ in humans, and accumulation of in vitro evidence,
PinkI-deficient rodent models do not exhibit significant impairment in mitophagy or neuronal cell

survival (Han et al., 2023).

Parkin (PARK2/PRKN)

The PRKN gene encodes the protein Parkin, which is an E3 ubiquitin ligase best known for its
roles in mitophagy. PRKN-PD is associated with an early onset, but slowly progressing form of
PD, with minimal non-motor symptoms (X. Liu & Le, 2020), and is caused by mutant or truncated

forms of the protein, resulting in its loss of function (van der Vlag et al., 2020).

In cells, Parkin is recruited to damaged mitochondrial through its phosphorylation by PINKI
where it ubiquitinates its substrates, marking the mitochondria for degradation (van der Vlag et
al., 2020). Aside from its function in mitophagy, evidence suggests that Parkin plays a protective

role in oxidative stress through redox control (El Kodsi et al., 2023; Tokarew et al., 2021).

Like PINK1, animal models of Parkin deficiency do not recapitulate hallmark PD symptoms but
do show evidence of mitochondrial dysfunction and impaired oxidative stress responses (Paul &

Pickrell, 2021). The rodent models show minor or no behavioural and motor deficits and no
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dopaminergic neuron loss, except for one model that exhibited both in Prkn” mice aged over 2

years (Noda et al., 2020; Paul & Pickrell, 2021).

1.6.2 Autosomal dominant

GBA

The glucocerebrosidase gene encodes the lysosomal hydrolase enzyme, glucocerebrosidase
(GCase), that is best known as the causative gene for Gaucher disease (GD), an autosomal
recessive lysosomal storage disorder (Riboldi & Di Fonzo, 2019). Mutations in GBA are now
known to be the most common genetic cause of PD with up to 15% of the global PD patient
population expressing a GBA variant (Smith & Schapira, 2022). The clinical presentation of GBA-
PD is nearly indistinguishable from sporadic cases and display hallmark characteristics like motor
symptoms, nigrostriatal degeneration, and Lewy Body formation (Smith & Schapira, 2022).
Furthermore, mutations in GBA are associated with a more rapid progression of motor symptoms

and an earlier onset compared to idiopathic cases (Behl et al., 2021).

VPS35 (PARK17)

The vacuolar protein sorting 35 (VPS35) gene encodes an endosome associated protein that makes
up a component of the retromer complex that regulates retrograde transport from the endosome to
the Golgi (Seaman et al., 1998). VPS35 is expressed in most cell types and is associated with
lysosomal and mitochondrial function, and autophagy (Sassone et al., 2021). VPS35 mutations are
linked to late-onset autosomal dominant PD and are a relatively rare cause (Sassone et al., 2021).
Both motor and non-motor symptoms observed in PD patients with VPS35 mutations closely

resemble idiopathic cases (Sassone et al. 2021).
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Alpha-synuclein (SNCA/PARK4)

Mutations and duplications of the SNCA gene are associated with autosomal dominant PD (Gasser,
2004) It was first linked to PD through the discovery of the A53T substitution that segregated
with early onset familial PD in Italian and Greek families (Polymeropoulos et al., 1997). In the
same year, a-synuclein was identified as the principal component of LBs post-mortem brain tissue
of PD and dementia with LB (Spillantini et al., 1997). In subsequent years, gene duplications and
triplications were reported in families with late onset, and early onset PD, respectively (Chartier-

Harlin et al., 2004; Singleton et al., 2003).

Though the focus has been on mutations in the coding region of SNCA, genome-wide association
studies (GWAS) provide evidence for the 3’ untranslated region (UTR) in regulation of SNCA
(Fuchs et al., 2008; Simon-Sanchez et al., 2009). It was later discovered that an a-synuclein
transcript bearing a long 3’UTR is associated with increased protein accumulation and
mitochondrial localization (Rhinn et al., 2012). The RNA-binding protein (RBP) HuR, has been
linked to the regulation of specifically, the long 3 untranslated region (UTR) of SNCA. These data
suggest that variants in the 3’UTR may contribute to the regulation of mRNA stability or

translation of SNCA in the PD brain (Marchese et al., 2017).

The SNCA gene encodes a small 14 kDa natively unfolded protein homologous to  and y-
synuclein (Stefanis, 2012). o -synuclein is highly expressed in neurons and is localized to both the
nucleus and the presynaptic terminals. Elevated expression of a -synuclein in contexts of neuronal
activity and its presynaptic localization led to investigating its potential role in neurotransmission

(Stefanis, 2012). In agreement, o -synuclein was shown to associate with and facilitate SNARE

11



complex assembly, a process that is required to dock synaptic vesicles and has implications in

neurotransmitter release (Burré et al., 2010; Miraglia et al., 2018).

a -synuclein typically exists in its unfolded, monomeric state but under pathological conditions
can oligomerize and this aggregation contributes to the formation of Lewy Bodies (Du et al., 2020).
Oligomeric a -synuclein is associated with mitochondrial dysfunction, ER stress and inflammation
among other impairments (Du et al., 2020). Interestingly, a -synuclein is capable of neuron-to-
neuron transmission akin to prion proteins (Danzer et al., 2009). a -synuclein seeding was observed
in healthy cells from neuronal grafts in patients, suggesting a cell-to-cell transmission mechanism

(Danzer et al., 2009).

Several animal models of a -synuclein pathology have been developed including the use of pre-
formed fibrils (PFFs) (Gomez-Benito et al., 2020). Recombinant a -synuclein is processed such
that it generates fibrils, and they are injected into the brains of animal models (Goémez-Benito et
al., 2020). This model recapitulates the aggregation of a -synuclein and contributes to hallmark
characteristics of PD including DA neuron loss and motor deficits (Gémez-Benito et al., 2020;

Paumier et al., 2015; Shimozawa et al., 2017).
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LRRK2 (PARKS)

LRRK?2 in Parkinson’s disease

The Leucine-rich repeat kinase 2 (LRRK?2) gene was first genetically linked to Parkinson’s disease
in 2002 through a genome-wide linkage analysis of a Japanese family with autosomal dominant
PD (Funayama et al., 2002). The association of this risk locus was independently confirmed by
two studies in 2004 (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). Mutations in LRRK?2 account
for an estimated 1-5% of sporadic cases and 5-13% of familial PD, where the gain-of-function
G2019S mutation is the most common (Kalogeropulou et al., 2022). Interestingly, in Ashkenazi
Jewish and North African Berber populations, the prevalence of the G2019S mutation is increased
to nearly 20% and 40%, respectively (Gasser, 2011). The G2019S mutation is associated with
incomplete penetrance that is known to increase with age; however, the estimated penetrance
varies widely between studies and populations (Gasser, 2011; Healy et al., 2008a; A. J. Lee et al.,
2017). The molecular mechanisms contributing to penetrance is unclear, but risk factors like age,

lifestyle, inflammation, and exposure to toxins are all contributing factors (Trinh et al., 2022).

LRRK2 mutation carriers with PD present with the cardinal symptoms including postural
instability, rigidity, and tremor such that the clinical manifestation of LRRK2-PD is often said to
be indistinguishable from sporadic cases; however, some differences have been observed. For
example, a slightly earlier age-at-onset, slower progression of motor symptoms, and a lack of sex
differences in LRRK2-G2019S carriers has been reported (Gan-Or et al., 2015; Healy et al., 2008b;
Tolosa et al., 2020). LRRK2 mutation carriers present with the same non-motor and cognitive
changes observed in typical PD cases, but the prevalence and severity are less than in idiopathic

patients (Tolosa et al., 2020).
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LRRK?2 in Crohn’s disease

Genome-wide association studies (GWAS) have also linked LRRK?2 mutations to the inflammatory
bowel disease (IBD), Crohn’s, which causes chronic inflammation of the gastrointestinal tract
(Herrick & Tansey, 2021). This is perhaps initially surprising, but the development of IBD
symptoms in Parkinson’s patients highlights the commonality between PD and CD, and it is
therefore conceivable that LRRK2 is a causative gene of two seemingly unrelated disorders. In
support of the shared etiology of PD and CD, it has been reported that IBD patients have a ~30%
increased chance of developing Parkinson’s disease (Peter et al., 2018). A recently identified gain
of function risk variant, LRRK2 N2081D, has been defined as a shared risk locus for PD and
CD(Hui et al., 2018). In Crohn’s patients, the LRRK2 G2019S mutation was associated with CD,
but not significant, and the N2081D substitution was the dominant risk allele associated with CD

in the studied cohort (Hui et al., 2018; Levine et al., 2016).

LRRK?2 in Leprosy

Leprosy is an ancient human disease caused by infection with Mycobacterium leprae (Santacroce
et al., 2021). Infection with M. leprae is dependent on the genetic susceptibility of the host and the
severity of the disease is dependent on the environment and host-specific factors (F.-R. Zhang et
al., 2009). Leprosy is classified as paucibacillary if the patient has fewer than 5 lesions or
multibacillary if the patient has more than 5 lesions (Parkash, 2009). Interestingly, a 2009 GWAS
indicated a trend in SNPs found at the LRRK?2 locus, and the association of LRRK?2 with leprosy
was increased in multibacillary cases (F.-R. Zhang et al., 2009). In some Leprosy cases, patients
may experience type-1 reactions (T1R) that are described as episodes of exacerbated inflammation

that may lead to irreversible nerve damage. A study of families affected by T1R indicated a strong
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association with SNPs at the LRRK?2 locus with TIR (Fava et al., 2016). Some of these SNPs were
also associated with Crohn’s and Ulcerative colitis (Fava et al., 2016). In contrast with PD and CD
which are associated with LRRK2 gain-of-function mutations, the SNP with the strongest
association with T1R, was the LRRK2 M2397T which decreases LRRK2 protein half-life (Fava
et al., 2016; Z. Liu et al., 2011). This decrease in LRRK2 protein stability was linked to an
exacerbated inflammatory phenotype in a mouse model of colitis, suggesting that LRRK?2 loss of

function can also cause inflammation (Z. Liu et al., 2011).

LRRK?2 protein structure and function

The Leucine-rich repeat kinase 2 (LRRK?2) gene is located on chromosome 12 in humans and spans
51 exons (Di Fonzo et al., 2006). LRRK?2 is most highly expressed in immune cells, lungs, kidney,
intestine, and is comparatively low in the brain (Taylor & Alessi, 2020). LRRK?2 encodes a large,
286 kDa protein consisting of 7 core domains: the N-terminal Leucine-rich repeats, Armadillo
repeats, ankyrin repeats, the C-terminal WD40, Ras of complex (Roc), C-terminal of Roc (COR)
and a kinase domain (Kumari & Tan, 2010). Much of the understanding of LRRK2 activity
surrounds the two enzymatic domains, the GTPase and kinase, due to the density of PD-linked

mutations in these domains (Fig.1.6.1).
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LRRK?2 GTPase activity

LRRK2 possesses the characteristic domains of the ROCO family of proteins consisting of a Ras-
like GTPase (i.e., Roc) and the tandem, and essential domain, COR (Gilsbach & Kortholt, 2014) .
Several pathogenic mutations have been mapped to this region of the LRRK2 protein including
the N1437H, R1441C, R1441G, R1441H and Y 1699C, mutations which reduce LRRK2 GTPase
activity, but increase LRRK2 kinase activity to some degree (Greggio & Cookson, 2009; A. P. T.
Nguyen & Moore, 2017; West et al., 2005a, 2007). PD-like symptoms have been observed in
animal models of LRRK2 GTPase mutants. In Drosophila, the R1441C and Y 1699C mutants were
associated with impaired axonal transport and motor deficits (Godena et al., 2014). Mouse models
of the R1441G mutant were reported to exhibit age-dependent motor deficits, altered morphology
of dopaminergic neurons, tau pathology, and axonopathy (Y. Li et al., 2009; Tagliaferro et al.,
2015). Models of the R144C mutant have also shown altered morphology of dopaminergic

neurons, in addition to impaired dopamine transmission (Tong et al., 2009; Tsika et al., 2014).

LRRK?2 kinase activity

The most well characterized function in LRRK2 is its kinase activity. The focus on this region is
largely attributed to the fact that the most common pathogenic mutation in LRRK? is the Glycine
to Serine substitution at residue 2019 within the kinase domain (Rocha et al., 2022). The DFGy
motif is a canonical catalytic motif found in all kinases, but in LRRK?2 it is a DY GI motif (aa 2017-
2020) (Rocha et al., 2022). The G2019S mutation which typically confers a 2-3-fold increase in
activity (Greggio & Cookson, 2009; West et al., 2005a), and the 12020T hyperactive kinase
mutants lie within this region (Rocha et al., 2022). More recently the LRRK2 N2081D mutation

was identified, and it was also found to exhibit hyperactive kinase activity (Hui et al., 2018).
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Animal models of LRRK?2 kinase mutants show some PD-relevant phenotypes. In Drosophila
expression of human LRRK2-12020T was associated with dopaminergic neuron loss and motor
deficits (Marcogliese et al., 2017). In contrast, LRRK2-12020T transgenic mice showed motor
deficits on the beam test and rotarod test as well as significantly lower striatal dopamine but no
dopaminergic neuron loss(Maekawa et al., 2012). Most LRRK2 rodent models fail to exhibit
dopaminergic neuron loss or a-synuclein pathology with a few exceptions (Seegobin et al., 2020).
A model expressing human LRRK2 G2019S-TAP showed loss of DA neurons at 15 months of
age and gait deficits (Xiong et al., 2018). An earlier transgenic model expressing LRRK2-G2019S
showed an age-dependent decrease in dopaminergic neuron loss along with mitochondrial and

autophagic abnormalities (Ramonet et al., 2011).

LRRK?2 protein-protein interaction domains

The protein-protein interaction domains of LRRK2 are essential for its signaling functions. The
namesake LRR domain is important for LRRK2 interaction with the 14-3-3 family of signaling
proteins (J. Chen et al., 2018). In the presence of many of the common LRRK?2 mutations,
phosphorylation of LRRK2 at Ser910 and Ser935 is significantly reduced and impairs LRRK2
binding to 14-3-3, altering its subcellular localization (Nichols et al., 2010). 14-3-3 proteins impact
LRRK2 function, since their inhibition results in LRRK2-mediated neurite shortening (Lavalley
et al., 2016). The WD40 domain was shown to be important for LRRK?2 dimerization (P. Zhang
et al., 2019). Some mutations in this domain, including the G2385R, increased LRRK?2 kinase
activity and phosphorylate threonine (Thr73) of its substrate RAB10, while the deletion of this
domain impairs kinase activity (Jaleel et al., 2007; P. Zhang et al., 2019). The function of the N-

terminal armadillo domain is less well characterized, but evidence suggests that it is involved in
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LRRK2 protein-protein interactions with Rab proteins (McGrath et al., 2021) The adjacent ankyrin
domain appears to be required for the intramolecular control of LRRK2 kinase function (Guaitoli

et al., 2016).

N1437H
R1441C N2081D V23077
R1441G  Y1699C

R1441H 12020T

620198

12012T
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Armadillo Ankyrin Leucine-rich Roc Cor Kinase WD40
repeats

Figure 1.6.1. LRRK?2 protein structure
Mutations with evidence for pathogenesis in Crohn’s Disease or Parkinson’s Disease are included
in the figure. Adapted from (Fava et al., 2016; Greggio & Cookson, 2009; Thakur et al., 2022).

Image was generated with BioRender.
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LRRK?2 Cellular Functions

Post-transcriptional and translational Control

Many studies have reported an effect on the transcriptome of immune and neuronal cells from
LRRK2-deficient or mutant models, and patient-derived samples compared to healthy controls;
however, it is unclear if these are intermediary effects or directly controlled by LRRK2 (Connor-
Robson et al., 2019; Hébig et al., 2008; Levy et al., 2020; Nikonova et al., 2012; Russo et al., 2019;

Schulz et al., 2011).

A 2008 study suggested that the Drosophila LRRK and human LRRK2 phosphorylate the
eukaryotic initiation factor 4E (elF4E)-binding protein (4E-BP). In Drosophila, the chronic
phosphorylation of 4E-BP by LRRK inhibits 4E-BP function promoting the release of eIF4E and
subsequent translation initiation. This results in aberrant translational control and loss of
dopaminergic neurons (Imai et al., 2008). A later study found that LRRK2 also promotes
translation by phosphorylating the small ribosomal subunit s15 in human dopaminergic neurons
and Drosophila (Martin et al., 2014). Flies expressing the G2019S hyperactive kinase mutant
exhibited motor impairment and dopaminergic neuron loss that was rescued by inhibition of global
protein synthesis. Furthermore, phospho-dead mutants of s15 also inhibited phosphorylation by
LRRK2 thereby rescuing LRRK?2 mediated neurotoxicity (Martin et al., 2014), but this has yet to
be confirmed as a physiological substrate. Follow-up studies suggested that in vitro
phosphorylation of 4E-BP was lower than LRRK?2 autophosphorylation and no observable changes

were detected in 4E-BP phosphorylation in Lrrk2-deficient or mutant mice, nor in brain samples
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from idiopathic or LRRK2-G2019S mutation-carriers, calling into question the clinical relevance

of these targets (Kumar et al., 2010; Trancikova et al., 2012).

Cytoskeleton and morphology

Early work investigating LRRK2 function in cells indicated that it regulates neurite outgrowth
(MacLeod et al., 2006). In LRRK2-deficient neuronal cells, neurite length is significantly
increased. The inverse is true in the presence of pathogenic mutations in both the GTPase and
kinase domains (MacLeod et al., 2006). Among the proposed LRRK2 phosphorylation substrates
are proteins that control cytoskeletal organization and cell motility. The ERM (i.e., moesin, ezrin
and radixin) proteins that anchor the plasma membrane are phosphorylated by LRRK2 and
contribute to neurite shortening in neuronal cells derived from Lrrk2-G2019S expressing mice,
suggesting that LRRK2 controls neuronal cell morphology homeostasis (Jaleel et al., 2007;

Parisiadou et al., 2009).

Mitochondrial function

Familial PD is associated with mutations in several mitochondrial quality control proteins.
Mitochondrial homeostasis is largely dependent on the dynamic fission and fusion events (Singh
et al., 2019). LRRK2 was shown to directly interact with the mitochondrial fission protein, DRP1
and this interaction was impaired by a mutation within the armadillo domain (Perez Carrion et al.,
2018). This led to impaired mitochondrial fission and susceptibility to MPP+ induced
neurotoxicity (Perez Carrion et al., 2018). In the human neuroblastoma cell line, SH-SYS5Y,
LRRK2 mutations R1441C and G2019S were associated with fragmented mitochondria via a

direct LRRK?2 interaction with DRP1(X. Wang et al., 2012). Furthermore, the levels of Optic
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Atrophy 1 (OPA1), a mitochondrial fusion protein were significantly decreased in the brains of

LRRK2-G2019S patients (Stafa et al., 2014).

Oxidative stress

Mitochondrial respiration generates reactive oxygen species (ROS) as a by-product that may lead
to cell death if inadequately controlled (Turrens, 2003). LRRK2 mutations have also been linked
to impaired resilience to oxidative stress (J.-Q. Li et al., 2014). This was demonstrated in
Drosophila expressing mutant human LRRK? that showed increased sensitivity to rotenone and a
shortened lifespan (Ng et al.,, 2009). In iPSC-derived dopaminergic neurons expressing the
LRRK2-G2019S mutation, it was observed that the cells had increased sensitivity to hydrogen

peroxide induced oxidative stress (H. N. Nguyen et al., 2011).

Endolysomal Function

Evidence for LRRK2 control of lysosomal homeostasis was observed in peripheral tissues.
Knockout of Lrrk2 in rodents results in an increased number of or enlarged lysosomes in lung and
kidney tissue (Baptista et al., 2013; Herzig et al., 2011). In non-human primates treated with novel
LRRK2 kinase inhibitors, this phenotype was noted in the lung (Baptista et al., 2020). Primary
neurons derived from mice expressing Lrrk2 G2019S also show lysosomal abnormalities such as
decreased size and number (Kuwahara & Iwatsubo, 2020). Furthermore, LRRK?2 phosphorylates
many of the Rab GTPases like RAB8 and RAB10 that have roles in vesicular trafficking
(Kuwahara & Iwatsubo, 2020; Steger et al., 2016). The relevance of Rab phosphorylation in PD
remains elusive. Nevertheless, the Rab GTPases are currently the only widely accepted LRRK2

substrates.
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Autophagy

Loss of LRRK2 or expression of mutant LRRK?2 has also been linked with abnormalities in the
macroautophagy pathway, a lysosome-dependent degradation system, though it is unclear if
LRRK2 promotes autophagy or suppresses it as there is evidence supporting both (Kuwahara &
Iwatsubo, 2020). In aged Lrrk2”- mice, an accumulation of a-synuclein was increased in kidney
tissue (Tong et al., 2010). It was accompanied by decreased levels of the autophagy marker LC3-
II. Autophagic flux was also found to be decreased in Lrrk2-deficient macrophages and microglia
(Schapansky et al., 2014), whereas G2019S expression in neuroblastoma cells promoted an

increase in LC3+ autophagic vacuoles (Kuwahara & Iwatsubo, 2020).

LRRK?2 in neuroinflammation

LRRK?2 also appears to control various responses relevant to neuroinflammation. For example, in
mice administered an intracranial injection of LPS, expression of LRRK2 and its
autophosphorylation, a marker of its kinase activity, were significantly increased (Moehle et al.,
2012). Silencing of LRRK2 by siRNA in rat primary microglia indicated a significant decrease in
TNF-a release, chemotaxis, and microglial process outgrowth, suggesting that LRRK?2 drives a
proinflammatory response (Moehle et al., 2012). In Lrrk2-deficient primary microglia, the levels
of the proinflammatory cytokine ///b mRNA and protein were significantly decreased compared
to wild-type cells in response to LPS (Russo et al., 2015). These same cells exhibited an attenuated
inflammatory response to o-synuclein fibrils (Russo et al., 2015). In co-cultures of primary
macrophages and mesencephalic neurons derived from Lrrk2-G2019S mice and in vivo, LRRK2-

G2019S promoted loss of TH+ neurons in a WAVE-2 dependent manner (K. S. Kim et al., 2018a).
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This was attributed to LRRK2-mediated phosphorylation and stabilization of WAVE2, which

enables cytoskeletal remodeling and enhanced phagocytosis.

In another model of neuroinflammation, mice were primed with LPS injections into the SNc
promoting activation of microglia and increased levels of WAVE2 in wild-type mice (Dwyer et
al., 2020). This response was ablated in Lr7k2”- mice. The data suggest that LRRK2 and WAVE2
mediate microglial activation (Dwyer et al., 2020), supporting earlier findings that LRRK?2 and

WAVE?2 are important in microglial responses.

Finally, it was found that LRRK2 promotes the microglial proinflammatory response and neuronal
impairment initiated by a-synuclein activation of Toll-like receptor 2 (TLR2) (Ho et al., 2022). In
another study in the same year, it was observed that an increase in pro-inflammatory monocyte-
derived macrophages were recruited to the brain in response to intracranial injection of a-synuclein
fibrils (Xu et al., 2022). This was mediated through increased LRRK2 expression and
phosphorylation of Rab10. This phenotype was further increased in the presence of mutant LRRK?2
R1441C and LRRK2 G2019S. These findings support Moehle et al., 2012 that LRRK2 regulates

chemotaxis (Xu et al., 2022).

LRRK?2 in peripheral and systemic inflammation

LRRK?2 is expressed in tissues with functions in the immune system including the spleen, thymus,
and lymph nodes (Biskup et al., 2007; Westerlund et al., 2008). Early studies investigating the role
of LRRK2 in inflammation found that it is highly expressed in cells with roles in innate immunity

including monocytes, macrophages, B-lymphocytes, and dendritic cells (Gardet et al., 2010;
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Hakimi et al., 2011). LRRK2 expression is significantly increased by IFN-y stimulation in the
human monocytic cell line THP-1 and the promoter region of LRRK?2 harbours conserved binding
sites for IFN response factors (Gardet et al., 2010). Furthermore, intestinal biopsies from Crohn’s
patients revealed high expression of LRRK2 (Gardet et al., 2010). It was also shown that Lrrk2
expression significantly increased in response to proinflammatory stimuli like the bacterial
lipopolysaccharide (LPS) and lentiviral particles in mouse primary macrophages (Hakimi et al.,

2011).

While cytokine release is detected in a LRRK2 dependent manner in microglia cells (B. Kim et
al., 2012; C. Kim et al., 2020; Mochle et al., 2012; Russo et al., 2015), the data are inconsistent for
peripheral cells. In response to toll like receptor agonists, LRRK2 G2019S expressing human
monocytes and macrophages secreted increased levels of cytokines and chemokines, but LRRK2
knockout or inhibition had no effect (Ahmadi Rastegar et al., 2022), suggesting that LRRK?2 is
dispensable in cytokine/chemokine production. Other studies however, found no effect of LPS,
IFN-y or Salmonella typhimurium treatment on cytokine levels in LRRK2-G2019S cells or mice
(Litteljohn et al., 2018; Moehle et al., 2015; Shutinoski et al., 2019). This could be due to different

cell types, contexts, or triggers.

In Paneth cells, which are intestinal epithelial cells required for host defence through secretion of
antimicrobial peptides, LRRK2 was shown to associate with the bacterial sensor protein NOD2,
which is also genetically linked to Crohn’s disease (Q. Zhang et al., 2015). NOD2 was required
for the recruitment of LRRK2 and RAB2a to initiate lysosomal sorting to the secretory granules

of Paneth cells. Loss of Lrrk2 compromised host mucosal defence and resulted in increased
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susceptibility to intestinal Listeria monocytogenes infection compared to wild-type mice(Q. Zhang
et al., 2015). A later study investigating the LRRK2 response to intraperitoneal S.typhimurium,
found that LRRK?2 interacts with the NLRC4 inflammasome, which is triggered by exposure to
microbial proteins. Lrrk2-deficient mice showed impaired clearance of the S. typhimurium,
suggesting that LRRK?2 is protective (W. Liu et al., 2017). A subsequent study in Lrrk2”- and Lrrk2
G2019S mice infected with S.typhimurium, showed that spleens of Lrrk2”- mice had a higher
bacterial load. In contrast, Lrrk2 G2019S mice showed greater clearance than wild-type mice. This
was accompanied by an increase in myeloid cell recruitment to the spleen by the mutant mice,

suggesting a mechanism for LRRK2-dependent pathogen clearance (Shutinoski et al., 2019).

In a mouse model of colitis, LRRK2 was found to be protective against excessive inflammatory
phenotypes. It was suggested that LRRK?2 sequesters NFAT in the cytoplasm and loss of Lrrk2”
or expression of the M2397T polymorphism that decreases LRRK2 protein half-life results in
NFAT translocation to the nucleus, where it promoted transcription of proinflammatory cytokines
(Z.Liuetal., 2011). A subsequent study found that LRRK?2 expression is elevated in dendritic cells
from Crohn’s patients (Takagawa et al., 2018). In murine dendritic cells stimulated with the
Dectin-1 ligand, Zymosan D, LRRK2 inhibitors suppressed TNF-a release (Takagawa et al.,
2018). Lrrk2-transgenic mice treated with DSS showed exacerbated colitis phenotypes that was
rescued by LRRK2 inhibitors (Takagawa et al., 2018). These differences could be attributed to
several factors including differences in the animal model selected, the source of mice (vendor vs.
experimental animal facility), and the study paradigm. In either case, it shows a role for LRRK2

in modulating immune responses relevant to intestinal pathology.
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LRRK?2 in the clinic

Given the extensive body of literature implicating LRRK2 in PD pathogenesis, it is unsurprising
that large scale efforts have been made to develop LRRK?2 inhibitors for clinical use. Investigations
of LRRK2 kinase inhibitors in preclinical models initially caused concern due to the unexpected
but reversible effects on lysosomal structures in the kidneys and Type II pneumocytes in the lungs
of animal models, including non-human primates (Andersen et al., 2018; Baptista et al., 2020;
Herzig et al., 2011), but since these side effects were deemed benign the development of inhibitors
was continued (Baptista et al., 2020). In 2022, Denali Therapeutics completed a Phase 1 and Phase
1b clinical trial for the aminopyrazole kinase inhibitor DNL201, formerly GNE-0877. The study
indicated that DNL201 significantly inhibits LRRK2 and altered levels of lysosomal biomarkers.
The study concluded that the drug is well tolerated and LRRK2 inhibitors should be pursued as

treatments for PD patients (Jennings et al., 2022).
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1.7 Embryonic Lethal Abnormal Vision-like (ELAVL) family of RNA binding proteins

RNA-binding proteins (RBPs) are a class of proteins involved in regulating RNA metabolism
(Hentze et al., 2018). RBPs may harbor canonical RNA-binding domains like the RNA recognition
motif (RRM), KH domain, or tandem zinc finger domains (Hentze et al., 2018). RBPs bind cis-
regulatory elements within their target transcripts to exert their functions and are tightly controlled

by post-translational modifications (PTMs) (Veldzquez-Cruz et al., 2021).

The Hu/ELAVL family of RBPs were discovered as antigens in paraneoplastic
encephalomyelitis/neuropathy, a neurological syndrome associated with small-cell lung cancer
(Dalmau et al., 1990). Patients with this syndrome produce antibodies against the Hu proteins
causing an autoimmune reaction targeting the nervous system (Dalmau et al., 1990). The
Hu/ELAVL genes are homologous to the Drosophila sex lethal (sx/), RNA-binding protein 9
(RbpY9), found in neurons (fne) and embryonic lethal abnormal vision (elav) genes (Bell et al.,

1988; Y. Kim & Baker, 1993; Robinow et al., 1988).

The HUW/ELAVL protein family consists of four members: Human antigen R (HuR/ELAVL1), HuB
(ELAVL2), HuC (ELAVL3) and HuD (ELAVL4). HuB-D are largely restricted to neurons
whereas HuR is ubiquitously expressed (Good, 1995; Ma et al., 1996; Okano & Darnell, 1997.)
HuB, HuC, and HuD are collectively referred to as the neuronal ELAVLs (nELAVLs). The
expression of nELAVLs is restricted to the neuronal cell lineage in the embryonic and adult

nervous system since their expression is absent from astrocytes and oligodendrocytes (Akamatsu

et al., 2005).
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Structurally, they are composed of three RNA-recognition motifs (RRMs) and a linker region
between RRM2 and RRM3 (Bronicki & Jasmin, 2013) (Fig. 1.7.1). The nELAVLs are mostly
cytoplasmic whereas HuR is predominantly nuclear and all the ELAVLs are capable of
nucleocytoplasmic shuttling (Bronicki & Jasmin, 2013; Srikantan & Gorospe, 2012). The shuttling
of these proteins allows them to regulate RNA metabolism from splicing of pre-mRNA, to

transport and mRNA stability, and translation (Bronicki & Jasmin, 2013).
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Figure 1.7.1 ELAVL protein structure.

Representation of the ELAVL family of RBP protein structure bound to an mRNA transcript.
RRM=RNA Recognition Motif (RRM). Adapted from text in Bronicki & Jasmin, 2013. Image

generated using BioRender.
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1.8 ELAVL in RNA metabolism

ELAVL in splicing

Alternative splicing is an important step in pre-mRNA processing and contributes to the diversity
of the transcriptome (C. Zhang et al., 2007). Splicing is orchestrated by the spliceosome, a complex
of small nuclear ribonucleoproteins that removes the introns demarcated by a 5’ and 3’ splice site
(C. Zhang et al., 2007). Splicing is further regulated by other RNA-binding proteins that bind cis-
regulatory elements to promote or inhibit recruitment of the spliceosome to a splice site (Horn et

al., 2023). The presence of RBPs can also promote exon skipping, or inclusion (Horn et al., 2023).

The ELAVL mammalian RBPs closely resemble the Drosophila splicing factors sx/ and ELAVL
and this provided early evidence for a role in alternative splicing (Szabo et al., 1991). In vitro and
CLIP-seq experiments have shown that ELAVL proteins participate as splicing factors through
binding of regulatory motifs in introns of target mRNAs (Bronicki & Jasmin, 2013). Furthermore,
they have been shown to physically interact with RNA polymerase II and histone deacetylase 2
(HDAC2) in cells (Zhou et al., 2011). Investigation of the protein domains involved in splicing
using nELAVL recombinant proteins, revealed that the linker region and RNA-recognition motif
(RRM3) are required for splicing control (Bronicki & Jasmin, 2013). Evidence from various
experiments showed that the ELAVL proteins function as splicing factors that enhance or repress

exon inclusion of targets (Bronicki & Jasmin, 2013).

In neuronal cells exposed to stress and Alzheimer’s disease samples, the nELAVL proteins were

found to significantly bind Y-RNAs, a class of non-coding RNAs (Scheckel et al., 2016).
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Interestingly, the redistribution of nNELAVL from associations with their usual target mRNAs was
shifted to increased association with Y-RNAs, suggesting a novel regulatory mechanism of

nELAVL function. This shift resulted in differentially spliced targets (Scheckel et al., 2016).

ELAVL in mRNA stability
The ELAVL family of RNA-binding proteins are mostly known for their role in mRNA stability.

They primarily bind AU-rich elements (AREs) in the 3’UTR of their target mRNA to control target
mRNA half-life (Bronicki & Jasmin, 2013). AU- rich elements are cis-regulatory elements found
within intronic or untranslated regions of mRNA transcripts that are found in up to 10% of human
transcripts (de Toeuf et al., 2018) and are divided into three classes: Class I consists of AUUUA
pentamers found along the length of the 3’UTR, Class II consists of overlapping AUUUA motifs

and Class III is U-rich (Ripin et al., 2019).

The most notable ARE- binding proteins (ARE-BPs) include Tristetrapolin (TTP), T-cell restricted
antigen-1 (TIA1), AU-rich element RNA-binding protein 1 (AUF1), KH-type splicing regulatory
protein (KSRP) and the ELAVL/Hu family of RNA binding proteins (Dolicka et al., 2020). TTP,
AUF1, and KSRP are best known for destabilizing mRNA, whereas TIA1 is typically associated
with translational repression (Dolicka et al., 2020). In contrast, the ELAVL family have almost
exclusively been described as promoting mRNA stability, but accumulating evidence suggests that
they can destabilize or translationally control target mRNA (Fukao et al., 2009; Ince-Dunn et al.,

2012; Otsuka et al., 2019).
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A feature of the ELAVL proteins is that they cooperatively form multimers when bound to an
RNA target (Simone & Keene, 2013). This mechanism was found to be important for antagonizing
the RNA-induced silencing complex (RISC) which relieves the target mRNA from degradation
(Kundu et al., 2012). There is also evidence that the ELAVL proteins can promote stability by
competing with destabilizing AU-RBPs ( Bronicki & Jasmin, 2013). HuR was shown to interact
with the destabilizing factors KRSP, AUF1, and TIA-1 and these proteins can bind shared
regulatory elements in their common RNA targets, suggesting that there is a complex interplay

between the stabilizing and destabilizing factors (Bronicki & Jasmin, 2013).

ELAVL proteins in translation

Eukaryotic mRNA translation is a complex system consisting of various initiation mechanisms
including cap-dependent and cap-independent mechanisms (Shatsky et al., 2018). The main
mechanism, cap-dependent translation, requires the m’G cap located at the 5° end of mRNA. It
requires the binding of the cap binding complex, the eukaryotic initiation factor 4F (elF4F),
consisting of three subunits: the cap-binding protein elF4E, the RNA helicase eiF4A, and the
scaffolding protein elF4G. The pre-initiation complex is then recruited to scan the mRNA for the

start codon to begin mRNA translation (Shatsky et al., 2018).

There is extensive evidence supporting a role for the ELAVL family of RBPs in regulating
translation. HuD was shown to be important for stimulating cap-dependent and poly-A-dependent
(Fukao et al., 2009). Wild type HuD was associated with heavy polysome fractions, suggesting
that it is associated with mRNA transcripts undergoing translation. It was shown that RRM1 and

RRM2 were dispensable for this interaction, however, the linker region and RRM3, were essential.
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This was attributed to the poly-A tail binding properties of RRM3. This same study showed that
HuD directly interacts with the RNA helicase elF4A to promote translation. This interaction was

required for neurite outgrowth of PC12 neuroblastoma cells ( Fukao et al., 2009).

HuD was also shown to repress the translation of select targets. In the BTC6 pancreatic f cell line,
HuD was shown to bind a 22-nucleotide sequence in the 5’UTR of the preproinsulin (/ns2) mRNA
and repress its translation and was released upon glucose stimulation (E. K. Lee et al., 2012). HuD
was also shown to bind the 5 UTR of p27 and repress its translation and p27 internal ribosome
entry site (IRES)-mediated translation, suggesting that HuD is also involved in cap-independent

translation mechanisms (Kullmann et al., 2002).

HuR was associated with promoting and suppressing translation of certain targets. It was shown
to bind and promote translation of the tumour suppressor p53 transcript and the antiapoptotic gene,
prothymosin alpha (ProTa) after exposure to UV (Mazan-Mamczarz et al., 2003). In contrast, in
LPS-treated bone-marrow derived macrophages, HuR was shown to interact with the translational
repressor TIA-1 to inhibit translation of 7nfa mRNA (Katsanou et al., 2005). HuR was also shown
to bind the 3’UTR of its target c-Myc and repress its translation by recruiting let-7 miRNA and
RISC (H. H. Kim et al., 2009). HuR is also implicated in cap-independent translation. For example,
it binds the IRES of XIAP mRNA to promote cell survival (Durie et al., 2011). Like HuD, HuR
also binds the 5’UTR to inhibit p27 translation through interaction with an IRES (Kullmann et al.,

2002).
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1.9 Post-translational control of ELAVL

The ELAVL proteins are involved in many cellular pathways including cell cycle control,
inflammation, and neuronal development (Bronicki & Jasmin, 2013; Srikantan & Gorospe, 2012).
In many cases, ELAVL proteins are regulated upstream through post-translational modifications
(Bronicki & Jasmin, 2013; Srikantan & Gorospe, 2012). The post-translational control of HuR has

been studied extensively, but less is known about nELAVL control (Grammatikakis et al., 2017).

HuD is known to be methylated by the coactivator-associated arginine methyltransferase 1
(CARMI)(Hubers et al., 2011). In mice, CARM1 methylates the residue Arg 248 resulting in
inhibited binding to the cyclin dependent kinase inhibitor, p2/ mRNA, its destabilization and thus
maintaining cellular proliferation (Hubers et al., 2011). HuD was also shown to represses
translation of its target brain-derived neurotrophic factor (Bdnf). BDNF translation is enhanced by
Protein kinase C (PKC)-mediated phosphorylation of HuD at Threonine 149 and 165 in mice,

suggesting that HuD function may be inhibited by phosphorylation (Vanevski & Xu, 2015).

Several PTMs have been identified for controlling HuR function (Grammatikakis et al., 2017).
The shuttling of HuR between the nucleus and the cytoplasm is well documented and is dependent
on PTMs in its hinge region (Grammatikakis et al., 2017; Srikantan & Gorospe, 2012).
Phosphorylation by the cyclin-dependent kinase CDKI1 sequesters HuR in the nucleus thus
inhibiting its ability to bind cytoplasmic mRNA (H. H. Kim et al., 2008). HuR phosphorylation by
p38 mitogen-activated protein kinase (MAPK p38) at Threonine 118 is also induced by an IL1j-
activated proinflammatory response (Liao et al., 2011). This leads to HuR increased binding to

COX2 mRNA and its increased stability (Liao et al., 2011). HuR was also shown to undergo
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poly(ADP-ribosyl)ation at aspartic acid D226 by poly-ADP-ribose polymerase 1 (PARP1). HuR
underwent oligomerization/multimerization which was promoted by PARylation in TNF-a

stimulated cells (Ke et al., 2021).
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1.10 Cellular functions of ELAVL

1.10.1 HuR

HuR in development

HuR is essential for embryonic development and post-natal survival (Ghosh et al., 2009; Katsanou
et al., 2005). Homozygous HuR-null mice display impaired placental development and total
lethality by E14.5. Analysis at various embryonic stages of HuR" mice also indicated gross defects
in skeletal and splenic development (Katsanou et al., 2009). In postnatal development, loss of HuR
was associated with poor development of hematopoietic organs and loss of intestinal villi and death

by post-natal day 10 (Ghosh et al., 2009).

HuR in inflammation

A well-characterized, and overarching function of HuR is its role in inflammation. Several studies
have shown that HuR binds mRNA encoding cytokines like COX2, TNFA, 116, and IFN (Srikantan
& Gorospe, 2012). Most studies have shown that it binds the 3’UTRs to stabilize these targets
(Srikantan & Gorospe, 2012). Interestingly, other studies strongly suggest that HuR inhibits
production of proinflammatory mediators and attenuates the inflammatory response
(Christodoulou-Vafeiadou et al., 2018; Katsanou et al.,, 2005; Yiakouvaki et al., 2012).
Surprisingly, in LPS treated macrophages, overexpression of HuR was associated with enhanced
mRNA stability, yet decreased translation of certain targets like 7nf'and Cox2 but coordinates with
TIA1 to repress translation of 7nfa mRNA and possibly other targets requiring validation
(Katsanou et al., 2005). In a mouse model of myeloid cell restricted HuR knockout, intraperitoneal

injection of LPS resulted in lethality despite exposure to a sublethal dose (Yiakouvaki et al., 2012).

35



This correlated with enhanced serum levels of TNF-a, IL-6, IL-1B and Il-12, supporting a
proinflammatory response. HuR also represses proinflammatory chemokines (Yiakouvaki et al.,
2012). In LPS treated macrophages, HuR deficient conditions showed elevated levels of mRNAs
like Ccl2 and Ccl7 that regulate chemotaxis in the context of acute inflammation (Yiakouvaki et

al., 2012).

1.10.2 nELAVL

nELAVL in neuronal development

The expression of at least one of the nELAVL homologues appears to be essential for survival.
Knockout of HuB results in a high death rate in recently weaned pups due to poor development
(Mulligan & Bicknell, 2023), and double knockout of HuC and HuD is lethal at postnatal day 0
(Ince-Dunn et al., 2012). In primary human neuronal cells, depletion of HuB resulted in differential
expression of targets involved in expected pathways such as synaptic and axonal function
(Mulligan & Bicknell, 2023). Furthermore, it was shown that loss of HuC is important in the
differentiation of inhibitory neurons with evidence suggesting that HuC plays a role in alternative
polyadenylation where the longer 3’UTRs were associated with enhanced differentiation (Grassi
etal., 2019). Transcriptomics from brains of HuD”* mice also indicated alternative polyadenylation
of targets involved in neuronal development and function (Sena et al., 2021). Loss of HuD in mice
was associated with severe impairment in arborization of neurons in cortical and hippocampal
regions (DeBoer et al., 2014). A role for HuD in neurogenesis was also exemplified by neurosphere
assays. Neurospheres derived from neural stem cells (NSCs) lacking HuD showed a significant

reduction in mature neurons compared to those derived from wild type NSCs (Akamatsu et al.,
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2005). Analysis of embryos lacking HuD revealed fewer mature neurons, suggesting that HuD

plays an important role in cell fate specification (Akamatsu et al., 2005).

nELAVL in neuronal function and activity

In the case of HuC” mice, splicing of transcripts related to glutamate signaling were impaired and
the mice also exhibited spontaneous seizures (Ince-Dunn et al., 2012). HuC”~ mice also exhibit
progressive axonal degeneration, cerebellar ataxia, tremor, postural reflex impairment, and motor
deficits including poor performance on rotarod assay (Ogawa et al., 2018). These data suggest that
HuC is important for maintaining neuronal function in the adult brain. In HuD"~ knockout mice, a
hindlimb clasping phenotype, reminiscent of basal ganglia deficits were observed (Akamatsu et
al., 2005). In between 20-26 weeks of age, HuD”" mice also showed poor performance on rotarod
and showed deficits in motor learning on the same task (Akamatsu et al., 2005). In another study,
HuD™" mice 2-3 months of age were significantly less active (DeBoer et al., 2014). In terms of
behaviour phenotypes, loss of HuD was associated with inferior performance in the Morris Water
Maze, suggesting impaired learning and memory skills (DeBoer et al., 2014). In the elevated plus
maze test, HuD”" mice surprisingly spent more time in the open arm, suggesting a decreased
aversion to anxiety-inducing contexts (DeBoer et al., 2014). Interestingly, HuD”" mice exhibited

auditory-induced seizures rather than spontaneous (DeBoer et al., 2014).
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1.11 ELAVL in Disease

1.11.1 HuR

HuR in Cancer

HuR has been strongly linked to various cancers including colorectal, pancreatic, breast and
ovarian cancers (J. Wang et al., 2013). Within the cancer pathogenesis, HuR was linked to
regulating proliferation, apoptosis, migration, angiogenesis, DNA damage, and drug resistance
through control of various genes (J. Wang et al., 2013). For example, in colorectal cancer, HuR
accumulation in the cytoplasm was associated with prolonged mRNA stabilization of COX2 and
the increased accumulation of HuR in the cytoplasm positively correlates with tumor stage (Blanco
et al., 2016). In a model of colon cancer, the constitutive phosphorylation of nuclear HuR at S318
promoted proliferation of the cells (Doller et al., 2011). HuR S318-specific antibodies revealed

high levels of phosphorylated HuR in patient samples of colon carcinoma (Doller et al., 2011).

HuR in inflammatory bowel disease

Microarray analysis of peripheral blood samples derived from Crohn’s patients identified HuR as
the most significant upregulated gene (H. Li et al., 2020). In comparisons of ulcerative colitis
patients vs. Crohn’s patients ELAVLI/HuR was among the four genes associated with Ulcerative
colitis but was absent from the Crohn’s profile (Burakoff et al., 2011). In intestinal biopsies, HuR
was most abundant in the nucleus as expected, but in samples derived from Crohn’s disease and
Ulcerative Colitis patients, nuclear HuR remained abundant, yet cytoplasmic HuR was
significantly increased in the intestinal epithelial cells (Lang et al., 2017). In animal models of

inflammatory bowel disease elicited by chemical (DSS), Citrobacter rodentium infection, or TNF-
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a, HuR was shown to have divergent roles in the intestinal epithelium and myeloid cells
(Christodoulou-Vafeiadou et al., 2018). In the C. rodentium model, HuR was essential for
epithelial barrier integrity through its positive effects on cellular proliferation and regeneration in
intestinal epithelial cells (IEC). Intestinal tissue from IEC-HuR”mice indicated a more severe
degenerative phenotype, hyperplasia, and enhanced expression of antimicrobial mRNAs ReglIIf
and Regllly, but no increase in proinflammatory cytokine expression at acute time points. In
contrast, myeloid cell depletion of HuR showed improved pathogen clearance, minimal
degeneration, and hyperplasia. Interestingly, in the chemically induced colitis model, the initial
days post-treatment showed divergent roles for JEC-HuR" vs. myeloid -HuR"~ but the phenotypes
at end-point resembled each other. Specifically, both IEC and myeloid resulted in excessive,
chronic inflammation, marked by elevated cytokines and tissue damage. These studies suggest that
HuR is involved in IBD, but a solid understanding of its pathology in specific contexts is required

to safely use it as a therapeutic target (Christodoulou-Vafeiadou et al., 2018).

1.11.2 HuD

HuD in neurodegenerative disease

While HuD is typically associated with neuronal development, a growing body of evidence
suggests a role in maintaining neuron health into ageing (Silvestri et al., 2022). In human
neuroblastoma cells, HuD was shown to bind and stabilize the amyloid precursor protein (4PP),
the precursor to the pathogenic peptide AB found in Alzheimer’s Disease (AD) brains, and b-
secretase protein 1 (BACEI) mRNA which are associated with AD (Kang et al., 2014a). The levels

of HuD, APP, an BACE1 mRNA and protein were elevated in brains lysates derived from AD
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patients compared to healthy controls (Kang et al., 2014a). A study investigating the RNA
interactome of Fused in Sarcoma (FUS), an RNA-binding protein associated with Amyotrophic
lateral sclerosis (ALS), found that FUS binds the 3’UTR of HuD and increases its protein levels
in motor neurons expressing mutant FUS (De Santis et al., 2019a) . They further observe that HuD
associates with mutant FUS in cytoplasmic speckles from FUS ALS patients and in TDP-43
positive inclusions in samples derived from sporadic patients (De Santis et al., 2019a). HuD is also
implicated in spinal muscular atrophy (SMA) through its interaction with the causative SMN
protein, where its interaction is impaired in patients and its overexpression rescues SMA-like

phenotypes in motor neuron cells, suggesting a protective role (Hubers et al., 2011).

Finally, HuD has been genetically linked to Parkinson’s disease in multiple studies, yet no
mechanism has been elucidated. The first study mapped an age-of-onset modifier for PD at the
HuD locus in an American and Australian population (Y.-J. Li et al., 2002). The HuD locus was
also genetically associated with PD as a susceptibility gene for late-onset PD in an Icelandic
population and was dubbed PARK 0 (Hicks et al., 2002). Single nucleotide polymorphisms in an
intron and coding sequence of ELAVL4 were identified as age-of-onset modifiers in a subsequent
study (Noureddine et al., 2005). In contrast, a later study found no association of ELAVL4 with
Norwegian or American populations, but did note an association in an Irish cohort (Haugarvoll et
al., 2007). Finally, another analysis in a Caucasian population found that an SNP previously
identified by Nourredine et al, was replicated, and this has now been reproduced in three
independent cohorts (DeStefano et al., 2008). Taken together, these genome-wide association

studies suggest that HuD has a role in Parkinson’s disease and should be characterized further.
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1.12 Statement of Research

1.12.1 Rationale

Parkinson’s disease is the second most common neurodegenerative disease yet has no cure. The
LRRK2 G2019S mutation, conferring hyperactive kinase activity, is a common genetic cause of
PD and large-scale efforts have been made to understand LRRK?2 function, including in models of
neurodegeneration and inflammation. A major challenge in the field has been defining its
phosphorylation substrates. A Drosophila model of human mutant LRRK?2 found that an ELAVL
homologue, Rbp9, was required for LRRK?2 induced pathology. Coincidentally, polymorphisms

in the HuD/ELAVL4 were associated with age-of-onset or susceptibility of PD.

1.12.2 Hypothesis
LRRK2 phosphorylates the ELAVL family of RNA-binding proteins to post-transcriptionally

regulate gene expression of PD-relevant genes in neurons and immune cells.

1.12.3 Objectives

The chapters described in this thesis describe a collection of work aimed at understanding the
function of the ELAVL-family of RNA-binding proteins in disease. The primary chapters (Ch.2
and 3) are focused on elucidating the role of the ELAVL proteins in LRRK2-dependent models of
Parkinson’s disease. Chapter 4 presents the characterization of HuD knockout in energy
metabolism. Originally part of Chapter 2, the data led to new directions and is therefore described
independently of LRRK?2. The primary objective of each chapter is as follows:

e Chapter 2 (manuscript in submission):

o Determine if LRRK2 phosphorylates the nELAVL proteins.
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o FElucidate how loss of HuD modifies PD-like phenotypes in Lrrk2-G2019S-

expressing mice.

e Chapter 3:

o Investigate the role of the ubiquitous ELAVL homologue in cellular and mouse

models of inflammation relevant to PD.

e Chapter 4:

o Characterize the role of HuD in mouse metabolic phenotypes.
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Neuronal ELAVL RNA-Binding Proteins are Phosphorylated by LRRK2 and Regulate

Genes and Phenotypes Relevant to Parkinson’s Disease
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2.2 Abstract

Parkinson’s disease (PD) is characterized by accumulation of a-synuclein and the loss of
dopaminergic neurons. Many causative genes of Parkinson’s disease have been identified
including a-synuclein (SNCA) and Leucine-Rich-Repeat Kinase-2 (LRRK2), while
polymorphisms in others like Embryonic Lethal Abnormal Vision-like 4 (ELAVL4) are considered
risk factors for the disease. Since mutations which cause an increase in the kinase activity of
LRRK2 are a major inherited cause of PD, factors that regulate LRRK2 levels and targets of
LRRK2 phosphorylation may ultimately control PD. A genetic screen in Drosophila identified an
ELAVL homologue as required for pathology instigated by human mutant LRRK?2. We discovered
that three nELAVLs including ELAVL4 (also known as HuD) bind to, and post-transcriptionally
regulate mRNA encoding o-synuclein (Snca) and Lrrk2. We also show that LRRK2
phosphorylates HuD and its homologues HuB and HuC. This controls binding of nELAVLs to
mRNA and post-transcriptionally regulates mRNA abundance and splicing including in the mouse
midbrain. In mice, the complex regulatory loop connecting Elavi4, Lrrk2 G2019S and a-synuclein
regulates LRRK?2 and a-synuclein protein levels, loss of dopaminergic neurons and motor deficits.
Targets of nELAVLs are also selectively misregulated in iPSC-derived neurons, and tissues from
PD patients. Together, this suggests that misregulation of nELAVLs, which can be triggered by
LRRK2 mutations among other factors, may contribute to the characteristic pathology of

Parkinson’s disease.
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2.3 Introduction

Parkinson’s disease is a progressive neurodegenerative disease, with both idiopathic and genetic
causes. Pathology in patients with PD is primarily characterized by accumulation of a-synuclein
and the progressive loss of dopaminergic neurons in the substantia nigra of the midbrain which
leads to characteristic motor symptoms (Spillantini et al., 1997). Mutations in several genes can
cause forms of PD (Bandres-Ciga et al., 2020; Klein & Westenberger, 2012). Duplication and
triplication of the a-synuclein, SNCA (Chartier-Harlin et al., 2004; Ibafiez et al., 2004), or variants
which increase its expression (Chiba-Falek, 2001) , can cause PD and its overexpression elicits
Parkinson’s-like symptoms in mice (Masliah et al., 2000), emphasizing the critical role of -
synuclein levels in PD. The most common cause of familial PD are mutations in Leucine-Rich-
Repeat Kinase 2 (LRRK?) gene (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). Several mutations
in LRRK? that cause PD result in over-active kinase activity, including the most common mutation,
LRRK2 G2019S (West et al., 2005b). This suggests that target proteins phosphorylated by LRRK?2
are a cause of patient pathology and symptoms. Recent unbiased phosphoproteomic studies have
highlighted that LRRK2 phosphorylates RAB proteins including RAB10, RABS8a/b, RAB35,
RAB12 and RAB29 to govern organelle dynamics and ciliogenesis (Imai et al., 2008; Martin et
al., 2014) by locking RABs in a GTP-bound form. Other targets of LRRK2 kinase include
WAVE2 (K. S. Kim et al., 2018b) and endophilin A which also regulate membrane dynamics
(Jeong et al., 2018). Phosphorylation of targets including RAB10, and WAVE2 have been
validated in patient cells (Atashrazm et al., 2019; K. S. Kim et al., 2018b). Phosphorylation of
RABs by LRRK2 may mediate effects ascribed to LRRK2 at the cellular level including effects
on autophagy (Arranz et al., 2014; Nirujogi et al., 2021) lysosomes, and vesicular trafficking

(Giaime et al. 2017; Karayel et al. 2020).
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While phosphorylation of RABs by LRRK2 is readily detected in cell lines like HEK-293, they
are at low or undetectable levels in the brain (Orenstein et al., 2013; Steger et al., 2017), potentially
due to the abundance of the relevant phosphatases (Berndsen et al., 2019). In cells and peripheral
tissues where LRRK?2 does phosphorylate RABs, the phosphorylated RABs only account for about
1% of total RABs (Berndsen et al., 2019; Steger et al., 2017). Phosphorylation of RABs by LRRK?2
results in impaired endolysosomal trafficking relevant to PD, but their impact on dopaminergic
neuron loss, accumulation of a-synuclein and motor deficits is unclear (Kuwahara & Iwatsubo,
2020). LRRK2 has also been reported to phosphorylate and/or interact with proteins regulating
translation including the small ribosomal subunit 15 (Martin et al., 2014), Argonautes (Gehrke et
al., 2010) and eIF4E-BP (Imai et al., 2008) but there is also debate about whether these are
physiological substrates of LRRK2. Samples derived from idiopathic PD patients, and animal
studies have provided evidence that LRRK2 activity is increased in PD pathogenesis irrespective
of the presence of mutations (Di Maio et al., 2018). In post-mortem brain tissue, LRRK2
autophosphorylation, a marker of its activity, and phosphorylation of its target, RAB10, were
increased in the substantia nigra from idiopathic PD patients. Similarly, rodent models of rotenone-
induced oxidative stress and a-synuclein pathology noted increased LRRK?2 activation (Di Maio
etal., 2018), suggesting that controlling even wild-type LRRK2 levels or activity may protect from
PD symptoms. Currently, an antisense oligonucleotide (BIIB094 Identifier: NCT03976349,
clinical trial.gov) and kinase inhibitors targeting LRRK2 (DNL201, DNL151) are in clinical trials
for both idiopathic patients and LRRK2-mutation carriers highlighting the central role LRRK2 is

believed to have in a broad group of patients with PD pathology (Taymans et al., 2023).
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Despite the association of LRRK2 mutations with PD, and the frequency of mutations like
G2019S, these mutations have incomplete penetrance (Gasser, 2011). The incomplete penetrance
associated with G2019S and other mutations in LRRK2 indicates that developing PD requires the
presence of other risk factors which may include environmental toxins, age, lifestyle, and genetic
modifiers (Gasser, 2011; Healy et al., 2008b; Trinh et al., 2022). Notably, studies in multiple
independent patient cohorts found that single-nucleotide polymorphisms in the region of an
ELAVL family member, ELAVL4, are linked with susceptibility to or age-of-onset of PD
(DeStefano et al., 2008; Haugarvoll et al., 2007; Noureddine et al., 2005).Interestingly, a previous
genome-wide screen in Drosophila expressing the human LRRK2-12020T hyperactive kinase,
identified Rbp9, an RNA-binding protein of the ELAVL (Embryonic Lethal Abnormal Vision)
family as required for LRRK2 to induce retinal degeneration (Marcogliese et al., 2017). This
suggests that ELAVL4 may impact PD pathogenesis and may control LRRK2-dependent
pathology. The mechanisms by which ELAVL4 may be regulated in PD or impact processes or

phenotypes associated with PD is not known.

ELAVL4 is more commonly known as HuD and is expressed nearly exclusively in neurons
(Bronicki and Jasmin 2013). In mice and humans, HuD has two homologues, which are also
preferentially expressed in neurons, called HuB and HuC (or ELAVL2 and ELAVL3). HuB, HuC
and HuD bind U-rich and AU-rich motifs in the 3’UTR, 5’UTR and introns of mRNAs (Ince-Dunn
et al., 2012; Scheckel et al., 2016). HuD contains three RNA-Recognition-Motifs (RRM). RRM1
and -2 bind to U-rich RNA motifs, while RRM3 binds to the poly(A) tail of mRNA (Fukao,
Tomohiro, and Fujiwara 2021; Bronicki and Jasmin 2013; Chung et al. 1996). By binding to

introns, HuC and HuD have important impacts on splicing of mRNAs to which they bind (Ince-
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Dunn et al., 2012). In addition, HuC and HuD can either stabilize or destabilize mRNAs or regulate
their translation (Bolognani, Contente-Cuomo, and Perrone-Bizzozero 2009; Pascale et al. 2005;
Allen et al. 2013; Atlas et al. 2007; Kullmann et al. 2002). By binding to hundreds of mRNAs and
controlling their splicing, stability, and translation HuB, -C and -D broadly regulate cellular
processes (Bolognani et al., 2009; Ince-Dunn et al., 2012; Scheckel et al., 2016). mRNAs bound
to and regulated by HuD include several involved in neuronal survival and formation of synaptic
connections like Brain-Derived Neurotrophic Factor (BDNF) (Vanevski and Xu 2015). Neuronal
cells lacking HuD have impaired dendritic outgrowth (Akamatsu et al. 2005; DeBoer et al. 2014;
Vanevski and Xu 2015). Mice lacking HuD exhibit motor deficits such as hind-limb clasping
phenotypes (Akamatsu et al. 2005; Ince-Dunn et al. 2012). The impact of loss of HuD on
Parkinson’s-like pathology and symptoms has not been previously investigated in detail, so it

remains unclear to what extent HuB, HuC and HuD could contribute to Parkinson’s disease.

Here, we demonstrate that HuD”" mice show misregulation of a-synuclein and LRRK2, and
behavioural changes. The neuronal ELAVL (nELAVL) proteins bind and regulate mRNAs
encoding PD-relevant proteins, SNCA and LRRK2. We also show that LRRK2 phosphorylates
and regulates RNA binding to HuB, C and D, creating a feedback loop whereby LRRK2 can
regulate levels of LRRK?2 and a-synuclein protein, in addition to other nELAVL targets. In HuD
~ mice, LRRK2 G2019S increases phosphorylation of HuB and HuC. This results in complex
effects on levels of a-synuclein and LRRK2, loss of dopaminergic neurons, behavioural, and

motor phenotypes that correlate with contrasting effects of LRRK2 G2019S on the splicing and

mRNA stability of nELAVL targets.
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2.4 Results

mRNAs bound by HuD are misregulated in patients with PD

Genetic data in Drosophila suggested that an ELAVL protein is essential for pathology induced
by LRRK2 mutations and may be phosphorylated by LRRK2 (Marcogliese et al., 2017). As a
surrogate of nELAVL function in PD samples, we queried whether targets of nELAVL were
disproportionately misregulated in patient samples and patient-derived models of PD compared to
healthy controls using public data. 3’UTRs were extracted from all mRNA detected in neural stem
cells derived from induced pluripotent stem cells from LRRK2 G2019S patients vs. corrected
LRRK2 wild-type (G.-H. Liu et al., 2012).The number of nELAVL binding motifs were
normalized to the length of 3’UTRs. Among mRNAs downregulated in LRRK2 G2019S neural
stem cells there is a significant enrichment in the density of nELAVL binding motifs (UUU*UUU)
compared to mRNAs unaffected by LRRK2 G2019S (Fig. 2.4.1 a, p=2.3", proportion test, 0.0021
vs 0.0019 motifs/length). To test whether misregulation of nNELAVL binding mRNAs may thus be
characteristic of broader groups of idiopathic PD patients, we queried this using mRNAs
consistently dysregulated in the substantia nigra across multiple studies in PD patients (Mariani et
al., 2016). Normalizing to 3’UTR length, the 3’UTRs of 782 unique mRNAs dysregulated in PD
patients ( Mariani et al., 2016)were significantly enriched in nELAVL binding motifs compared
to all mRNAs detected (Fig.2.4.1 b, p=1.51x10"% motifs/3’UTR length UUUNUUU: 0.0019873
vs. 0.0018528). To ensure the misregulation of mRNAs containing nELAVL-binding motifs was
not due to a change in the cellular composition of degenerating substantia nigra, we analyzed data
from purified dopaminergic neurons from a broad population of Parkinson’s patients (Sandor et

al., 2017). The 168 misregulated mRNAs in dopaminergic neurons from Parkinson’s patients were
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also enriched in nELAVL binding motifs compared to all detected mRNAs (Fig.2.4.1 ¢, p=1x10
7. motifs/3’UTR UUUNUUU: 0.0022255 vs, 0.0018540). Together, this suggests that
misregulation of nELAVL targets in neurons is characteristic of a broad population of patients

with PD both with and without LRRK?2 mutations.
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Figure 2.4.1 nELAVL targets are misregulated in PD patient data.
a) mRNAs misregulated in LRRK2 G2019S iPSC-derived neural stem cells vs. LRRK2 corrected wild-
type controls (G.-H. Liu et al., 2012) b) among 782 mRNAs misregulated in substantia nigra of idiopathic
Parkinson’s disease patients (Mariani et al., 2016) c) among 168 mRNAs misregulated in dopaminergic
neurons of Parkinson’s disease patients (Sandor et al., 2017). d) Single-nuclei RNA sequencing data of
human midbrain. Size of dots indicates percentage of cells expressing the mRNA (Kamath et al., 2022).

e) Single-nuclei RNA sequencing data from midbrain of neurotypical patients, Lewy body dementia
patients and Parkinson’s disease patients (Kamath et al., 2022). Size of dots indicates percentage of cells
expressing the mRNA f) Western blot of nELAVL immunoprecipitates or an isotype control
antibody (IgG) g) RT-qPCR of mRNAs enriched in nELAVL immunoprecipitates. Data were analyzed

by One-Way ANOVA * p<0.05, ** p<0.01, *** p<0.001.
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LRRK2 G2019S regulates expression of nELAVL targets in the mouse midbrain

Recent single-nuclei sequencing studies (Kamath et al., 2022) of dopaminergic neurons from the
human midbrain identified a subpopulation expressing AGTR! that selectively expressed, at high
levels, genetic risk factors for Parkinson’s disease such as SNCA, and was selectively lost in
Parkinson’s disease. Expression of nELAVLs closely paralleled that of SNCA and was strongest
in AGTR 1+ subpopulation of dopaminergic neurons among all other subpopulations (Fig.2.4.1 d).
In both Lewy body dementia and Parkinson’s disease, expression of nELAVLs was strikingly
misregulated, with all family members reduced in Lewy body dementia, and HuB levels strongly
reduced in Parkinson’s disease (Fig.2.4.1 ¢). Similarly, a single-cell RNA sequencing study of
iPSC-derived dopaminergic neurons carrying a SNCA AS53T mutation which causes PD, found
that HuD was among the most downregulated genes (Fernandes et al., 2020). These data
demonstrate that impaired regulation of nELAVL targets in PD patients (Fig.2.4.1 a-c) may be
frequently caused by misregulation of nELAVLs, in ways that cannot be accounted for by loss of

dopaminergic neurons.

The RNA-binding protein HuD binds mRNA encoding a-synuclein and LRRK2

High-throughput studies profiling mRNAs bound by HuD have identified LRRK2 and SNCA
among HuD target mRNAs, but this has not been experimentally validated (Bolognani et al., 2009;
Scheckel et al., 2016). The 3°'UTRs of mouse Snca and Lrrk2 mRNA transcripts contain several
canonical binding sites for nELAVLs (Supplementary Dataset 1). We immunoprecipitated
nELAVL from wild-type mouse midbrain tissue and bound mRNAs were quantified by RT-qPCR
(Fig. 2.4.1 f,g ). mRNAs which do not bind HuD, like Gapdh mRNA, were not enriched in

nELAVL immunoprecipitates (Fig.2.4.1 g). In contrast, Bdnf, a well-defined HuD target was
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enriched in nELAVL immunoprecipitates compared to immunoprecipitates of control antibody
(Fig.2.4.1 g) (Bolognani, Contente-Cuomo, and Perrone-Bizzozero 2009; Joseph, Orlian, and
Furneaux 1998). This suggests that mRNAs encoding proteins relevant to PD may be regulated by

HuD.
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Figure 2.4.2 Lrrk2 G2019Sx HuD”" mice exhibit loss of dopaminergic neurons and motor deficits.

(a,b) Stereological counting of Tyrosine-Hydroxylase+ dopaminergic neurons in serial sections of one
half of the substantia nigra of wild-type, HuD™", Lrrk2 G2019S, Lrrk2 G2019SxHuD"~ mice at one year
of age. Error bars represent mean £ SEM. n=6-7. Data were analyzed by One-Way ANOVA followed by
Dunnett’s. * p<0.05 (b) Representative images of substantia nigra sections quantified in (a). c)
Quantification of stride duration (d) length and (e) frequency in wild-type, HuD”", Lrrk2 G2019S, Lrrk2
G2019SxHuD™" mice at 26 weeks of age using a DigiGait analysis. (f) Latency to enter the open arm in

Elevated Plus Maze tested at 26 weeks of age. Error bars represent mean + SEM. n=7-13 Data were

analyzed by One-Way ANOVA with Tukey’s. * p<0.05, ** p<0.01, *** p<0.001.
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Loss of HuD Elicits PD-like Phenotypes in Mice

As nELAVLs are frequently misregulated in PD (Fig.2.4.1 d.e ), HuD”" mice could model the
impact of a partial loss of nELAVL function by eliminating one of three largely redundant
nELAVL proteins. Crossing Lr7k2 G2019S with HuD”- mice may additionally allow modeling of
ELAVL4 mutations as risk factors in PD patients that may increase the pathology and penetrance
of LRRK2 mutations. A key phenotype of PD is loss of dopaminergic neurons. Stereological
counting of tyrosine hydroxylase-positive (TH+) dopaminergic neurons in serial sections of the
substantia nigra of mice at 12 months showed insignificant differences in HuD”" and Lrrk2 G2019S
mice (Fig.2.4.2 ab). However, Lrrk2 G2019S xHuD”mice showed a modest but significant
reduction in dopaminergic neurons in the substantia nigra, suggesting that partial loss of nNELAVL
function sensitizes Lrrk2 G2019S mice to PD-like phenotypes. Onset of motor symptoms in PD
patients and mouse models usually occurs after loss of 30-50% (Cheng et al., 2010; Fearnley &
Lees, 1991; Greffard et al., 2006) of dopaminergic neurons in the substantia nigra, like the amount
of loss of these neurons observed in Lrrk2 G2019S x HuD”mice. HuD”- mice appeared to have
altered gait, but this only reached significance in Lr7k2 G2019S x HuD”" mice (Fig.2.4.2 c-¢). PD
patients may also present with non-motor symptoms including mood dysregulation (Blonder and
Slevin 2011). In mice, anxiety-like phenotypes have been reported in some Lrrk2 G2019S models
and are decreased in HuD”mice (DeBoer et al., 2014; Lim et al., 2018). We therefore tested Lrrk2
G2019S x HuD”" mice in the elevated plus maze for anxiety-related phenotypes. The total time
spent, and the frequency of entry in the open arm were comparable (Supplementary Fig.2.1 a,b),
however, the time to initial entry into the open arm was significantly higher in Lrrk2 G2019S mice
compared to all groups (Fig.2.4.2 1), suggesting a subtle anxiety-like phenotype. In contrast to

motor phenotypes and TH+ counts, this effect was rescued by loss of HuD, indicating a complex
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genetic interaction between HuD and LRRK?2 that may be due to divergent effects of LRRK2 on

different pools of nNELAVLs targets.
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Figure 2.4.3 HuD and LRRK2 G2019S regulate a-synuclein, BDNF and LRRK2 protein levels in the

mouse midbrain.

(a,b) Western blot (top) and quantification (bottom) of o -synuclein (a) and BDNF (b) in wild-type, HuD™"

, Lrrk2 G2019S, and Lrrk2 G2019SxHuD”" mice of 4 weeks of age with dorsal midbrain (DM), ventral

midbrain (VM) and striatum (STR) samples normalized to tubulin (loading control). (c) Western blot (left)

and quantification (right) of LRRK2 in wild-type, HuD”", Lrrk2 G2019S, and Lrrk2 G2019S x HuD”- mice

of 4 weeks of age with dorsal midbrain (DM), and striatum (STR) samples normalized to tubulin (loading

control). Note that blots for LRRK?2 and a -synuclein were performed on the same membranes and therefore

use the same tubulin control. Error bars represent mean £ SEM. n=3-6. Data were analyzed by One-Way

ANOVA with Tukey’s. * p<0.05, ** p<0.01, *** p<0.001.
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The data in Fig. 2.4.1.-2.4.2 suggest that HuD is associated with phenotypes consistent with PD
symptoms and loss of HuD can enhance some of the effects of Lrrk2 mutations. Increased LRRK2
abundance and activity are associated with PD (Alessi and Sammler 2018). HuD bound mRNA
encoding Lrrk2 (Fig.2.4.1 f,g), suggesting HuD controls expression of Lrrk2. Resembling effects
on other HuD targets, the levels of LRRK?2 protein increased in midbrain and striatum of HuD™
mice (Fig.2.4.3 c). Decreased levels of nELAVL proteins in PD patients (Fig.2.4.1 ¢) could
therefore cause increases in LRRK?2 expression and activity, a known cause of PD. This provides
a likely mechanism whereby HuD™~ could sensitize Lrrk2 G2019S mice to loss of dopaminergic
neurons and motor phenotypes, and suggests mechanisms by which mutations in the HuD locus

act as a risk factor for PD.

nELAVLs also bound mRNA encoding a-synuclein, and levels of a-synuclein protein were
significantly increased in the ventral midbrain of HuD”" mice and trended higher in the striatum.
Lrrk2 G2019S modifies this effect (Fig.2.4.3 a). In dorsal midbrain, BDNF levels increased in
HuD™" mice and these effects were reduced by Lrrk2 G2019S (Fig.2.4.3 b). Mutations in the HuD
locus could therefore additionally sensitize patients to PD by controlling levels of a-synuclein and

other HuD targets.
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Figure 2.4.4 LRRK2 controls binding of nELAVL proteins to mRNA.

(a) Western blot of immunoprecipitates of anti-FLAG antibody or an isotype control antibody (IgG)
from cells transfected with plasmid expressing FLAG-HuD. (b) Logio enrichment of the indicated
mRNAs (x-axis) in immunoprecipitates of FLAG-HuD from SH-SYS5Y cells normalized to levels in
IgG control immunoprecipitates measured by RT-qPCR. n= 4-6. (c) Western blot of LRRK2
phosphoserine-935 in cell lysates after treatment with control vehicle or GSK2578215A LRRK2
kinase inhibitor. (d) Quantification of RNAs by RT-qPCR in FLAG-HuD immunoprecipitates from
SH-SYSY cells from cells treated with control vehicle or GSK2578215A LRRK2 kinase inhibitor.
n=4. (e) Western blot of LRRK2 in cell lysates after treatment with control siRNA or LRRK?2 siRNA.
(f) Quantification of RNAs by RT-qPCR in FLAG-HuD immunoprecipitates from SH-SY5Y cells
treated with control siRNA or LRRK2 siRNA. n=3-4. (g) Quantification of RNAs by RT-qPCR in
immunoprecipitates of FLAG-HuB from SH-SYS5Y cells treated with control siRNA or LRRK2
siRNA. n=4. (h) Quantification of RNAs by RT-qPCR in immunoprecipitates of FLAG-HuC from
SH-SYSY cells treated with control siRNA or LRRK2 siRNA. n=4. Error bars represent mean +

SEM. Data were analyzed by One-sample t-test. * p<0.05, ** p<0.01, *** p<0.001.
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LRRK?2 controls binding of nELAVL to target mRNAs

Predicted nELAVL target mRNAs appear to be dysregulated by LRRK2 in patient data and the
encoded proteins are regulated by LRRK2 G2019S in the HuD” mouse brain, potentially by
LRRK2 acting on the remaining nELAVLs, HuB and HuC. We therefore hypothesized that
LRRK?2 may affect nELAVL binding to mRNA. To test this, we used the human neuroblastoma
cell line, SH-SYS5Y expressing FLAG-HuD as a model. We first confirmed that FLAG-HuD binds
mRNAs encoding SNCA and LRRK? in cells (Fig. 2.4.4 a,b). BDNF, SNCA, and LRRK2 mRNAs
were all significantly enriched, but not the negative control, GAPDH (Fig. 2.4.4 b). To test if
LRRK2 controls HuD binding to target mRNA, SH-SYS5Y cells were treated with a LRRK2 kinase
inhibitor or siRNA. Treatment with the inhibitor decreased phosphorylation of LRRK2 at S935,
which tightly correlates with LRRK2 kinase activity, as expected (Fig. 2.4.4 c). In FLAG-HuD
immunoprecipitates, mRNA encoding BDNF, SNCA, and LRRK?2 detected by RT-qPCR were
decreased when LRRK?2 kinase was inhibited with GSK2578215A (Fig. 2.4.4 c,d). Ensuring this
was not due to an off-target effect of the kinase inhibitor, silencing of LRRK2 with siRNA (Fig.
2.4.4 e) decreased binding of HuD to BDNF, SNCA, and LRRK2 mRNAs (Fig. 2.4.4 e, f). Binding
of the two HuD homologues, HuB and HuC, to BDNF and SNCA mRNAs was also reduced by
LRRK2 siRNA (Fig. 2.4.4 gh, Supplementary Fig. 2.1 d) or LRRK2 kinase inhibitor

(Supplementary Fig.2.1 e-h).
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Figure 2.4.5 LRRK2 phosphorylates nELAVL proteins in vitro.

(a) Western blot of LRRK2 and HuD in immunoprecipitates of endogenous HuD from Neuro2a cells. (b)
Representative images of proximity ligation assays between HuD and LRRK2 in SH-SYS5Y cells treated
with control siRNA, HuD siRNA or LRRK2 siRNA. (c¢) Quantification of proximity ligation assays as
shown in (b). (d) Autoradiographic exposure of SDS-PAGE gel after incubation of recombinant GST-HuD
or controls with LRRK2 WT, LRRK2 G2019S and LRRK2 D1994A in the presence of y-32P. Red arrow
highlights phosphorylated HuD. Black arrows highlight autophosphorylated LRRK2, fragments of
LRRK2, or contaminants are also observed by Coomassie total protein stain (Supplementary Fig.2 a).
Below, Western blot of HuD and LRRK?2 in samples from autoradiographic gels above. (e) Quantification
of HuD phosphorylation on y-32P gels as in (d) over n=3 independent experiments. y-32P at the mass of
GST-HuD was normalized to HuD detected by western blot in each experiment (f) Representative Western
blot of PhosTag gels for FLAG-HuD (anti-FLAG) in SH-SYSY cells treated with control or LRRK2
siRNA, or where lysates were treated with CIP (Calf Intestinal Phosphatase) to dephosphorylate FLAG-
HuD. (g) Quantification of phosphorylated HuD in PhosTag blots of lysates of SH-SYS5Y cells in (f). (h)
Western blot phospho-Threonine on FLAG-HuD immunoprecipitates from SH-SYSY cells treated with
control siRNA or LRRK2 siRNA. (i) Representative Western blot of PhosTag gels for nELAVLs in
midbrain of Lrrk2 G2019S, HuD”- and LRRK2 G2019Sx HuD""mice, showing specificity of bands for HuD.
(j) Representative Western blot of PhosTag gels for nNELAVLs in midbrain of wild-type and Lrrk2 G2019S
mice. Note, arrowheads and labels indicate bands for phosphorylated and unphosphorylated forms of HuD
and nELAVLs as defined in (i). Blots are from the same membrane at the same exposure. (k) Quantification
of phosphorylated HuD and phosphorylated nELAVLs in PhosTag blots of lysates of midbrain of wild-
type and Lrrk2 G2019S (n=4). Data were analyzed by One-Way ANOVA followed by Tukey’s where
multiple groups were compared, t-test (two tailed assuming unequal variance) where two groups were

compared * p<0.05, ** p<0.01, *** p<0.001.
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LRRK?2 phosphorylates nELAVLs

Since depletion of LRRK2 or inhibition of its kinase activity impacted HuD binding to target
mRNA, we hypothesized that LRRK2 phosphorylates HuD. In cells, we found that LRRK2 was
retrieved with HuD by immunoprecipitation (Fig. 2.4.5 a). Using Proximity Ligation Assay (PLA),
we detected LRRK2 in proximity to HuD (Fig. 2.4.5 b,c ), excluding a post-lysis artefact. siRNA
targeting HuD or LRRK2 reduced these PLA signals, validating that HuD and LRRK2 were
specifically detected in proximity to each other. This demonstrates that LRRK2 is positioned to

phosphorylate HuD.

To test whether LRRK2 can directly phosphorylate nELAVLs we first utilized in vitro assays using
recombinant wild-type LRRK2, the Parkinson’s-linked hyperactive variant LRRK2 G2019S and
the kinase-dead LRRK2 variant D1994A. LRRK?2 autophosphorylation was observed, as expected,
with equal amounts of wild-type LRRK2 and LRRK2 G2019S, but not the D1994A kinase-dead
mutant (black arrows, Fig. 2.4.5 d). LRRK2 G2019S exhibited increased autophosphorylation
compared to wild-type LRRK2 consistent with its hyperactive kinase activity (Fig. 2.4.5 d).
Phosphorylation of some bands at sizes lower than full-length LRRK2 in preparations of purified
LRRK2 were observed. These are likely autophosphorylated fragments of LRRK2 (asterisks, see
“Empty” lanes, Fig. 2.4.5 d, Supplementary Fig. 2.2 a). When GST alone was added, no additional
bands were noted demonstrating that GST is not phosphorylated by LRRK2. This also validates
that LRRK2 retains specificity in this assay. GST-HuD, was phosphorylated by wild-type LRRK2
and LRRK2 G2019S but not kinase-dead LRRK2 D1994A (Fig. 2.4.5 d). HuB and HuC were
phosphorylated by LRRK2 G2019S similarly to HuD (Supplementary Fig.2.2 b). Quantitatively,

phosphorylation of HuD was increased 3-fold by LRRK2 G2019S compared to wild-type LRRK2
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(Fig. 2.4.5 e), similar to the increased autophosphorylation of LRRK2 observed here, and the
increased kinase activity of LRRK2 G2019S kinase on other substrates (West et al. 2005b).

Available antibodies detect all of the highly homologous nELAVLs (HuB, HuC and HuD) at
slightly different masses (Ince-Dunn et al. 2012). As expected, in mouse midbrain, an antibody
recognizing nELAVLs detected multiple bands for HuB, -C and -D some of which were absent in
brain of HuD”" mice and liver which does not express nELAVLs, validating these as HuD and
nELAVLs respectively (Supplementary Fig. 2.2 c). To assess the impact of LRRK2 on
phosphorylation of HuD in cells, we utilized PhosTag gels which cause a mass-shift in
phosphorylated proteins (Fig. 2.4.5 f,g).Two higher mass bands of FLAG-HuD were detected on
PhosTag gels, and these were nearly eliminated by dephosphorylation with Calf Intestinal
Phosphatase (CIP), confirming their phosphorylation (Fig. 2.4.5 f,g). Unphosphorylated HuD was
detected at the bottom of the gel. Resembling the effect of CIP, treatment of cells with LRRK?2
siRNA reduced phosphorylation of one of the phospho-HuD species and caused an accumulation
of unphosphorylated HuD. In SH-SY5Y cells, HuD was also detected using anti- phospho-
Threonine in immunoprecipitates, and this signal was reduced when LRRK?2 was silenced with
siRNA (Fig. 2.4.5 h). Some phosphorylation of HuD on Threonines was still detected after
depletion of LRRK2 potentially due to incomplete depletion of LRRK2 by siRNA, or the

phosphorylation of HuD by other kinases in addition to LRRK?2.

To assess the impact of LRRK2 on phosphorylation of nELAVLs in mice, we utilized PhosTag
gels (Fig. 2.4.5 1,j). Several mass-shifted bands were detected with antibody recognizing nELAVLs
in Lrrk2 G2019S mice. These mass-shifted bands were eliminated when lysates were

dephosphorylated with CIP, validating these as bona fide phosphorylation events on nELAVLs
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(Supplementary Fig.2.2 d). In HuD”" and Lrrk2 G2019S x HuD”- mice, one unphosphorylated band
and one mass-shifted band were absent, validating these as unphosphorylated and phosphorylated
HuD respectively (Fig. 2.4.5 1), indicated by arrowheads and labels. An additional two mass-
shifted bands, presumably phosphorylated versions of HuB and/or HuC, were also detected at
higher mass with anti-neuronal ELAVL antibodies (Fig. 2.4.5 1). Having validated the specificity
of the PhosTag analysis for HuD and bona fide phosphorylation, we quantified the effect of Lrrk2
G2019S on phosphorylation of nELAVLs. The phosphorylation of HuD was increased over 2-fold
in midbrain of Lrrk2 G2019S mice compared to wild-type littermates (Fig. 2.4.5 j.k) consistent
with 2-3-fold increase in kinase activity of LRRK2 G2019S vs. wild-type LRRK2 (West et al.,
2005b).The phosphorylation of a band corresponding to other nELAVLs was also significantly

increased in Lrrk2 G2019S compared to wild-type controls (Fig. 2.4.5 j.k).

Together, this demonstrates that LRRK?2 can directly phosphorylate multiple nELAVLs, and their
phosphorylation is increased by LRRK?2 in vitro (Fig. 2.4.5 d,e), in neuronal cell lines (Fig. 2.4.5
f-h) and by LRRK2 G2019S in mouse midbrain (Fig. 2.4.5 j,k) using three independent types of

experiments (i.e., in vitro kinase assay, phospho-threonine antibodies, and PhosTag gels).
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Figure 2.4.6 LRRK2 phosphorylates T149 on HuD to control its binding to RNA.

(a) Autoradiography of HuD phosphorylation with y-32P by LRRK2. SDS-PAGE gel exposed to film
after incubation of LRRK2 wild-type or G2019S with y-32P and wild-type HuD, or equal amounts of
HuD T149A mutant (1x) or 3-fold as much HuD T149A mutant. Below, Western blot of HuD was run
with the identical samples, in parallel, on a separate gel. Blots are from the same membrane at the
same exposure. (b) (Above) Western blot of FLAG in total cell lysates of cells expressing wild-type
or T149A-FLAG-HuD, or (Below) immunoprecipates of FLAG from the same cells. (¢c) Western blot
for phospho-Threonine (p-Thr) in immunoprecipitates of wild-type or T149A FLAG-HuD (d)
Quantification of phospho-Threonine in immunoprecipitates of wild-type or T149A FLAG-HuD over
three experiments. One sample t-test €) RT-qPCR quantification of mRNAs in immunoprecipitates of

wild-type or T149A FLAG-HuD. * p<0.05, one-sample t-test.
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We sought to identify the sites in HuD phosphorylated by LRRK2. Mass spectrometry was
performed on nELAVL immunoprecipitates from mouse brains to identify physiologically
relevant phosphorylation sites on HuD for the serine/threonine kinase activity of LRRK2 (West et
al., 2005b). Phosphorylation at T149, T174 and S233 of nELAVLs was observed across different
animals in the mouse brain. To test whether LRRK2 was capable of phosphorylating these sites
directly, mass spectrometry was performed on recombinant HuD after incubation with LRRK2
G2019S or kinase-dead LRRK?2 with peptide coverage of 65-68%. Phosphorylation of HuD at
T149 was consistently increased after incubation with LRRK2 G2019S over three independent
replicates (Supplementary Fig.2.2e). While it is possible that LRRK2 G2019S phosphorylates
HuD on additional sites, we focused our attention on T149 because it was the only site both
consistently phosphorylated by LRRK2 G2019S in vitro and phosphorylated in the mouse brain.
T149 is also conserved in HuB, and replaced by a serine in HuC which could also be
phosphorylated by the serine/threonine kinase activity of LRRK2 (Supplementary Fig.2.2 b.f).
T149 and its surrounding sequence is also highly conserved in ELAVLs through zebrafish,
C.elegans and Drosophila (Supplementary Fig.2.2 f). T149 is located on an accessible surface of
HuD within the RNA-binding RRM2 domain (Supplementary Fig. 2.2 g h). This suggests that
T149 is available for phosphorylation by LRRK?2, and this could cause the effects on HuD binding

to RNA induced by LRRK?2 (Fig. 2.4.4 c-f).

To verify that T149 is phosphorylated by LRRK2 G2019S, this site was mutated to alanine.
Phosphorylation of recombinant, purified, HuD T149A by LRRK2 G2019S in vitro was strongly
reduced compared to wild-type HuD in the in vitro kinase assay (Fig. 2.4.6 a). Some residual

phosphorylation of HuD was nonetheless noted in T149A mutants, and suggests LRRK2 may
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phosphorylate additional sites on HuD, such as T174. Phosphorylation of HuD T149A was still
reduced when a 3-fold excess of the protein was added to the assay (Fig. 2.4.6 a). This
demonstrates that in vitro LRRK2 G2019S may phosphorylate multiple sites on HuD at a low rate,
but the principal site of phosphorylation is T149. In cells, the HuD T149A mutation did not affect
levels of HuD, suggesting it has no major impact on protein stability or folding (Fig. 2.4.6 b).
Detection of HuD with antibodies specific for phospho-Threonine was also significantly reduced
by the T149A mutation (Fig. 2.4.6 c,d). Collectively, this demonstrates that T149 on HuD is
phosphorylated in cells, and that this is the dominant site on HuD phosphorylated by LRRK?2.
Mutation of T149 reduced binding of HuD to target mRNAs including SNCA, BDNF and LRRK?2
mRNA (Fig. 2.4.6 e), closely resembling the effects of LRRK?2 siRNA and kinase inhibitors (Fig.
2.4.4 c-f). This suggests that LRRK?2 phosphorylates HuD at T149 to increase its binding to RNA

(Fig. 2.4.4-6).
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Figure 2.4.7 LRRK2 G2019S exaggerates the effects of HuD”"on targets of nELAVLs in the mouse midbrain.
(a) Volcano plot of Log2-enrichment vs. p-value of mRNAs in immunoprecipitates of nELAVLs from mouse
midbrain. Red dots, enriched in the present nELAVL immunoprecipitates, represent mRNAs identified as bound to
nELAVLs in published nELAVL CLIPseq from cortex (b)(Ince-Dunn et al., 2012) Increased density of nELAVL
binding motifs (UUU*UUU) (Ince-Dunn et al., 2012)in mRNAs enriched in nELAVL immunoprecipitates. On the
bottom, mRNAs are ordered by their enrichment in nELAVL immunoprecipitates and in the top graph the density
of nELAVL binding motifs in these mRNAs are plotted with those significantly enriched or depleted from nELAVL
immunoprecipitates colored in orange. The blue line plots the moving average density of nELAVL binding motifs.
Note the increase in the blue line when enrichment in nELAVL immunoprecipitates increases (orange dots). (c)
Inverted volcano plot of fold-change in mRNA levels vs. significance (FDR p-value) in HuD”" mice for all mRNAs
in nELAVL immunoprecipitates (>2 log2 vs. IgG, FDR p>0.01). Levels of mRNAs bound to nELAVL either
increase or decrease in midbrain of HuD"~ mice. (d) Volcano plot of all mRNAs in nELAVL immunoprecipitates
(>2 log2 vs. 1gG, FDR p>0.01) that are also significantly altered (p>0.05) in HuD”* mice. Changes in nELAVL
target levels in HuD” mice is largely lost in Lrrk2 G2019SxHuD” mice. () Volcano plot of all mRNAs in nELAVL
immunoprecipitates (>2 log2 vs. IgG, FDR p>0.01) that are also significantly altered (p>0.05) in Lrrk2
G2019SxHuD™” mice. Despite being bound to nELAVLs, levels of these RNAs are only altered in Lrrk2
G2019SxHuD™" mice and rarely in HuD”" mice. (f) Fold-enrichment of Mef2c and Homerl mRNAs in IPs of
nELAVLs from mouse midbrain normalized to immunoprecipitation with control IgG. (g) RT-qPCR quantification
of the levels of Mef2c and Homerl in samples from mouse midbrain of the indicated genotypes. (h) Plot of Log2
Fold-change in RNA level vs. Log2-Fold change in binding to nELAVLs (Lrrk2 G2019S vs wild-type). Only RNAs
bound to nELAVLs (>4-fold, FDR>0.01), whose binding to nELAVLs was altered more than Log(2)x1.5 in
LRRK2 G2019S, and whose expression was significantly altered (p>0.05) in Lr7k2 G2019SxHuD” mice are
plotted. Note that decreased binding to nELAVLs in Lrrk2 G2109S results in increased levels of RNA in Lrrk2
G2019S x HuD”" mice. Conversely, increased binding to nELAVLs in Lrrk2 G2109S results in decreased levels of

RNA in Lrrk2 G2019SxHuD™~ mice.
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LRRK2 G2019S regulates expression of nELAVL targets in the mouse midbrain

We next sought to ascertain the impact of LRRK2 G2019S on nELAVL targets in a genome-wide
fashion. Others have reported that nELAVLs (HuB, C and D) can either increase or decrease
mRNA stability and translation by binding U-rich sequences in the 3’UTR of mRNAs (Tebaldi et
al. 2018; Ince-Dunn et al. 2012). To define nELAVL targets, RNA from nELAVL
immunoprecipitates from mouse midbrain was quantified. Neuronal ELAVLs bound 2078 RNAs
in mouse midbrain with a minimum 4-fold enrichment vs. IgG control including mRNA encoding
a-synuclein (FDR p>0.01, Supplementary Table 1,2). Neuronal ELAVL immunoprecipitates were
enriched in binding motifs for nELAVLs and mRNAs previously identified to bind nELAVLs by

CLIPseq (Ince-Dunn et al., 2012) (Fig.2.4.7 a,b).

Total RNA from midbrain of wild-type, HuD”", Lrrk2 G2019S and Lrrk2 G2019S x HuD”" mice
was also analyzed (four mice per group, Supplementary Table 1). In mice expressing Lrrk2
G2019S, no significant changes in RNA abundance were recorded compared to wild-type mice
(Supplementary Table 1). In a genome-wide manner HuD”" mice and Lrrk2 G2019S x HuD™" mice
exhibited changes in the levels of many mRNAs (Supplementary Table 1, Supplementary Fig.2.3).
Focusing on targets of nELAVLs, in midbrain from HuD”" mice, 127 RNAs that were significantly
bound to nELAVLs were also significantly upregulated or downregulated (FDR >0.05, Fig. 2.4.7
¢, Supplementary Table 3). These RNAs were significantly enriched in RNA and DNA binding
proteins (Supplementary Table 5), and this may cause secondary effects on the other RNAs that

do not bind nELAVLs but are misregulated in HuD”" mice (Supplementary Table 1).
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LRRK2 can phosphorylate HuB and HuC, like HuD, to regulate their binding to RNAs (Fig.2.4.4
g,h, Supplementary Fig.2.1 d-h). This would empower Lrrk2 G2019S to either rescue the effect of
HuD”" on RNA, if it phosphorylates and promotes HuB and HuC function, or alternatively
exacerbate the effect of HuD”" if it inhibits HuB and HuC, mimicking total loss of nELAVL
function. Changes in the levels of the 127 mRNAs significantly bound to nELAVLs and
significantly altered in HuD”" mice were largely reversed in Lrrk2 G2019S x HuD” mice (Fig.2.4.7
d, Supplementary Table 3). A unique subset of 171 RNAs which bound to nELAVLs was not
significantly changed in HuD”* mice but became significantly different in Lrrk2 G2019S x HuD™"
mice (Fig.2.4.7 e, Supplementary Table 3). These RNAs were found in pathways involved in

neurons, synapses and post-synapses (Supplementary Table 6).

We validated these microarray results. Mef2c and Homerl mRNAs, bound nELAVLs (Fig.2.4.7
f). Their levels in total RNA were subtly increased in HuD”" mice, and strongly increased in Lrrk2
G2019Sx HuD”" mice as detected in genome-wide analyses (Fig.2.4.7g, Supplementary Table 1).
MEF2C impacts motor function, learning and memory in mice and patients (Barbosa et al., 2008;

Zweier et al., 2010), and Homer1 regulates survival of dopaminergic neurons in models of PD (T.

Chen et al. 2013; Szumlinski et al. 2004).

To gain insight into the mechanism by which LRRK2 G2019S exerts these effects, we examined
the effects on RNAs whose binding to nELAVLs was altered in Lrrk2 G2019S mice vs. wild-type
mice. mRNAs whose binding to nELAVLs was decreased by Lrrk2 G2019S had subtly increased
levels in HuD”" mice that were further increased by co-expression of Lrrk2 G2019S (Fig.2.4.7 h).

This suggests that nELAVLs are destabilizing this group of mRNAs and mutant LRRK?2 inhibits
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nELAVLs and this destabilization, phenocopying an nELAVL loss of function. Conversely, RNAs
whose binding to nELAVLs was increased by LRRK2 G2019S, had their levels decreased by
LRRK2 G2019S in HuD” mice (Fig.2.4.7 h). Both examples suggest that LRRK2 G2019S

changes which RNAs are bound to and destabilized by nELAVLs.
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Figure 2.4.8 LRRK2 G2019S minimizes splicing defects caused by loss of HuD.

(a) Rank-order of all significant (FDR<0.01) splicing changes in HuD”" mouse midbrain by p-
values. Note mRNAs whose splicing is significantly altered in HuD”" mice are nearly all reversed
by Lrrk2 G2019S. (b) Rank-order of all significant (FDR<0.01) splicing changes in HuD”- mouse
midbrain by fold-change in exon-splicing. Note amplitude of effect on mRNA splicing in HuD"
mice is diminished by Lrrk2 G2019S. (c¢) Fold-enrichment of Mef2c¢ and Homerl mRNA in
nELAVL immunoprecipitates quantified by RT-qPCR. (d) (Left) Quantification of Celf4 splice
variants (long vs. short form) n=4. (Right) Celf4 splice variants amplified by RT-PCR and
analyzed by agarose gel. Data were analyzed by One-Way ANOVA with Tukey’s. * p<0.05, **

p<0.01, #** p<0.001, **** p<0.0001.
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LRRK2 G2019S corrects splicing defects in HuD”" mice

The results above demonstrate that LRRK2 regulates RNA levels of nNELAVL targets in mice and
patient cells. Neuronal ELAVLs also control mRNA splicing (Ince-Dunn et al., 2012). In mouse
midbrain, LRRK2 G2019S had no independent effects on splicing of mRNAs that bind nELAVLs
(Supplementary Table 7). As previously reported, HuD”- mice exhibited extensive changes in
mRNA splicing, with 1125 mRNAs exhibiting significant differences in splicing (p<0.01,
Supplementary Table 8). These mRNAs differentially spliced in HuD”~ mice were enriched in
factors involved in motor function, gait disturbance, brain atrophy and higher mental functions
(Supplementary Table 9). Among these alternatively spliced mRNAs, 100 were also bound by
nELAVLs and likely directly regulated by HuD (p<0.01, Fig 2.4.8 a,b, Supplementary Table 10).
Remarkably, 92% of these splicing changes of nELAVL targets in HuD”- mice were prevented by
co-expression of Lrrk2 G2019S, whether analyzed as p-value or fold-change in splicing (Fig.2.4.8
a,b, Supplementary Table 10). This effect was validated on a predicted splice variant in Celf4.
Neuronal ELAVLs in the mouse midbrain bound to Celf4 mRNA (Fig.2.4.8 c). A long splice
isoform of Celf4 was induced in HuD”" mice and this splice variant was reduced by co-expression
of Lrrk2 G2019S (Fig.2.4.8 d). This demonstrates that while phosphorylation by LRRK?2 inhibits
the function of nELAVLs on mRNA levels and translation (Fig.2.4.3, Fig.2.4.7), it promotes the
functions of nNELAVLs in mRNA splicing (Fig.2.4.8). Collectively, these results demonstrate that
the Lrrk2 G2019S mutation may exacerbate some effects while reducing other effects in HuD"

mice, paralleling the effects we observed on motor impairment and behaviour (Fig.2.4.2).
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2.5 Discussion

Like many proteins which post-transcriptionally regulate gene expression, ELAVL family
proteins regulate both mRNA stability and translation through processes that intimately link
translational inhibition and mRNA decay (Fukao et al., 2021b; Selbach et al., 2008). In these
cases, effects on mRNA levels can often be more subtle than the effects on protein levels (Selbach
et al., 2008). This is likely why HuD associates with hundreds, or even thousands of mRNAs, but
the mRNA levels of only about 10% of these are measurably changed in HuD”’ mice
(Supplementary Table 1), but differences are observed in protein levels of HuD targets like a-

synuclein, BDNF and LRRK2 itself (Fig.2.4.3, Fig.2.4.7).

LRRK2 phosphorylates HuD on T149, a major site of HuD phosphorylation in the mouse brain
defined by mass spectrometry. T149 is on an exposed loop in its RRM2 domain which mediates
binding to U-rich RNA motifs (Chung et al., 1996; Park et al., 2000). Stable binding of HuD to U-
rich RNA motifs requires all three RRMs, and notably RRM2 (Park et al., 2000), suggesting a
mechanism by which phosphorylation of HuD on T149 in RRM2 can regulate its binding to
mRNA. HuD has been documented to promote mRNA stability and destabilization (Aranda-Abreu
et al., 1999; Bolognani et al., 2009; Ince-Dunn et al., 2012), and to promote translation through
binding to elF4a (Fukao et al., 2009) or Y-RNAs (Tebaldi et al., 2018). The RRM2 and its
neighboring linker region to RRM3 also regulate its effects on translation (Tiruchinapalli, Caron,
and Keene 2008; Fukao et al. 2009; Tebaldi et al. 2018).The RRM2 domain thus appears to be
central to most of the effector functions of HuD, and a potent point for regulation by a kinase like

LRRK?2. While T149 appears to be the principal site of phosphorylation for LRRK2 on HuD, it is

80



possible that phosphorylation of HuD on additional sites contributes to the observed effects in cells

and mice.

In agreement with previous publications (Ince-Dunn et al., 2012; Tebaldi et al., 2018), we found
that mRNAs directly bound and regulated by nELAVLs were divided into three pools which either
decreased or increased in the midbrain of HuD”- mice or were differentially spliced (Fig.2.4.7-8).
Phosphorylation by LRRK2 G2019S appears to redirect nELAVL function among these pools. It
reinforces nELAVL effects on splicing, while impairing nELAVL effects on mRNA
(de)stabilization. These contrasting effects on splicing and mRNA (de)stabilization were paralleled
in impacts on levels of a-synuclein, BDNF and LRRK?2 in mouse brain (Fig.2.4.3). In some brain
regions LRRK2 G2019S exacerbated the effects on levels of these HuD targets in HuD”" mice,
while in other brain regions LRRK2 G2019S reversed the effects on protein levels of HuD targets

in HuD” mice.

When levels of nELAVLs were reduced in HuD”’- mice, LRRK2 G2019S increased the
phosphorylation of the remaining nELAVLs (Supplementary Fig.2.2 b, Fig.2.4.5 j.k) further
inhibiting nELAVL activity on mRNA expression and levels of BDNF and a-synuclein in some
brain regions (Fig.2.4.3). This suggests that LRRK2 hyperactivity will preferentially elicit
nELAVL-dependent phenotypes in regions, or in patients, where nELAVLs are less abundant. One
might expect that Lrrk2 G2019S mice would exhibit at least in part the phenotypes of HuD™" mice.
We observed control of nELAVL function by LRRK?2 in contexts where expression of nELAVLs
was limiting. For example, experiments in cell culture were performed in the neuroblastoma cell

line SH-SYS5Y where endogenous nELAVL expression was low. In the brain, three nELAVLs are
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expressed, frequently at high levels, while LRRK2 levels in neurons are low (Fig. 2.4.1 d).
Intriguingly, studies in mouse and human have noted that nELAVLs are expressed at low levels
in the midbrain (Okano & Darnell, 1997; Uhlén et al., 2015), the region principally affected in
PD, and tend to decrease further with age (Okano & Darnell, 1997), making the midbrain
particularly susceptible to decreased expression or inhibition of nNELAVLs. The role of the SNPs
identified in the ELAVL4 locus are not yet known, but it is possible that they decrease HuD

expression, and modify age-of-onset of PD through this mechanism.

The capacity of nELAVLs to bind and regulate mRNAs encoding LRRK2 and a-synuclein
(Fig.2.4.1, Fig.2.4.3-4, Supplementary Table 1) could control levels of these proteins which are
critical for PD. Loss of nELAVL expression or function would increase levels of a-synuclein and
LRRK2 and could thereby materially contribute to PD pathology. Our evidence also shows that
increased LRRK2 expression or activity would also feedforward to further inhibit nELAVL
function, reinforcing and exacerbating increases in levels of a-synuclein and LRRK2. LRRK2
kinase activity has previously been shown to regulate the levels of LRRK2 protein (Herzig et al.,
2011) and a-synuclein pathology in mice (O’Hara et al. 2020; Bieri et al. 2019).0One mechanism
by which LRRK2 G2019S could contribute to the accumulation of a-synuclein and LRRK?2, and

the acceleration of a-synuclein and LRRK2-dependent pathology is by inhibiting nELAVLs.

LRRK2 G2019S effects on proteins other than nELAVLs likely contribute to the phenotypes
observed in this study. However, our data demonstrates that LRRK2 G2019S increased
phosphorylation of nELAVLs in the mouse brain (Fig.2.4.5 j.k) and specifically exacerbated

changes in expression of one pool of mRNAs bound by nELAVLs in HuD”" cells while rescuing
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the effects of HuD™" on another pool of their targets. Neuronal ELAVL targets were also selectively
misregulated in sporadic PD and neurons derived from patients carrying LRRK2 G2019S
mutations. Together, this suggests that at least part of the PD-relevant phenotypes induced by
Lrrk2 G2019S in HuD”" mice are due to misregulation of other nELAVLs. Nonetheless, it is also
likely that nELAVLs and LRRK2 G2019S contribute to these phenotypes in mice via pathways
operating independently of one another, including the phosphorylation of other substrates by

LRRK2.

Phosphorylation of any single target by LRRK2 is unlikely to account for aspects of the symptoms
and pathology in PD. Several molecular mechanisms have been proposed to be a root cause of PD
including disruptions in mitochondrial dynamics, vesicle-trafficking, autophagy, inflammation,
and accumulation of a-synuclein (Alessi and Sammler 2018). Recent literature has demonstrated
that LRRK2 can phosphorylate RAB proteins involved in organelle trafficking to impact some of
these pathways in cell models (Taylor and Alessi 2020). ELAVL proteins, by binding and
regulating hundreds of mRNAs, also regulate mitochondrial dynamics (Carrascoso et al., 2017),
autophagy (C. Kim et al., 2014) , inflammation (Katsanou et al., 2005) and a-synuclein and
LRRK2 expression (Fig.2.4.3). Indeed, we also identified several RAB proteins, including RAB10
among nELAVL targets (Supplementary Table 1). Alongside its regulation of RABs, LRRK2
could also impact this broad range of pathways with roles in PD in part by phosphorylating ELAVL

proteins to control their mRNA targets.

Mouse models expressing PD-linked mutations in LRRK?2 at near physiological levels, such as the

mice studied here, have shown minimal or no loss of dopaminergic neurons or motor phenotypes
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(Herzig et al., 2011). This is also consistent with low penetrance of LRRK2 suggesting the
presence of genetic or environmental triggers to elicit disease. The loss of HuD”" in the presence
of mutant LRRK2 induced PD-relevant phenotypes including loss of dopaminergic neurons,
accumulation of a-synuclein in some tissues, and motor phenotypes (Fig.2.4.2-3). This models
findings in patients where mutations in the nELAVL locus are risk factors for PD that may
accelerate age-of-onset, penetrance, or pathology in patients, including those with LRRK2
mutations. If LRRK2 kinase activity is increased in a large majority of patients with idiopathic PD
as reported (Di Maio et al., 2018), alterations in the HuD locus could thereby contribute to PD in

many patients.

Are nELAVLs actually misregulated in patients with PD? We demonstrated that nELAVL target
mRNAs were selectively dysregulated across studies of iPSC-derived neural stem cells from
patients, substantia nigra, and isolated dopaminergic neurons from PD patients. This provides
evidence that nELAVLs are misregulated in both patients with LRRK2 G2019S mutations and
patients with idiopathic PD, independent of any change in cell composition of tissues. Together,
this suggests that downregulation of nNELAVL expression or loss of nNELAVL function, by LRRK2
phosphorylation or other mechanisms, may be common in PD and contribute to its characteristic

pathology.
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Supplementary Figure 2.1

(a,b) Elevated plus maze on 26-month old mice (a) number of entries into the open or closed arm
(b) cumulative duration spent in either open or closed arm. (¢) Log10 fold-enrichment of mRNAs
in FLAG-HuD immunoprecipitated (vs. IgG control immunoprecipitated) after treatment of cells
with vehicle of LRRK2 kinase inhibitor (d) Western blot of FLAG in immunoprecipitates of
FLAG-HuB or FLAG-HuC from SH-SYS5Y cells treated with control siRNA or LRRK?2 siRNA.
(e)Western blot of FLAG and LRRK2 phosphoserine-935 in SH-SYSY cell lysates and
immunoprecipitates of FLAG from cells transfected with FLAG-HuB (e) or FLAG-HuC (g). (f,h)
Quantification of RNAs by RT-qPCR in immunoprecipitates of FLAG-HuB (f) or FLAG-HuC (h)
from SH-SYSY cells treated with vehicle or MLi2 LRRK2 kinase inhibitor. Error bars represent

mean = SEM. n=2-3. *p<0.05, ** p<0.01, *** p<0.001.
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Supplementary Figure 2.2

(a) Coomassie total protein stain from recombinant proteins used in in vitro kinase assays. (*) non-
specific bands indicating fragments of LRRK2. (b) Autoradiographic exposure of SDS-PAGE gel
after incubation of recombinant GST-HuB, -HuC, and -HuD with vehicle or LRRK2 G2019S in
the presence of y-32P. (c) Western blot of nELAVLSs in brain and liver of wild-type and HuD"
mice. (d) Western blot of nELAVLs from the midbrain of Lrrk2 G2019S mice separated on a
PhosTag gel. Equal amounts of samples were left untreated or treated with Calf Intestinal
Phosphatase to dephosphorylate proteins and validate detection of phosphorylated nELAVLs on
PhosTag gels. (¢) Quantification of recombinant HuD phosphorylation on specific sites by MS/MS
(phosphorylated peptide count/Total HuD peptide count) after incubation alone, with kinase-dead
LRRK2 D1994A or with LRRK2 G2019S. Peptides significantly phosphorylated after incubation
with LRRK2 G2019S vs. D1994A are shown in bold. (f) Alignment of mouse, human, zebrafish,
C.elegans and Drosophila ELAVL homologues highlighting conservation of LRRK2
phosphorylation site at T149. (g) Domain map of nELAVLs indicating the location of T149. (h)

Crystal structure of HuD protein indicating T149 site.
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Supplementary Figure 2.3

mRNA expression in midbrain of Lr7k2 G2019SxHuD"" and HuD”- mice. Volcano plot
of the Log2 fold-change in mRNA levels (x-axis) vs. the p-value of the fold-change in

Lrrk2 G2019S x HuD”- and HuD”~ mice.
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2.6.1 Online Supplementary Tables

Impact of HuD and LRRK2 G2019S on RNA Levels (Tables 1-6)

Supplementary Table 1. All RNA Expression Data.

Supplementary Table 2. All RNAs Bound to Neuronal ELAVLs (>log2, FDR<0.01).
Supplementary Table 3. All RNAs Bound to Neuronal ELAVLs (>log2, FDR<0.01) and
Differentially Regulated in HuD”~ vs. WT midbrain.

Supplementary Table 4. All RNAs Bound to Neuronal ELAVs (>log2, FDR<0.01) and
Differentially Regulated in LRRK2 G2019S x HuD”- vs. WT midbrain (FDR<0.05).
Supplementary Table 5. GO-Term analysis of All RNAs Bound to Neuronal ELAVLs (>log2,
FDR<0.01) and Differentially Regulated in HuD”* vs. WT midbrain (FDR<0.05).

Supplementary Table 6. GO-Term analysis of All RNAs Bound to Neuronal ELAVLs (>log2,
FDR<0.01) and Differentially Regulated in LRRK2 G2019S x HuD” vs. WT midbrain

(FDR<0.05).

Impact of HuD and LRRK2 G2019S on RNA Splicing (Tables 7-10)

Supplementary Table 7. All Splicing Data including exon identifications.

Supplementary Table 8. All RNAs Differentially Spliced in HuD”" vs. WT midbrain (FDR<0.01).
Supplementary Table 9. GO-Term analysis of All RNAs Differentially Spliced in HuD" vs. WT

midbrain (FDR<0.01).
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2.7 Materials & Methods

Cell Culture and Treatments

Mouse neuroblastoma Neuro2A cells and human neuroblastoma SH-SYS5Y cells were cultured in
DMEM (Wisent) supplemented with 10% fetal bovine serum (FBS), 100U/mL penicillin and 100
pg/mL streptomycin 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
(Catalogue 11668-019, Thermo Fisher Scientific). FLAG/HA-HuD was expressed using the
pFRT-DestFLAGHA HuD plasmid (Addgene #65760); a gift from Thomas Tuschl (Rockefeller
University, NY, USA), comparing to a control transfection with 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
(Catalogue 13778150, Thermo Fisher Scientific). Co-transfection of DNA and siRNA was
performed using Lipofectamine 2000 and cells were harvested for analyses 60-72h post-

transfection. All siRNA sequences are available in Table 1.

For total protein collection, cells were washed twice in cold PBS, scraped, and incubated in lysis
buffer [SOmM Tris-HCI (pH 7.4), 75mM NaCl, 0.5mM EDTA, 0.5% Triton-X, 1X protease
inhibitor cocktail (Catalogue 4693159001, Sigma Aldrich), 1X phosphatase inhibitor cocktail
(Catalogue 4906837001, 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. For total RNA
collection, ImL TRIzol reagent (Catalogue 15596-018, Thermo Fisher Scientific) was added
directly to cells following two PBS washes. For experiments involving LRRK?2 kinase inhibition,

cells were treated with 1 pM of DMSO-dissolved LRRK2 inhibitor GSK2578215A (Catalogue
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4629, Tocris), or 2 uM LRRK2 inhibitor HG-10-102-01 (Catalogue 438195, EMD Millipore) for
3 hours immediately before cell harvest. Control cells were simultaneously treated with equivalent

amounts of DMSO vehicle.

Mice

C57BL/6 HuD”- (Akamatsu et al., 2005)mice were previously generated by Hideyuki Okano (Keio
University, Tokyo). Mice with the LRRK2 G2019S mutation knocked into the endogenous loci
were a kind gift of Novartis (Herzig et al., 2011).Experimental mice were bred in two groups
C57BL/6 HuD"" x Lirk2"* were crossed with C57BL/6 HuD"" x Lirk2"* to generate C57BL/6
HuD”~ x Lrrk2"*and C57BL/6 HuD"* x Lrrk2"*. C57BL/6 HuD"- x Lirrk2G20195/G20198 yere
crossed with C57BL/6 HuD"~ x Lirk2G20198/G210%5 {4 generate C57BL/6 HuD™- x Lrrk2G20198/G20198

and C57BL/6 HuD""* x Lrrk2G20198/G2019S ‘Mice were randomized into cages at weaning.

Western Blotting

Cortex, ventral midbrain, dorsal midbrain and striatum tissues were harvested from mice at
approximately 4 weeks of age. Tissues were flash frozen and stored at -80°C. For 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] 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. Tissue lysates were stored at -80°C until

further use.
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Protein concentration was estimated using the Bradford Protein Assay (Catalogue 500-0122,
Biorad). Lysates were diluted in Laemmli loading buffer [SOmM Tris (pH 6.8), 2% SDS, 10%
glycerol, 5% B-mercaptoethanol, 0.1M DTT] denatured at 99°C for 8-10 min and separated by
10% polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Catalogue IPVH00010 , Fisher Scientific) and
membranes were blocked in 5% milk for 1 hour at room temperature. All antibodies used are
available in Table 2. Proteins were visualized using Luminata Crescendo Western HRP
chemiluminescent substrate (Catalogue WBLURO0500, Fisher Scientific) 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 with an

area of fixed size. Mean band intensity was normalized to Tubulin or Actin levels.

Enzyme-Linked Immunosorbent Assay (ELISA)

Seventy-two hours after transfection cell culture media was centrifuged at 1500 x g for 10 min and
supernatants were immediately used in the Quantikine Human BDNF Immunoassay (Catalogue
DBDO00, R&D Systems). Values of a media blank were subtracted before calculating BDNF

concentration based on a standard curve.

Immunoprecipitation

For RNA immunoprecipitation, IP lysis buffer also contained 40units/mL of RNaseOUT
Recombinant Ribonuclease Inhibitor (Catalogue 10777019, Thermo Fisher Scientific). To pre-
clear cell lysates, 10uL of washed Dynabeads® Protein-G magnetic beads (Catalogue 10004D,
Thermo Fisher Scientific) were added to each lysate and discarded 20 min later. To
immunoprecipitate the protein-complexes, 2 ug of antibody to the protein of interest or 2 pg of
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mouse IgG control antibody (eBioscience) was added to 800 pg-900 ug of protein lysate and
incubated at 4°C for 2 hours. To capture the antibody-protein complexes, 20 uL of magnetic beads
were washed and then added to each IP. After 1 h samples were washed (5 min) with increasing
NaCl concentration for each wash (150mM, 175mM and 200mM). 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.

Phosphorylation assay

GST-tagged mouse HuD or GST control proteins were a gift from Dr. Jocelyn Coté. Wild-type
LRRK2, recombinant G2019S LRRK2 (aa. 970-2527) and recombinant D1994A LRRK2 (aa. 970-
2527) human proteins were obtained from Thermo Fisher Scientific (A15197, PV4881 and
PV6051). In vitro phosphorylation assays were carried out in a 25 pL. volume by combining 1.5
pg of GST-HuD (or GST control) with 60 ng of wild-type, G2019S or D1994A LRRK2 in
phosphorylation buffer (20mM HEPES (pH 7.5), 10mM MgCL, I1mM EGTA, 2mM DTT, 1%
DMSO and 1X PhosSTOP™ phosphatase inhibitor cocktail). To initiate phosphorylation, 10uM
ATP and 10uCi [y-**P]ATP (Catalogue BLU002A500UC, Perkin Elmer) was added to each tube
and reactions were incubated at 30°C for 1hr. Reactions were performed in parallel but without [y-
322PJATP to confirm equal amounts of HuD and LRRK2 in each reaction by Western blot.
Reactions were terminated by the addition of 1X Laemmli loading buffer and were subsequently
boiled at 99°C for 5 min. Membranes were dried and exposed to autoradiography film for 24-72

hours before imaging.
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Phos-Tag

Phos-Tag SDS-PAGE gels consisted of a 12% acrylamide resolving gel containing 50 pM Phos-
tag Acrylamide (Catalogue AAL-107S1, Wacko) and 100 uM ZnCl,. Gels were washed in transfer
buffer with 10 mM EDTA (3 x 10 min) followed by one 10 min wash in transfer buffer without

EDTA. Samples were transferred using Western blot protocol above.

Splicing RT-PCR

cDNA synthesis was performed using the iScript cDNA synthesis kit (Catalogue 170-8891,
BioRad) and PCR using Taq DNA polymerase (Catalogue HTD0078, Biobasic). Primer sequences
are available in Table 3. The cycling conditions were as follows: 95°C, 3min, [95°C for 30 sec,
55°C for 30 sec, 72°C for 30 sec] x 35 cycles, 72°C for 5 min. Samples were run on a 2% Agarose

gel.

Protein identification by LC-MS/MS

Samples were prepared in a sterile work environment and separated on 4-20% Mini-PROTEAN
TGX Pre-cast Protein Gels (Catalogue 165-3366, BioRad). Proteins were visualized using the
PlusOne Silver Staining Kit (Catalogue, 17-1150-01, GE Healthcare Life Sciences), excised from
gels and stored in 1% acetic acid. Proteins were digested in-gel using trypsin (Promega). 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) by the Ottawa Hospital Proteomics Core Facility. 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

96



(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 analysis.

RNA Extraction and RT-qPCR

Total RNA: from cells and tissues was extracted with TRIzol reagent following the manufacturer's
instructions (Catalogue M0253L, Thermo Fisher Scientific). RNA was reverse transcribed using
M-MuLV reverse transcriptase (New England Biolabs) supplemented with Oligo(dT)s and ANTP
mix (Catalogue R0192, Thermo Fisher Scientific) following the manufacturer's protocol. gPCR
reactions were carried out using GoTag ® qPCR master mix (Catalogue A6002, Promega).
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. All primer sequences are available in Table 3. Fold changes in mRNA levels
were calculated using the AACt method. For SH-SYS5Y experiments, mRNA levels were
normalized to GAPDH and TBP mRNA, while in mice Actin was used for normalization.

Immunoprecipitated RNA : c¢cDNA was prepared from 7 pL of RNA using iScript Reverse
Transcription Supermix (Catalogue 1708840, BioRad) according to manufacturer's instructions.
qPCR reactions were carried out using SsoAdvanced Universal SYBR Green Supermix (Catalogue
1725271, BioRad). 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. 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 control IgG samples and
expressed as fold change relative to the IgG. In experiments comparing mRNA enrichment in
different conditions, mRNA quantities were normalize to the amount of HuD immunoprecipitated

(using band intensity from western blots.)
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Microarray

Total RNA and RNA extracted from HuD immunoprecipitates from the midbrains of 4 week old
mice was sent to the Centre for Applied Genomics at Sick Kids Hospital (Toronto, Canada) for
microarray analysis. For immunoprecipitated RNA, equal volumes of RNA was reversed
transcribed into cDNA. For total cellular RNA, 8000 pg RNA was reverse transcribed into cDNA.
All DNA was prepared using the Affymetrix GeneChip™ Whole Transcriptome (WT) Pico Kit
(Thermo Fisher Scientific) and labelled with biotin allonamide triphosphate. Labelled target DNA
was hybridized for 16-18h at 45°C to Clariom™ D Mouse Pico GeneChip™ (Thermo Fisher

Scientific). GeneChip assays were scanned using an Affymetrix GeneChip Scanner 3000.

Bioinformatics analysis

Analysis of microarray data was performed using the Affymetrix Transcriptome Analysis suite v
4.0.1, and MTA 1.0 r3 annotations by Gareth Palidwor at the Ottawa Bioinformatics Core. Fold
change analysis was performed using RMA-normalized (Robust Multi-array Average) conditions
for both immunoprecipitated RNA andtotal RNA samples. The g:Profiler tool

[https://biit.cs.ut.ee/gprofiler/] was used for gene ontology analysis (Reimand et al., 2016).

The density of nELAVL binding motifs in 3’UTRs was quantified by extracting the 3’UTR from
all known mRNAs detected in the dataset. Then, the number of nELAVL binding motifs
(UUU*UUU)(Ince-Dunn et al., 2012) was quantified per mRNA and normalized to the total
3’UTR length of the given mRNA. Analysis of single-nuclei RNA sequencing data (Kamath et al.,

2022) was performed using the Broad Single Cell Portal.
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Site-directed mutagenesis

The human FLAG-HA-HuD plasmid was used to create mutations in the sites corresponding to
mouse T149 (Human T144). Mutations were created with primers in the Reagents section below.
Primers were designed to anneal 'back-to-back' on opposing DNA strands in a non-overlap
extension site-directed mutagenesis using Q5 High-fidelity DNA polymerase (Catalogue M0491L,

New England Biolabs).

Gateway cloning and protein purification

Wild-type and mutant pFRT-DestFLAGHA-HuD plasmids were used to produce GST-HuD and
GST-HuD-T149A bacterial expression plasmids using Gateway cloning. pENTR4-ELAVL2
(Addgene #65752) and pENTR4-ELAVL3 (Addgene #65752) were used as Entry plasmids for
Gateway cloning to produce GST-HuB and GST-HuC, respectively. Plasmids were transformed
in BL21 (DE3) competent E.coli. An overnight culture was diluted 1 in 100 in LB broth including
ampicillin and protein expression was induced at ODgoo 0.4 with 0.2 mM Isopropyl B-D-1-
thiogalactopyranoside for four hours at 30 degrees Celsius. Bacterial culture was centrifuged at
10,000 x 30 min (4°C) and lysed with 1 mg/mL Lysozyme in resuspension buffer (50mM Tris, pH
8,200 mM NaCl, ImM EDTA, ImM DTT, 1% Triton, 5% glycerol and protease inhibitor tablet).
Lysate was sonicated and centrifuged at 12,000xg for 30 min. Supernatant was loaded on a

Glutathione-agarose column and eluted with 10 mM reduced glutathione in resuspension buffer.

Behaviour and Motor Co-ordination Analysis

Behaviour analysis was completed in a dark light cycle to which mice were acclimated for 2 weeks
prior to testing. Mice were acclimated to the test room for 30-60 min prior to testing. Mice were
tested at 26 weeks of age. Mice were randomized into group cages at weaning based on randomized
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numbered ear tags by independent personnel (MTT, AS) to enable blinded testing by ON and

personnel of the University of Ottawa Behaviour Core Facility.

DigiGait

Mice were individually placed on the DigiGait belt with a speed of 18cm/sec at an 8-degree incline.
Video data lasting at least three seconds was used in the analysis, averaging data for right and left
limbs for each mouse. Analysis showed no significant difference between left and right limbs in

any group.

Elevated Plus Maze (EPM)

Mice were tested on an Elevated Plus Maze apparatus composed of acrylic plastic material. The
maze is constructed with a removable white floor, and two arms measuring 6 cm wide and 75 cm
long. The arms are crossed perpendicularly and are open at the junction point. One arm is open
and the other is enclosed by walls measuring 20 cm in height. The maze is raised 74 cm off the
floor and is set in a room with overhead light intensity of 100 lux. During the test, mice are placed
in the center of the maze and are permitted to explore freely for 10 minutes. Mouse behaviour is

observed on a computer from outside of the testing room during the 10-minute test period.

Immunohistochemistry and Stereology

Mice were anesthetized with 5% isofluorane and transcardially perfused with PBS. The right side
of the brain was immediately frozen in liquid nitrogen for analysis of proteins and RNA and the

left side of the brain was taken for histology. Brains were fixed in 4% PFA overnight and
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cryoprotected with 30% sucrose solution until the brains sank. Brains were frozen with isopentane

and the substantia nigra was sectioned at 40 im using a cryostat.

Free-floating sections were washed with PBS, and endogenous peroxidases were blocked using
0.9% H202 in PBS for 10 min. Tissue was blocked in 10% normal goat serum for 30 minutes.
Tissue was incubated in rabbit anti-Tyrosine Hydroxylase primary antibody (AB152, Abcam) at
1:5000 with 1% normal goat serum and 0.3% Triton-X at 4°C overnight. Tissue was incubated in
goat biotinylated anti-rabbit secondary antibody at 1:225 (BA-1000 Vector Laboratories) with
0.3% Triton-X and 10% normal goat serum for 1.5 hours at room temperature. Signal amplification
was achieved with an avidin-biotin complex kit (ABC kit PK-6100 Vectastain) for 1.5 hours at
room temperature. Colour was developed with 0.2 mg/mL of 3’3-diaminobenzidine for 10
minutes. Unbiased stereological estimation was used to count TH+ cells of the substantia nigra in
a genotype-blinded manner. Every sixth section of the substantia nigra was used for stereology.

Stereological counts were obtained with Stereo Investigator software (MBF BIOSCIENCE).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism. One sample t-tests were performed in
cases comparing two independent groups of data. For data with more than two independent groups,
a one-way ANOVA (analysis of variance) test was performed with a Tukey post-hoc test.
Hypergeometric tests were performed to identify statistical significance in microarray
experiments. Statistical significance was represented with the following notation: *p<0.05;

*#p<0.01, ***p<0.001, etc.
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Table 2.7.1 siRNA sequences

Target gene siRNA ID Catalog # Antisense sequence (5'-3")

Elavl4 s67974 4390771 AAAUUGUCCAGCCUGAAUCuu
(mouse)
LRRK?2 s42413 4392420 UUCGGUUAUAAGGCACAGCct

(human) 542415 4392420 AGUUGUAAUAAUCGUUUCCgg

Negative N/A 4390847 N/A

control
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Table 2.7.2 Antibodies

Primary

a-synuclein

o-Tubulin

B-Actin

BDNF

FLAG (M2)

HuD (H-9)

HuD

LRRK2 (MJFF2[c41-2])

Dilution

1:5000

1:20,000

1:10,000

1:3000

1:5000

1:5000

1:3000

1:1000

LRRK2 PSer935 (UDD2-10(12))  1:1000

P-Thr (H2)

Tyrosine Hydroxylase

Goat anti-rabbit

secondary

1:1000

1:5000

biotinylated 1:225
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Vendor

Cell Signalling Technology

Thermo Fisher Scientific

Sigma

Abcam

Sigma

Santa Cruz

Abcam

Abcam

Abcam

Santa Cruz

Abcam

Vector Laboratories

Catalogue #

2628

PA5-22060

A5441-
2ML

Ab205067

F1804-IMG

sc48421

Ab96474

Ab133474

Ab13340

sc5267

AB152

BA-1000



Goat anti-mouse 1:5000
Goat anti-rabbit 1:5000
Isotype control (for
immunoprecipitation)

Mouse IgG1 K immunoglobulin N/A
Goat anti-rabbit N/A
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Jackson ImmunoResearch

Jackson ImmunoResearch

eBioscience

Jackson ImmunoResearch

115-035-174

111-035-144

14-4714-82

111-035-144



Table 2.7.3 Primers

Target Species Sequence (5° —3°)

gene

Actb Mouse

BDNF Human

Bdnf Mouse

ELAVL4 Human

Elavl4 Mouse

ELAVL]1 Human

GAP43 Human

GAPDH Human

Gapdh Mouse

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

AGATCAAGATCATTGCTCCTCCT

ACGCAGCTCAGTAACAGTCC

GGCGGCAGACAAAAAGACTG

CACTGGGAGTTCCAATGCCT

TGCGGATATTGCGAAGGGTT

ACCTGGTGGAACATTGTGGC

GCGTAAAGAGACTGATGTCTGGA

CACTCTCATCGGAATCGGGG

GCTTGTATGTGTAGCGGTGC

TGGTGCTAATTATCATCTTCAAGCC

GGCGCAGAGATTCAGGTTCT

CCAAACGGCCCAAACATCTG

CAAACAGAATTAAAAGGGAACCTGG

TTAAGCAAGGGCTGAGGTGT

ATCACCATCTTCCAGGAGCGA

TCTCCATGGTGGTGAAGACG

CCCTTAAGAGGGATGCTGCC

TACGGCCAAATCCGTTCACA

GCACAGCTAGGAAGCCTTAAA
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LRRK2

LRRK2

MAPT

SNCA

Snca

TBP

Celf4

Human

Mouse

Human

Human

Mouse

Human

Mouse

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

Fwd

Rev

HuD-T144A (mouseFwd
HuD T149A)

Rev

ELAVLA4 - Sequence 1

ELAVLA4 - Sequence 2

GGAAGATTGATGTCCCAAACGG
CTCACCCCCACTTCATGACC
GAAGAGGCACGAGCCTTGAT
TGACCCAAGAGCCTGAAAGT
TGTGTCCTCAGGTCCTGTCC
GCAACAGTGGCTGAGAAGAC
AATTCCTTCCTGTGGGGCTC
ACCAGATGGGCAAGGGTGAG
GAACTGAGCACTTGTACGCC
AGTGACCCAGCATCACTGTTT
CGCTGGAACTCGTCTCACTA
ACGCTGGAGTGCAGCAGTAT RT-PCR
GCCTCTTCATGCCTATCTGG

GCCCAGAAGGAACTGGAGCAACTTTTCTCGCA Site-directed
mutagenesis

CATGGTTTTGGGAAGGCCGCTAACATAGAGGT

GGAGTCTCTTCGGGAGCATTGG
GTTAGCGGCCTTCCCAAAAC DNA
sequencing
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Chapter 3
Investigating the role of the RNA-binding protein HuR in LRRK2-dependent models of

inflammation
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3.1 Statement of contributions

James Taylor performed site-directed mutagenesis on HuR plasmids to generate HuR mutant
sequences. Lrrk2 knockout CRISPR clones were a gift from Erwin Schurr Lab. Lrrk2 knockout
MEFs were a gift from David Park lab. Kristofferson Tandoc performed RT-qPCR and mRNA
decay assay in Fig 3.6 b,c. Rudolf Mueller performed histopathology on DSS gut tissues. Zhibin
Ning of the uOttawa Proteomics Core performed mass spectrometry analysis. Kaela O’Connor ran
the MiST program on mass spectrometry hits. Olanta Negeri designed and performed experiments.

Derrick Gibbings designed experiments.
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3.2 Introduction

Emerging evidence suggests that inflammation is a driving factor in PD pathology. Inflammation
has been associated with neurodegenerative diseases through several mechanisms including via
the “gut-brain axis,” a mode of communication between the central nervous system and the gut
(Houser & Tansey, 2017; Mulak & Bonaz, 2015). The bidirectional communication between the
brain and the gut is mediated by the vagus nerve, which innervates the gastrointestinal tract to
regulate functions such as digestion and immune responses (Bonaz et al., 2018). In the other
direction, the gut microbiota communicate with the brain through the production of neuroactive
metabolites stimulating the vagus nerve (Bonaz et al., 2018). It is also hypothesized that a
disruption in the gut microbiome promoting intestinal inflammation can lead to an overproduction
of proinflammatory cytokines in the periphery (H. Lee et al., 2017). The cytokines arising from
sustained peripheral inflammation are hypothesized to cross the blood-brain barrier and “prime”
the microglia. Microglia priming would result in exaggerated inflammatory responses leading to
dopaminergic neuron death in Parkinson’s disease (H. Lee et al., 2017; Su & Federoff, 2014).
Braak's hypothesis posits that a-synuclein eventually spreads to the midbrain through the enteric
nervous system (Braak et al., 2003), where a-synuclein pathology can be detected in the GI tract
years before the onset of motor symptoms in PD patients (S.-J. Chen & Lin, 2022) . Further
evidence for peripheral synuclein pathology comes from prodromal and clinical stage PD samples
that indicate the accumulation of a-synuclein in the vermiform appendix, an organ with roles in
pathogen control (Killinger et al., 2018). This gut-brain connection therefore acts as a link for

inflammatory responses between the periphery and the brain.
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Interestingly, one of the earliest symptoms described in PD patients is intestinal dysfunction such
as constipation and inflammation of the bowel (Houser & Tansey, 2017). Biopsies of intestinal
tissue from PD patients indicate elevated levels of proinflammatory cytokines such as I1-13, IL-6,
IFN-y, and TNF-a (Lebouvier et al., 2010). These cytokines are also elevated in the brains and
cerebrospinal fluid of PD patients, including asymptomatic LRRK2-G2019S carriers, suggesting
that systemic inflammation is an important feature of the disease (Dzamko et al., 2016; Lebouvier

et al., 2010; Mogi et al., 1994, 1996; Mount et al., 2007; Nagatsu et al., 2000).

Mutations in the Leucine-rich-repeat kinase 2 (LRRK2) gene are associated with PD, Crohn’s
disease (CD), and Leprosy- three seemingly unrelated diseases (Russo et al., 2022). Crohn's is an
inflammatory bowel disease causing chronic inflammation of the gastrointestinal tract (Baumgart
& Sandborn, 2012), whereas Leprosy is caused by a Mycobacterium leprae infection (Fava et al.,
2020). Inflammation is therefore the common feature between these distinct illnesses, suggesting
that LRRK?2 is implicated in the immune response. Interestingly, patients with inflammatory bowel
disease such as Crohn’s are ~30% more susceptible to developing PD (Peter et al.., 2018). In cells,
elevated levels of LRRK2 mRNA and protein have been reported in the immune cells of PD and
CD patients (D. A. Cook et al., 2017). Furthermore, LRRK?2 levels are increased in immune cells
upon stimulation with pathogens, suggesting that LRRK?2 participates in regulating inflammation

(Hakimi et al., 2011).

In mice, overexpression of WT LRRK2 and LRRK2 G2019S in mice showed aggravated intestinal
inflammation compared to wild-type mice in models of dextran sodium sulfate (DSS) induced

colitis, suggesting that LRRK?2 kinase activity potentiates an exacerbated inflammatory response
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(Cabezudo et al., 2023; C. Lin et al., 2022; Takagawa et al., 2018). An earlier DSS study in Lrrk2
knockout mice showed that loss of LRRK2 resulted in a more severe colitis phenotype (Liu et al.,
2011); however, a more recent study reported an attenuated colitis response in mice lacking
LRRK2 (Yan et al., 2022), supporting the findings that LRRK2 is associated with a
proinflammatory response. The variable conclusions between studies may be partially explained
by mouse housing conditions and differences in experimental design (e.g., DSS concentrations,

length of study).

A major initiative in the LRRK2 field is identifying its phosphorylation substrates. Mechanisms
implicating LRRK2 in inflammation include autophagy, phagocytosis, and cell signaling via
pattern recognition receptors (Wallings et al., 2020). Many of these mechanisms are dependent
on LRRK2 kinase activity, including through the phosphorylation of RAB proteins, WAVE2,
RCANTI (Atashrazm et al., 2019; Han et al., 2017; K. S. Kim et al., 2018), and potentially other

undefined substrates.

An important regulator of inflammation is the RNA-binding protein HuR. HuR has been shown to
directly bind and stabilize the mRNAs encoding key inflammatory factors including TNF- a, IL-
6 and IFN- y in macrophages (Chen et al., 2009; Dean et al., 2001). In humans, HuR is associated
with inflammatory bowel disease (IBD), as it was found to be increased in the cytoplasm of
intestinal epithelial cells isolated from patients with IBD (Lang et al., 2017). Most studies
investigating HuR function in inflammation suggest that it promotes expression of
proinflammatory cytokines (Srikantan & Gorospe, 2012). In contrast, overexpression of HuR in

myeloid cells shows that it acts as a negative modulator of inflammation. HuR synergizes with
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TIA-1, a translational inhibitor, to suppress translation of inflammatory regulators such as TNF-
a, IL-6, IL-1, TGF- B1 (Katsanou et al., 2005a). The observed differences could be due to several
factors such as different subtypes of immune cells as well as studies done in fibroblasts and cancer
cells, and cell lines vs. primary cells. A compelling follow up study reported that loss of HuR in
myeloid cells aggravates inflammation in LPS challenged mice (Yiakouvaki et al., 2012). Loss
of HuR also sensitizes mice to an exaggerated colitis phenotype when treated with dextran sodium
sulfate (DSS), corroborating the same lab’s earlier findings that HuR tempers inflammation

(Yiakouvaki et al., 2012).

We previously showed that LRRK2 phosphorylates the neuronal homologues of the ELAVL
family of RNA-binding proteins to control their binding to mRNA targets (Chapter 2). The
ELAVL family, including the ubiquitously expressed homologue HuR, share ~70% sequence
homology (Okano & Darnell, 1997). Interestingly, HuR was among the identified targets
phosphorylated by LRRK2 in a phosphoproteomic screen (Steger et al., 2016). Given the role of
both LRRK2 and HuR in controlling immune responses, and its homology with the nELAVL
proteins, we hypothesized that LRRK?2 phosphorylates HuR to control inflammatory phenotypes

relevant to Crohn’s and Parkinson’s.
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3.3 Results

LRRK?2 phosphorylates HuR in vitro

In our previous study, outlined in Chapter 2, we showed that LRRK2 phosphorylates the HuR
homologues HuB, HuC and HuD in vitro and in the mouse brain. We therefore hypothesized that
LRRK2 would phosphorylate HuR. To test this, we generated recombinant GST-HuR and
incubated it with either the kinase dead mutant, LRRK2 D1994A, WT LRRK2 or overactive kinase
mutant LRRK2 G2019S with y-32P ATP. Recombinant GST was used as a negative control. As
expected, HuR is not phosphorylated by the kinase dead mutant but is by WT LRRK?2 and this is

further phosphorylated by LRRK2 G2019S (Fig. 3.3.1 a).

Given the extent of homology among the ELAVL protein family, within, and across species (Fig.
3.3.1b), we hypothesized that LRRK?2 phosphorylates HuR at residues homologous to HuD. Using
mass spectrometry, we identified T144 and T169 (T149 and T174 in mouse) as the LRRK2 target
sites in HuD (mouse and in vitro). We therefore generated HuR mutants with threonine to alanine
substitutions at the corresponding residues in HuR, T118 and T143. We found a non-significant
decrease in phosphorylation with each mutant; however, phosphorylation was completely ablated
with the double mutant, suggesting that T118 and T143 are the residues phosphorylated by LRRK2

(Fig. 3.3.1 c-e).
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Figure 3.3.1 LRRK2 phosphorylates HuR at T118 and T143.

a) In vitro kinase assay with GST-HuR, incubated with LRRK2 D1994A or LRRK2 G2019S and y-
32P ATP. b) Sequence alignment of ELAVL homologues in humans (top), Sequence alignment of
ELAVL homologues across species highlighting conserved residues. (bottom) c) In vitro kinase
assay with wild-type vs. mutant GST-HuR and recombinant LRRK2 incubated with y->’P ATP. d)
Corresponding western blot for (¢). €) Quantification of (c¢). Error bars represent mean = SEM. n=3
Data were analyzed by Kruskal-Wallis followed by Dunn’s test. n=3, * p<0.05, ** p<0.01,

wx8p<(0.001, #*##*p<0.0001.
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LRRK?2 inhibits HuR binding to U-rich motifs

We previously showed that LRRK2 kinase activity controls nELAVL binding to target mRNAs.
To test if LRRK2 phosphorylation directly controls HuR binding to canonical binding motifs, we
employed gel shift assays. We first investigated if LRRK2 controls HuR binding to a validated
AU-rich elements (ARE) derived from the 3’UTR of 7nfa mRNA, a well characterized target of
HuR (Chae et al., 2009; Dean et al., 2001). GST and GST-HuR were incubated with LRRK?2
D1994A or LRRK2 G2019S in a phosphorylation assay prior to incubation with the AU-rich, y-
32P -labelled, RNA probe or scrambled control (Fig. 3.3.2 a). Background binding was detected to
the negative control probe in lanes with HuR that is of similar length to the ARE probe and 58%
composed of As and Us; however, less free probe is detected in 7nfa ARE lanes, suggesting
increased ratio of bound/free RNA, and a degree of specificity for binding of HuR to the Tnfa
ARE. The ELAVL proteins can multimerize along the length of the 3’UTR, including the Tnfa
ARE (Dean et al., 2001; Ke et al., 2021a), which contains several AUUUA canonical binding
motifs interspersed across the sequence. We observed multiple size-shifted RNA complexes,
suggestive of HuR oligomerization on the 7nfa ARE, that became more apparent in the presence
of more HuR (Fig. 3.3.2 b). LRRK2 did not affect binding of HuR or any of its putative multimer
forms to the 7nfa ARE (Fig. 3.3.2 b,c). AU-rich elements are separated into three classes and are
distinguished by AU or U-rich motifs present (Barreau, 2005). Class 111, consisting of only U-rich
motifs, were confirmed to be the dominant binding site for HuR in both CLIPseq and
RNAcompete-S methods, where HuR was shown to preferentially bind a heptamer of Us (Cook et
al. 2017). To test if LRRK2 controls binding to the poly-U motif, we designed a probe with tandem
repeats of U-heptamers to allow for oligomerization, and to circumvent the need for a particular

known HuR mRNA target (Fig. 3.3.3 a). In contrast to the 7nfa results, HuR binding to a U-rich
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motif was significantly decreased by ~30% when phosphorylated by LRRK2, suggesting that

LRRK2 could control HuR binding to a specific subset of RNAs (Fig. 3.3.3 b).
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Figure 3.3.2 LRRK2 does not control HuR binding to AU-rich motifs.
a) Autoradiograph of gel shift assay. GST only or GST-HuR were incubated with LRRK2 D1994A

or LRRK2 G2019S, and y-32P ATP- labelled scrambled RNA probe vs. probe with known HuR
AU-rich binding site derived from 7nfa mRNA. b) Autoradiograph of gel shift with decreasing
concentrations of GST-HuR (nM) with LRRK2 DI1994A or LRRK2 G2019S recombinant
proteins. ¢) Quantification of b. Error bars represent mean + SEM. n=4. Data were analyzed by

Two-way ANOVA followed by Holm-Sidak’s. * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.3.3 LRRK2 controls HuR binding to U-rich motifs.

a) Autoradiograph of gel shift assay. GST only or GST-HuR were incubated with LRRK2
D1994A or LRRK2 G2019S, and y-*?P ATP- labelled scrambled RNA probe vs. probe with
consecutive Us. b) Autoradiograph of gel shift with decreasing concentrations of GST-HuR
(nM) with LRRK2 D1994A or LRRK2 G2019S recombinant proteins. ¢) Quantification of b.
Error bars represent mean = SEM. n=6. Data were analyzed by Two-way ANOVA followed by

Holm-Sidak’s. * p<0.05, ** p<0.01, ***p<0.001, ****p<(0.0001.
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We then asked if alanine substitutions resulting in phospho-dead mutants would increase binding
to U-rich RNA. When incubated with the U-rich probe, we observed a slight increase in binding
with the GST-HuR-T118A and GST-HuR-143A mutants, suggesting that loss of phosphorylation
increases binding as in Fig 3.3.3, but this did not reach significance. Binding of the double mutant
HuR T118A/T143A to U-rich RNA, in contrast, was significantly decreased suggesting that loss
of both phosphorylation sites decreases RNA-binding properties (Fig. 3.3.4 a-c). Like the
homologous sites in HuD, T118 and T143 are located on exposed loops within the second RNA-
recognition motifs (RRM2) of HuR (Fig 3.3.4 d). RRM2 coordinates with RRM1 to undergo a
conformational change that stabilizes HuR binding to target mRNA (Wang et al., 2013a). The
double mutant, operating independently of phosphorylation, likely results in ablation of this
conformational change and results in impaired binding, contrary to the expected increase in

binding with loss of phosphorylation in accordance with Fig 3.3.3.
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Figure 3.3.4 RRM2 mutations impact HuR binding to mRNA.
a) Autoradiograph of gel shift assay. GST only, WT GST-HuR or mutant GST-HuR were

incubated with y->*P ATP- labelled U-rich RNA probe and WT LRRK2 b) Corresponding WB of
(a) ¢) Quantification of (a). Error bars represent mean + SEM. n=4. Data were analyzed by Two-
way ANOVA, followed by Holm-Sidak’s. * p<0.05, ** p<0.01, ***p<0.001, ****p<(0.0001. d)
Human HuR protein structure modeled using AlphaFold. Arrows are pointing to residues

phosphorylated by LRRK?2.
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LRRK?2 phosphorylates HuR in cells

While the above data shows that LRRK?2 phosphorylates HuR in vitro and directly controls its
binding to RNA, we sought to test if HuR is a physiological substrate of LRRK2. HuR was among
the candidate proteins identified as a LRRK2 substrate in a phosphoproteomic screen from mouse
embryonic fibroblast cells (MEFs) (Steger et al., 2016), thus we sought to confirm this in Lrrk2”

MEFS.

To test this, we employed the PhosTag gel system to distinguish between phosphorylated and
unphosphorylated species of endogenous HuR in MEFs derived from wild-type and Lr#k27~ mice.
We first confirmed that the cells are devoid of LRRK2 and express HuR (Fig. 3.3.5 a). HuR is
phosphorylated by several kinases at various residues (Abdelmohsen et al., 2007; Lafarga et al.,
2009; Reglero et al., 2020; Schulz et al., 2013), and as expected more than one phosphorylated
form was detected as indicated by the presence of multiple bands (O’Donoghue & Smolenski,
2022). Band 1 was absent in MEFs lacking LRRK2, indicating that LRRK?2 phosphorylates HuR

in cells, in addition to recombinant proteins (Fig. 3.3.5 b,c).
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Figure 3.3.5 LRRK2 phosphorylates HuR in cells.
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a) Phos-tag gel analysis of mouse embryonic fibroblasts (MEFs) derived from wild-type or Lrrk2”

mice. Bottom panel is the lower exposure of unphosphorylated HuR on the same gel. b) Corresponding

western blot of lysates used for Phos-tag gel. ¢) Quantification of (b). Error bars represent mean + SEM.

n=3. Data were analyzed by unpaired t-test using Welch's correction. * p<0.05, ** p<0.01, ***p<0.001,

##4%0<0.0001.
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LRRK?2 does not control cytokine response in LPS challenged cells

As HuR is primarily nuclear, and LRRK2 is cytoplasmic, the majority of HuR molecules are not
amenable to LRRK2 phosphorylation under normal conditions. HuR shuttles to the cytoplasm
under stress, including in response to proinflammatory stimuli (F.-Y. Lin et al. 2006; Zha et al.
2010; Dickson et al. 2012). Thus, it is possible that under situations of cell stress that LRRK2
would phosphorylate HuR to control relevant pathways. To test this, we moved into a model of
inflammation where HuR was shown to shuttle to the cytoplasm in response to inflammatory
stimuli, like lipopolysaccharide (LPS) (Zha et al., 2010), where it is more likely to interact with

LRRK2, and be relevant to Crohn's and PD.

To test this, we first sought to establish a system in which a LRRK2 response to an inflammatory
stimulus is elicited using RAW 264.7 mouse macrophage-like cells as a model system. More recent
work investigating the role of LRRK2 in inflammation showed that LRRK?2 was required for NF-
kB activation and subsequent TNF-a release via Dectin-1 signalling in primary dendritic cells
(Takagawa et al., 2018). We therefore tested if LRRK2 would control TNF-a release to Zymosan
depleted (Zymosan D), an ultra-pure Dectin-1 ligand derived from yeast which is devoid of Toll-
like receptor stimulating properties (Takagawa et al., 2018). We treated RAW 264.7 cells with 100
pg/mL Zymosan D for 24 hours and saw no difference in extracellular TNF-a levels. Data in the
literature suggests that in RAW 264.7 cells, stimulation of Dectin-1 alone will not elicit a cytokine
response and requires a crude extract that maintains TLR2/TLR4 stimulating properties
(Walachowski et al., 2016). We then pre-treated cells with 1 ng/mL LPS overnight to stimulate
TLR4 signaling, followed by Zymosan D for 2, 6, and 24 hours in parallel with Zymosan alone or
LPS alone (Fig. 3.3.6 a). We found that TNF-a release was due to LPS alone, and no additive

effect of Zymosan was observed. The dose of LPS-B5 used to prime the cells stimulates TLR4
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only and would require a 100-fold increase to stimulate TLR2 and it is possible that the Dectin-1

signaling required both.

Several studies have reported conflicting results on LRRK?2 effects on LPS-induced responses in
models of neuroinflammation or peripheral inflammation (Lee, James, and Cowley et al., 2017);
however, our preliminary findings showed a significant decrease in TNF-o. release in Lrrk2” cells
in response to LPS (Fig. 3.3.6 a) and was pursued for downstream experiments. While HuR is
often described as a proinflammatory mediator, two compelling studies suggest that HuR
suppresses inflammation (Katsanou et al.., 2005; Yiakouvaki et al.., 2012). Thus, we hypothesized
that LRRK?2 phosphorylates HuR and inhibits its function as a negative regulator of inflammation,
which would result in less TNF-o production in Lr7k2”" cells. Later attempts to recapitulate effects
of LRRK2 on TNF-a release, total 7nfa mRNA levels, and mRNA stability tested by Actinomycin
D assay failed to reproduce an effect of LRRK2 (Fig. 3.3.6 b-d). In all assays, TNF-o expression
was significantly (p<0.05) elevated over baseline, suggesting that the lack of differences observed

is not due to poor induction of TNF-q.

126



a)

1500

-
o
o
o
1

500

TNFa (pg/mL)

(o2}
J

Log2 Tnfa mRNA fold change
(relative to control)

'
N
|

3000

TNFa (pg/mL)
3
g

:

2 Hours
2000~
* *
.’\’ l—‘ 31500-'
3
2 1000-
el
w
E s
0"
) Q& 2
N {\(p"'b ,\3 ,b\é‘
v o"oo o‘q\0
o $
Feokok
-

6 Hours

%mRNA log2
=

(normalized to GAPDH)

'
(&)}

127

(&)

o

24 Hours
e WT
3000
= k2"
*n
2 2000
g o
LE L
Z 1000
0_.
& 2 S 2
0\&0 \g Oéb x\g
O
S ’\f
e WT Control
= Lmrk2* Control
s WT+LPS
Lirk27 + LPS

Actinomycin-D treatment time (h)



Figure 3.3.6 LRRK2 does not control LPS cytokine response in RAW cells.
a) RAW 264.7 cells were treated with 1 ng/mL LPS, 100 pg/mL Zymosan D, or primed with 1

ng/mL LPS (24h) followed by 100 pg/mL Zymosan D for the indicated times. n=3. Error bars
represent mean + SEM. Two-Way ANOVA followed by Holm-Sidak’s b) RT-qPCR of 7nfa mRNA
after 2 hours of LPS treatment. Data were analyzed by One-Way ANOVA followed by Holm-
Sidak’s ¢) RT-qPCR analysis of 7nfa mRNA decay assay. Cells were pre-treated with LPS followed
by 5 pg /mL Actinomycin D and LPS for the duration of the experiment. d) TNF-o ELISA
performed at 2,6,12, and 24 hours post-LPS treatment. Error bars represent mean = SEM. n= 4. Data
were analyzed by repeated measures Two-Way ANOVA followed by Holm-Sidak’s. All data were
derived from two wild -type and two Lr7k2”- CRISPR clones. * p<0.05, ** p<0.01, ***p<0.001,

wx8%p<0.0001.
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To ensure that the opposite was not true, where LRRK?2 controlled HuR to promote inflammation,
we inhibited HuR function in wild-type vs. Lr#k2”-cells by employing the HuR-mRNA interaction
inhibitor, CMLD-2 (Wu et al., 2015). Since this inhibitor has not been previously tested in RAW
264.7 cells, we selected a dose by measuring mRNA levels of known HuR targets inhibitors after
24 hours of treatment. We noted that 30 pM was the maximum dose that significantly decreased
mRNA levels of HuR targets and did not result in excessive cell death (Supplementary Fig.3.1
a,b), which occurred at 50 uM. While significant cell death was observed at the selected dose, it
was not exacerbated by LPS (Supplementary Fig.3.1 b), nor did it elicit an inflammatory response
as measured by Tnfa levels in RAW cells (Fig.3.3.7 a). After treating wild-type and Lrrk2” cells
with LPS and CMLD-2 we still did not observe a significant effect of LRRK2. This data also
suggests that HuR is not acting as a positive regulator of 7nfa either. Together, this suggests that

LRRK?2 and HuR are not controlling 7nfa response under these experimental conditions.
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Figure 3.3.7 HuR inhibition increases LRRK2 protein levels in LPS treated cells.
a) RAW 264.7 cells were pre-treated with the HuR inhibitor, CMLD-2 (30 uM), for 24 hours

followed by LPS (1 ng/mL) for 2 hours prior to harvesting. a) RT-qPCR of known HuR mRNA
targets following LPS treatment and 24-hour CMLD-2 (30 uM) treatment. Error bars represent
mean + SEM. n=4. Data were analyzed by Three-way ANOVA with Holm-Sidak’s. * p<0.05,
** p<0.01, ***p<0.001, ****p<0.0001. b) Western blot of treated cells. ¢) Quantification of (b).
Error bars represent mean + SEM. n=6. Data were analyzed by Two-Way ANOVA with Holm-

Sidak’s post hoc. * p<0.05, ** p<0.01, ****p<0.001, ****p<0.0001.
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Inhibiting HuR increases target mRNA levels in LPS treated cells

In support of other studies (Dzamko et al., 2012; Hakimi et al., 2011), our findings indicated that
LRRK2 does not control cytokine responses in macrophage-like cells in response to the tested
stimuli. We further investigated the effects of the HuR inhibitor on other targets of HuR with
relevance to inflammation. 7gfbl, p21, and HuR all showed a significant effect of CMLD-2
treatment (Three-Way ANOVA, p<0.01 and 0.05, respectively) (Fig.3.3.7 a). p2I and Tgfbl
showed a significant effect of LPS treatment (Three- Way ANOVA, p< 0.0001, and 0.05,
respectively) and were elevated nearly 3-fold in LPS treated cells. Both p2/ and TgfbI have been
linked to controlling macrophage polarization (Rackov et al., 2016; Zhang et al., 2016). Elevated
levels of both targets shift macrophage cells from an M1, proinflammatory profile to an M2, anti-
inflammatory profile. No significant differences were observed between wild-type and Lrrk2”
cells, but both targets were only significantly upregulated over baseline in Lrrk2” cells.
Interestingly, HuR has been linked to controlling macrophage polarization (Yiakouvaki et al.,
2012). The overall significant effect of CMLD-2 treatment inhibiting HuR function on mRNA
targets controlling polarization suggests that HuR could regulate this pathway and warrants further

investigation.

We previously showed that loss of HuD increases LRRK2 protein levels in mice. To test if HuR
also controls LRRK2 protein levels, we inhibited HuR in untreated vs. LPS treated RAW cells.
Loss of HuR function resulted in a non-significant 2-fold increase in LRRK?2 levels, and this was
further increased by LPS treatment (Fig.3.3.7 b). Furthermore, the LPS effect was significantly
different between wild-type and Lrrk2” cells, suggesting that HuR controls LRRK2 levels in

response to proinflammatory stimuli.

132



HuR protein-protein interactions are mediated by LRRK2 kinase activity

The data above suggests that LRRK2 phosphorylates HuR, but this does not control cytokine
expression in response to LPS treatment. Since LRRK2 did not significantly control HuR mRNA
targets, we sought to test if LRRK2 controls its protein-protein interactions. HuR co-
immunoprecipitations from LPS treated RAW 264.7 cells were analyzed by mass-spectrometry
and candidate targets were assigned MiST scores, a composite score of target specificity,
abundance, and reproducibility (Jager et al., 2012). A MiST score >0.70 was considered a hit
(Table 3.3.1). As expected, many proteins bound by HuR are known regulators of translation.
Interestingly, in cells treated with the specific LRRK2 kinase inhibitor, MLi-2 (Fell et al., 2015),
many of these candidate targets were associated with lower MiST scores, suggesting that LRRK2
promoted interactions with these proteins. Stress granule associated proteins, G3BP-1, G3BP-2,
and Caprin-1 (Yang et al., 2020) were among the top targets in vehicle treated cells with lower
MiST scores in MLi-2 treated cells, suggesting a possible role for LRRK?2 and HuR in translational
control during microbial infection. We confirmed HuR interaction with these proteins in U20S
cells overexpressing either G3BP-2 or Caprin-1 (Supplementary Fig.3.2), but this requires

validation in LPS treated RAW cells with LRRK?2 inhibition.
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Table 3.3.1 HuR Mass Spectrometry Hits
HuR immunoprecipitation from RAW 264.7 cells pre-treated with 50 nM MLi2 or DMSO control.
All samples were treated with 1 ng/mL LPS + MLi-2 for 2 hours. Samples without MiST scores

were left blank in the table. Targets associated with a MiST score above 0.7 in either DMSO or

MLi2 treated IPs were included in the table.

Uniprot ID | Protein Function MiST Score
DMSO MLi2
HuR IP | IgG HuRIP | IgG
P97379-2 G3BP-2-G3BP Stress Granule | 0.89093 0.071
Stress Granule | Formation
Assembly Factor 2
P61514 RPL37A-60S Translation 0.83972 0.03773
ribosomal protein
L37a
Q3TLH4-5 | PRC2C-Proline Stress Granule | 0.83923
Rich Coiled-Coil | Formation
2C
P42125 ECI1-Enoyl-CoA | Lipid 0.83885
Delta Isomerase 1) | metabolism
035286 Dhx15-DEAH-Box | RNA Helicase | 0.83878 | 0.39972 | 0.61 0.60098
Helicase 15 (Immunity)
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Q9DOMS DYL2-Dynein light | Translation 0.83789 0.11102
chain 2
Q6ZQ58 LARP1 La | Translation 0.83658
Ribonucleoprotein
1, Translational
Regulator
P07091 S100-A4-Calcium | Motility, 0.83598 | 0.0196 | 0.024 0.25245
Binding Protein A4 | Differentiation,
Apoptosis,
Autophagy
QI91WK2 EIF3H-Eukaryotic | Translation 0.83213
Translation
Initiation Factor 3
subunit H
Q99PL5-6 | RRBP1-Ribosome- | Protein 0.83213
binding protein 1 Transport
Q60865 CAPR1-Caprin-1 Translation 0.8197 | 0.00883 | 0.284 0.00204
P67984 RPL22-60S Translation 0.80288 | 0.03568 | 0.071 0.25775
ribosomal protein
L22
QICXY6 ILF2-Interleukin Transcription | 0.7988 0.395 0.0363
enhancer-binding (T-cells)

factor
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P62082 RPS7-40S Translation 0.77962 | 0.23525 | 0.442 0.23584
ribosomal protein
S7

P97855 G3BP-1-Stress Stress Granule | 0.77206 | 0.00968 | 0.418 0.00202
Granule Assembly | Formation
Factor

QI9EPUO-2 | UPF1- UPF1 RNA | RNA Helicase | 0.7458 0.414
helicase and | (NMD
ATPase pathway)

Q02105 C1QcC- Serum 0.74405 | 0.25323 | 0.305 0.36938
Complement C1q | Complement

System

P62911 RPL32-60S Translation 0.73957 | 0.2459 | 0.47 0.38518
ribosomal protein
L32

P25444 RPS2-40S Translation 0.73641 | 0.18673 | 0.458 0.00818
ribosomal protein
S2

P62908 RPS3-40S Translation 0.73322 | 0.22898 | 0.516 0.32606
ribosomal protein
S3

QI91VMS5 Rbmxl1-Retrogene | Splicing 0.73112 | 0.22851 | 0.438 0.30795

of RNA binding
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motif protein, X-

linked-like 1

P97461 RPS5-40S Translation 0.72587 | 0.21943 | 0.524 0.33147
ribosomal protein
S5
Q8K363 DDX18-DEAD- RNA Helicase | 0.71613 | 0.00807 | 0.536 0.03053
Box Helicase 18
Q6ZWN5 RPS9-40S Translation 0.71571 | 0.17255 | 0.508 0.33266
ribosomal protein
S9
Q9DO0T1 NHP2-Nucleolar RNA 0.71204 | 0.21143 | 0.415 0.21708
Protein Family A, | Processing
Member 2
Q3TLE4 TAF15-TATA-box | Transcription 0.71157 | 0.2108 | 0.561 0.21013
binding protein
associated factor 15
P43274 H14-Histone H1.4 | Nucleosome 0.70806 | 0.22639 | 0.331 0.48191
Structure
P70372 HuR-Human Translation, 0.70484 | 0.15174 | 0.548 0.26584
antigen R Cell
proliferation,
Inflammation
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P99027 RLA2-60S acidic | Translation 0.70418 | 0.27276 | 0.485 0.36772
ribosomal protein
P2

P62270 RPS18-40S Translation 0.70413 | 0.2317 | 0.501 0.35598
ribosomal protein
S18

Q6A0A9 F120A-constitutive | RNA Transport | 0.7016 0.525
coactivator of | (Oxidative
PPAR-gamma-like | Stress)
protein 1

Q6ZWV7 RL35-60S Translation 0.70022 | 0.25244 | 0.543 0.01685
ribosomal protein
L35

Q9D8M4 RL7L-60S Translation 0.57035 | 0.01116 | 0.708 0.0146
ribosomal protein
L17-like 1

QI9CPR4 RPL17-60S Translation 0.5603 | 0.01178 | 0.704 0.21077
ribosomal protein
L17

QOO0OPI9 HNRL2- RNA 0.52664 0.721 0.01067
heterogeneous metabolism
nuclear
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ribonucleoprotein

U Like 2

Q8VHMS hnRNPR- RNA 0.5067 0.749 0.0095
heterogeneous metabolism
nuclear
ribonucleoprotein
R

Q3UBP6 Uncharacterized- Cytoskeletal 0.49899 | 0.12047 | 0.721 0.36147
Actin Family Organization

QI9EQ61 PES1-Pescadillo Ribosome 0.46019 0.727 0.02599
Ribosomal Assembly
Biogenesis Factor 1 | (PeBoW

Complex)

Q9DO0I8 MRTO4-mRNA Ribosome 0.43355 | 0.00978 | 0.71 0.02107
turnover protein 4 | Assembly
homolog

Q8BL97-3 | SRSF7- Splicing 0.38435 | 0.18161 | 0.773 0.35377
Serine/arginine-
rich splicing factor
7

PODP28 CALM3- Calcium 0.38397 | 0.00999 | 0.73 0.25385
calmodulin-3 Binding
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P18760 COF1-Cofilin-1 Cytoskeletal 0.383 0.01683 | 0.746 0.02469
Organization
P62849-2 RPS24-40S Translation 0.371 0.773
ribosomal protein
S24
Q9ZIN5 DX39B-DExD- RNA helicase | 0.34936 0.82
Box Helicase 39B | (Splicing)
QI9CR47 NSA2- Ribosome | IRNA 0.34906 0.797
biogenesis protein | maturation
homolog
Q99JY9 Actr3-Actin related | Cytoskeletal 0.32431 0.737
protein 3 Organization
QI1YUS SSF1-Suppresor of | Cell growth 0.14417 0.784
SWI4 1 homolog
QI9CPT5 NOP16-Nucleolar | Nucleolar 0.13559 0.793
protein 6 Protein 6
P51410 RPL9-60S Translation 0.12966 0.746 0.04192
ribosomal protein
L9
QIWV32 ARPCI1B-Actin- Cytoskeletal 0.10725 0.784 0.04196
related protein 1B | Organization
Q8BGO05-2 | hnRNPA3- RNA 0.1063 0.792 0.03422
heterogeneous Transport,
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Q8C2Q3 RBM14-RNA Splicing 0.03435 0.932 0.02613
Binding Protein 14
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DSS-colitis is exacerbated by loss of LRRK?2

A study investigating the role of HuR in a DSS-model of colitis reported a protective role of HuR
in inflammation (Yiakouvaki et al., 2012). More specifically, mice with conditional knockout of
HuR in myeloid cells developed a more severe colitis phenotype. This effect was rescued in HuR
overexpressing mice, suggesting that HuR negatively regulates inflammation. Based on the study
in LRRK2 transgenic mice and myeloid cell-specific HuR-deficient mice, we hypothesized that

LRRK2 promotes colitis by inhibiting HuR function as a negative regulator of inflammation.

We tested a pilot cohort of male and female, WT vs Lr#k2” mice using dextran sodium sulfate
(DSS) at 1.5% and 3.0% for one week to determine experimental conditions. We found that 1.5%
DSS only induced a modest colitis phenotype, but at 3.0% the colitis phenotype was achieved as
indicated by the ~20% decrease in body weight (Supplementary Fig. 3.3 a). To validate these
findings, we ran a second cohort of DSS-treated mice. No significant differences were observed
(Fig. 3.3.8 a); however, a trend in which Lr7k2” were slightly more resistant to weight loss was
apparent in both cohorts. DSS-induced colitis has been previously reported to cause a more severe
phenotype in male mice (Babickova et al., 2015). We observed this trend, but by day 8, only Lrrk2

~ mice showed a significant sex effect (Supplementary Fig. 3.3 b).

We therefore asked if there were differences in TNF-a levels in colon tissue from these mice. TNF-
o levels were significantly increased in the colon homogenates of Lrrk2” mice, suggesting that
there are observable differences in colitis severity between genotypes (Fig. 3.3.8 b). Since the
involvement of HuR was previously described in a model of DSS-colitis, we asked if LRRK2 and

HuR interact to control this response. In WT, untreated colon homogenates, LRRK2 was co-
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immunoprecipitated with HuR (Fig. 3.3.8 c), indicating that the proteins interact under normal
conditions. We then immunoprecipitated HuR from colon tissue of DSS treated mice, and
quantified 7nfa mRNA, bound by HuR. Tnfa, but not the negative control Gapdh, was significantly
enriched in HuR RNA-immunoprecipitations (R-IPs) over IgG controls (Fig. 3.3.8 d,e). Tnfa was
not enriched in HuR R-IPs from Lr7k2”" mice, suggesting that LRRK?2 controls binding of HuR to
Tnfa mRNA to control inflammatory responses in mice. These findings contradict the in vitro gel-
shift assays where LRRK?2 did not control HuR binding to the TNF ARE. It is possible that the

presence of other factors like RNA-binding proteins mediate the LRRK2 effect in vivo.
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Figure 3.3.8 LRRK2 and HuR interact in mouse colon tissue.

Mice were treated with DSS in drinking water for 7 days and sacrificed on day 8. a) Animal weight
in WT vs. Lrrk2”- DSS-treated mice over the course of the study presented as a percentage of starting
weight. n=6-11 b) TNF-a protein levels in colon lysates from WT vs. Lr#k2”- DSS-treated mice. n=8
c) Co-immunoprecipitation of HuR and LRRK?2 in colon lysates from WT, untreated mice. d)
Western blot corresponding to RNA-immunoprecipitation of HuR in (e). €) RT-qPCR of 7Tnfa and
Gapdh mRNA immunoprecipitated with HuR from WT vs. Lrrk2”7 DSS-treated mice. Error bars
represent mean + SEM. n= 3-4. Data were analyzed by Two-Way ANOVA with Holm-Sidak’s. *

p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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We next asked if the effects on TNF-a control were reflected in histopathology. Colon sections
from control and DSS animals were evaluated and scored for hallmarks of colitis pathology
including edema, loss of goblet cells and infiltration of immune cells (Erben et al., 2014).
Histopathology analysis indicated no genotype dependent differences in colon sections in water
treated control mice. Lr7k2”- DSS treated mice exhibited significantly more edema, loss of goblet
cells and immune cell infiltration in both mucosae and muscularis tissues (Fig. 3.3.9 a.b),
indicating more severe destruction of the epithelial barrier and subsequent inflammation.
Furthermore, lesser described phenotypes described in IBD patients like vasculitis, dilated lymph,
and pathology of the serosa ganglia were also observed in Lr7k2”" mice, suggesting that gut motility
may be altered (Britzen-Laurent et al., 2023; Kurowski et al., 2021; Lakhan & Kirchgessner, 2010;
Sahin et al., 2018). Together, these findings suggest that loss of LRRK2 in DSS treated mice is

associated with several markers of inflammation and pathology.
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Figure 3.3.9 Histopathology analysis of DSS colitis in WT vs. Lrrk2” mice.

Mice were treated with DSS in drinking water for 7 days and sacrificed on day 8. a) Representative
images of colon tissue. b) Histopathology analysis of colon sections. Error bars represent mean =+
SEM. n=6-11. Data were analyzed by Two-Way ANOVA followed by Holm-Sidak's post-hoc *

p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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LRRK?2 phosphorylates HuR in spleen tissue

A commonly described feature of DSS-colitis is enlarged spleen, which is often correlated with
disease severity (Chassaing et al., 2014), and is presumably caused by the proliferation of immune
cells (Nunes et al. 2018). The spleen acts as a primary site for both innate and adaptive immunity,
with roles in clearing the blood of old blood cells and pathogens (Mebius & Kraal, 2005). During
DSS treatment, bacterial translocation from the gut to the spleen is observed, indicating a damaged
epithelial barrier (Laukens et al.., 2014). A role for LRRK2 or HuR in the spleen during DSS-
colitis has not been previously investigated; however, LRRK2 is highly expressed in peripheral
tissues including the spleen and its mRNA and protein are increased in response to pathogens
(Hakimi et al., 2011). To determine if LRRK2 and HuR might play a role in the spleen during DSS
colitis, we performed PhosTag gel analysis. Interestingly, we observed a treatment effect in DSS
treated animals on HuR phosphorylation, and this was significant in WT DSS-treated mice
compared to controls (Fig. 3.3.10 a,b), suggesting that LRRK2 could phosphorylate HuR to control
pathways in the spleen in response to intestinal inflammation. Multiple bands were detected (Fig.
3.3.10 a), indicating more than one phosphorylation site, but only one was controlled by LRRK2,
suggesting the presence of other kinases phosphorylating HuR. No significant differences were
observed in total HuR or LRRK2 levels, or LRRK2 kinase activity inferred by pSer935 levels (Fig.
3.3.10 c,d), suggesting that HuR phosphorylation was modified by DSS treatment. Given the role

of LRRK2 in pathogen responses, it would be worthwhile to investigate this interaction further.
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Figure 3.3.10 LRRK2 phosphorylates HuR in spleens of DSS-treated mice.

a) Phos-tag gel analysis of spleen tissue from control and DSS treated WT vs. Lrrk2”-mice. Error
bars represent mean + SEM. n=4-8. Data were analyzed by Two-Way ANOVA followed by Holm-
Sidak’s. * p< 0.05. b) Quantification of (a). c) Total protein blot of spleen tissue. d) Quantification
of (c). Error bars represent mean + SEM. n= 7-10. Data were analyzed by Two-Way ANOVA

followed by Holm-Sidak’s. * p<0.05.
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DSS increases a-synuclein in Lrrk2” brains

The data in Fig. 3.3.8-10 suggest that LRRK2 controls colitis-like phenotypes in mice by
phosphorylating and controlling HuR binding to cytokine mRNA in the periphery. Given the
growing evidence linking the gut-brain axis to pathology in IBD and PD, we asked if the peripheral
inflammation induced by DSS might promote LRRK2-dependent neuroinflammation. We
quantified the levels of proinflammatory cytokines ///b, 116, and Tnfa in the cortex, midbrain and
striatum and found that in the cortex, there was a treatment effect of 7//b mRNA in DSS treated
mice (Two-way ANOVA, p<0.01) suggesting trends towards minor neuroinflammation, but this

was not controlled by LRRK?2 (Fig. 3.3.11 a).

We also evaluated a-synuclein pathology in the brains of DSS-treated mice. While no effect was
observed in Snca mRNA, we observed a subtle, but significant increase in a-synuclein protein
levels in the cortex, but not the midbrain or striatum of Lr#7k2”- mice treated with DSS, suggesting
a region-specific effect on translation or turnover (Fig. 3.3.11 b). Since cytokine mRNA levels
were not significantly changed in the brains of WT vs. Lrrk2” mice, it is difficult to ascertain if

the a-synuclein effect is promoted by neuroinflammation.
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Figure 3.3.11 Alpha-Synuclein is increased in cortex of DSS-treated Lrrk2” mice.
a) Cytokine mRNA levels in brains of DSS treated mice. b) Western blot of a-synuclein in brains
of DSS treated mice. Error bars represent mean = SEM. n=4-11. Data were analyzed by Two-way

ANOVA with Holm-Sidak’s. * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.
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3.4 Discussion

We previously showed that LRRK?2 phosphorylates the nELAVL proteins to control their binding
to mRNA targets and this ultimately controlled RNA metabolism at both the level of splicing and
post-transcriptional stability/translation. Here we show that LRRK?2 phosphorylates and controls
the ubiquitously expressed homologue, HuR at sites that are conserved in nELAVL (Fig. 3.3.1).
In vitro experiments indicated that LRRK?2 controlled HuR binding to a U-rich probe and had no
significant effect on its binding to the TNF ARE (Fig.3.3.2- 3.3.4). Binding of HuR to the TNF
ARE has been replicated in many contexts, as confirmed here, but several studies indicate that
HuR shows greater affinity for U-rich sequences (Barker et al., 2012; Chae et al., 2009; K. B. Cook
etal., 2017; H. S. Kim et al., 2011; Schulz et al., 2013), and U-rich motifs could be preferentially

regulated by LRRK2 in vitro.

The identified phosphorylation sites, T118 and T143, lie within the second RNA recognition motif.
In vitro studies show that RRMI is the essential RNA-binding domain for HuR, and RRM2
increases affinity for its target mRNAs by inducing a conformational change to the protein
structure in coordination with RRM1 (Wang et al., 2013b). The modest ~30% decrease in RNA-
binding to the U-rich probe by HuR in the presence of LRRK2 may be explained by the fact that
it is phosphorylated in the second RRM. In contrast, data from mouse colon tissue indicates that
HuR binding to 7nfa mRNA was ablated in mice lacking Lrrk2. LRRK2 and HuR physically
interacted by co-immunoprecipitation (Fig.3.3.8 c-e), suggesting that LRRK2 directly controls
HuR binding to various species of mRNA in vitro and in vivo and can may have target-dependent

effects.
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The discordant data may be described by a few reasons. Firstly, the GST-tag used to improve
solubility is not negligible at a molecular weight of 27 kDa and may impact HuR properties.
Furthermore, in vitro experiments lack other factors controlling RNA-binding, including co-
regulators or antagonizing factors. Studies have also shown that phosphorylation of specific
residues can influence the binding preference of HuR for specific AU-rich or U-rich elements
(Schulz et al., 2013). Finally, the various post-translational modifications on HuR may have

broader control of HuR function in vivo, in addition to phosphorylation by LRRK?2.

Data in cells indicated that LRRK2 did not control expression of HuR target mRNAs including
Tnfa, p21, Tgfb or HuR itself. The lack of LRRK2 dependent response on TNF-a suggests that
LRRK?2 is dispensable for cytokine production of HuR targets in RAW cells treated with LPS (Fig
3.3.6-3.3.7). In agreement, human iPSC-derived monocytes and macrophages expressing the
LRRK2 G2019S hyperactive kinase show significantly increased levels of proinflammatory
cytokines in response to LPS treatment, but Lrrk2 knockout cells have no effect (Ahmadi Rastegar
et al., 2022). Furthermore, no LRRK2-dependent effect on HuR target levels were detected when
HuR was inhibited in cells treated with LPS for 2 hours (Fig 3.3.7 a). In myeloid cells, loss of HuR
was dispensable for the initiation of inflammation but was required for its resolution (Yiakouvaki
et al., 2012), thus it is possible that LRRK2 could control HuR responses and its targets at time
points beyond 2-hours. In particular, targets like 7gfb are associated with chronic responses, and

should be re-evaluated at later time points (Christodoulou-Vafeiadou et al., 2018).

We did not observe compelling effects of LRRK2 and HuR on gene expression in cells; however,

data from LPS treated RAW cells revealed insights into HuR protein-protein interactions that are

154



mediated by LRRK2 (Table 3.3.1). When LRRK2 kinase activity was inhibited by MLi-2
treatment, many translation-associated proteins had lower MiST scores, suggesting weaker
interactions with HuR. Of note, all cells were treated with LPS, thus it is possible that interactions
impacted by LPS treatment were missed. Nevertheless, stress granule associated proteins including
G3BP1-2, and Caprin-1 were associated with lower MiST scores in LRRK2 inhibited cells. Stress
granules are membraneless cytoplasmic complexes formed in response to cellular stress and are
partially comprised of RNA-binding proteins bound to translationally stalled mRNA transcripts
(Li & Wang, 2023). Little is known about stress granule formation in response to non-viral
microbial structures, however, evidence suggests that they do form in response to bacterial
infection (Tweedie & Nissan, 2021), and may be triggered by the E.coli-derived LPS. Stress
granule assembly requires at least one of G3BP1 or G3BP2 and includes other proteins like Caprin-
1 (Li & Wang, 2023). HuR is among the RNA-binding proteins found within stress granules (Li

& Wang, 2023) and may have a role in stress granules associated with bacterial infection.

Interestingly, HuR itself was among the targets that were bound by HuR in control cells (MiST
>(.70) but associated with a lower score in LRRK?2 inhibitor treated cells. ELAVL proteins interact
to produce multimers along the 3°’UTR of target mRNAs to exert their effects on mRNA stability
and translation. A decrease in oligomerization inhibits their effects on protein production of bound
targets (Kundu et al., 2012). The HuR linker domain and RRM3 were found to be essential for
HuR oligomerization (Fialcowitz-White et al., 2007; Ke et al., 2021b; Toba & White, 2008), and
LRRK2 phosphorylates HuR in RRM2, which impacts RNA-binding affinity (Wang et al., 2013b).

It is possible that the effects of LRRK2 on protein-protein interactions are indirectly due to a
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decrease in HuR-mRNA target interactions rather than a direct effect on oligomerization or protein

complex formation.

Both LRRK2 and HuR have been ascribed various functions in controlling inflammatory
responses. In myeloid cells, HuR plays a role as a negative regulator of inflammation, where it
binds to 7nfa mRNA to suppress its translation (Katsanou et al., 2005b). Evidence from
macrophage-like cells and mouse colon tissue supports this hypothesis. Firstly, its decreased
association with Tnfa mRNA in Lr7k2”- colon tissues coincided with increased TNF-o, protein
levels in DSS treated Lrrk2” mice (Fig 3.3.8 b,d.e). Secondly, inhibition of HuR resulted in
increased LRRK2 protein levels in response to LPS in RAW 264.7 cells (Fig 3.3.7 b,c), and LRRK?2
expression is upregulated in response to proinflammatory stimuli (Gardet et al., 2010; Hakimi et
al., 2011). In colitis models, however, the data on LRRK?2 has been conflicting. The earliest study
suggested that loss of LRRK2 results in the nuclear translocation of NFAT which then promotes
transcription of proinflammatory cytokines, resulting in an exacerbated phenotype (Liu et al.,
2011). In a later study, Lrrk2 transgenic mice exhibited a worsened phenotype that was kinase
dependent (Takagawa et al., 2018). More recent data also suggests that the hyperactive kinase
mutant LRRK2 G2019S promotes an exacerbated phenotype, and loss of LRRK2 attenuates
pathology (Cabezudo et al., 2023; C. Lin et al., 2022; Yan et al., 2022). Here we show that LRRK?2
deficiency is associated with increased markers of inflammation at the molecular level and tissue
level (Fig 3.3.8-9), in agreement with Liu et al. 2011. The disparate data are difficult to reconcile
as all the studies varied in experimental design. For example, the DSS administered varied from
2-3% (w/v), the length of consecutive treatment days and recovery days prior to tissue harvest

were variable, and both acute and chronic models were evaluated.
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Most of the literature has focused on its pathogenic functions, but accumulating evidence from
bacterial and viral infections indicate that LRRK2 is protective in certain contexts. For example,
Salmonella typhimurium induced sepsis showed that infection was poorly controlled in Lrrk2-
deficient mice, and myeloid cell expression of the G2019S mutant conferred increased pathogen
clearance and survival (Shutinoski et al., 2019). Furthermore, mice lacking Lrrk2 showed
increased susceptibility to an enteric infection of Listeria monocytogenes as evidenced by an
increased bacterial load in the liver and feces, with similar trends in the spleen (Q. Zhang et al.,
2015). Interestingly, the gut-spleen axis has been modeled in DSS treated mice in which
splenectomy mice exhibited an exacerbated colitis response, and bacteremia due to loss of
pathogen control (Q. Zhang et al., 2015). Endotoxemia is also reported in patients with
inflammatory bowel disease, highlighting the systemic consequences of poor pathogen control in
the gut (Gardiner et al., 1995). Given the growing evidence for the role of LRRK2 in microbial
infections, and the crosstalk between the spleen and the gut during infection, we asked if LRRK2
could phosphorylate HuR in the spleen. The Phos-tag gel of spleen lysates showed multiple bands
of phosphorylated HuR (Fig 3.3.10). Phosphorylation of HuR has been shown to be regulated by
kinases like p38, CHK2, and PKC, including at T118 in response to various stimuli (Abdelmohsen
et al., 2007; Lafarga et al., 2009). We observed a significant increase in HuR in WT DSS treated
mice, and a partial decrease in phosphorylated HuR in Lrrk2-deficient mice, suggesting that other
kinases simultaneously regulate HuR in the spleen. These findings indicate that it would be
worthwhile to investigate if LRRK2 and HuR coordinate inflammatory responses in the spleen.

With respect to the PD gut-brain axis model, we evaluated markers of neuroinflammation and
synuclein pathology. Surprisingly, we found significantly increased levels of a -synuclein protein

in the cortex of Lrrk2”7 mice in response to acute, systemic inflammation induced by DSS
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(Fig.3.3.11 b). We also noted no significant increase in proinflammatory cytokine mRNA between
genotypes; however, we did observe a significant treatment effect on ///b mRNA in the brains of
DSS treated mice (Fig.3.3.11 a). The equal cytokine mRNA expression between genotypes
suggests that localized synthesis of proinflammatory cytokines is not the cause of synuclein
accumulation. For example, it is possible that circulating cytokines from the periphery elicited this
response. Evidence suggests that synuclein accumulation begins in the gut and spreads to the brain
via the vagus nerve, and this has been confirmed by vagotomy in mouse models of synuclein
pathology (S. Kim et al., 2019). A recent study found that a chronic mild DSS-induced colitis in
Lrrk2 G2019S mice resulted in increased colonic synuclein levels though it was not reported if
there were any effects in the brain, whereas another reported dopaminergic neuron death
(Cabezudo et al., 2023; C. Lin et al., 2022), confirming that LRRK2 can control gut-brain
inflammation. Further investigation is required to delineate the exact role for HuR in these LRRK?2
associated phenotypes described, but the data from this study suggests that LRRK2 and HuR

interact to regulate inflammatory responses in cells and in mice.
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3.5 Supplementary Data
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Supplementary Figure 3.1 Validation of CMLD-2 inhibitor.

a) RT-qPCR of HuR mRNA targets following 24 hours of treatment with 10-30 uM inhibitor vs.
DMSO control. b) Quantification of live cells following co-treatment with CMLD-2 and LPS for
24 hours. Live cells were evaluated using Trypan blue. Error bars represent mean + SEM. n= 3-4.
Data were analyzed by One-Way ANOVA followed by Holm-Sidak’s. * p<0.05, ** p<0.01,

wx5p<(0.001, ***p<0.0001
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Supplementary Figure 3.2. HuR interacts with G3BP2 and Caprin-1

a) Co- immunoprecipitation of G3BP2 from U20S cells overexpressing GFP-G3BP2 and HuR

b) Co-immunoprecipitation of Caprin-1 from U20S cells overexpressing GFP-Caprin-1 and

HuR.
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Supplementary Figure 3.3 Weight loss in DSS treated mice.

a) Pilot study in a cohort of mice to determine DSS concentration. Mice were treated with either
1.5% or 3.0% DSS for 7 days and evaluated on the 8th b) Analysis of sex-differences in mice

treated with 3.0% DSS. n=4-5. Data were analyzed by repeated measures Two-way ANOVA.
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3.6 Materials & Methods

Cell Culture

RAW 264.7 CRISPR cells were a gift from Erwin Schurr Lab. Two independent clones were used
for each experiment. Cells were cultured in DMEM supplemented with 10% fetal bovine serum,
100 U/mL penicillin and 100 pg/mL streptomycin at 37°C with 5% CO,. MLi-2 inhibitor (Cat.
No. 5756, Tocris) was used at a concentration of 50 nM. RAW 264.7 cells were pre-treated with
1 ng/mL. LPS-B5 (Catalogue #tlrl-bSlps, InvivoGen) for 24 hours, followed by 100 pg/mL
Zymosan depleted (Catalogue #tlrl-zyd, InvivoGen) or only 1 ng/mL LPS or 100 pg/mL Zymosan
depleted for the indicated periods. Lrrk2 knockout MEFs were a gift from David Park lab. Cells

were culture as described above.

Mice

Lrrk2 7~ mice were bred on a C57BL/6 background from Charles River. Experimental mice were
bred by crossing heterozygous mice to generate wild type and knockout littermates and were
randomized into cages at weaning. All animal procedures were approved by the University of

Ottawa Animal Care Committee.

Dextran Sodium Sulfate (DSS)-induced Colitis

Mice aged 10-11 weeks were used in a pilot study to determine appropriate dextran sodium sulfate
(DSS) salt concentrations to induce colitis phenotype. Mice were treated with 1.5% or 3.0%DSS
(Catalogue # ICN16011080, MP Biomedical) in sterile drinking water for 7 days and sacrificed on

the eighth day. A second cohort of mice was treated with 3.0% DSS for 7 days and sacrificed on
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the eighth day. Disease activity indices were monitored daily for the duration of the study. Mice
were anesthetized with sodium pentobarbital and transcardially perfused with PBS. Spleen, brain,
and distal colon tissue were flash frozen in liquid nitrogen for RNA and protein analysis. The
remaining colon sections were gently rinsed in HBSS and prepared into Swiss rolls with the

proximal end centered.

Histopathology

Colon tissue were fixed in 10% formalin then transferred to 70% ethanol prior to paraffin
embedding. 40 uM sections were used for hematoxylin and eosin (H&E) staining. Tissue sections
were scored for disease severity in a blinded manner by an independent pathologist. Pathology was

described as 1=0%, 2= 0-25%, 3= 25-50%, 4= 50-75%, 5=75-100% of the field.

RNA-Immunoprecipitation

Tissue used for RNA-immunoprecipitation (R-IP) were lysed in R-IP buffer [ 50 mM Tris, (pH
7.4), 150 mM NaCl, 1% NP-40 and 1X cOmplete ™protease inhibitor cocktail (Catalogue #
4693159011)] tumbled for 20 min at 4°C and centrifuged at 10,000xg for 10 min. Supernatants
were pre-cleared using 10 pL wet volume of Dynabeads ™Protein G magnetic beads (Catalog #
10004D, Thermo Fisher). RNA-protein complexes were immunoprecipitated using 750-1000 ug
of pre-cleared supernatants incubated with 4 pg HuR (sc-5261, Santa Cruz) antibody vs. mouse
IgG control for 2 hours at 4°C. RNA-protein complexes were captured by adding 25 pL wet
volume of beads and tumbled for 1 hour at 4°C. Complexes bound to beads were washed (3 min x

5) in wash buffer [ 50 mM Tris, (pH 7.4), 150 mM NacCl, 0.1% NP-40] and resuspended in wash

163



buffer. Ten percent of IP was used for western blot detection and remaining beads were

resuspended in TRIzol for RNA isolation following manufacturer’s protocol.

RT-qPCR

Equal volumes of RNA from control and experimental immunoprecipitates were used to generate
cDNA using the iScript cDNA synthesis kit (Catalogue 170-8891, BioRad). For total RNA, 500
ng of RNA was used in a mMulv RT ¢cDNA synthesis reaction. gPCR was performed using GoTaq
® qPCR master mix (Catalogue A6002, Promega). The cycling conditions were as follows 95°C,
2min, [95°C for 15 sec, 60°C for 1 min,] x 40 cycles. RNA levels from experimental
immunoprecipitates were normalized to IgG control and expressed as a fold change relative to IgG
R-IP. RNA levels were normalized to band intensity of respective IP to control for the amount of
immunoprecipitated proteins between control and experimental groups. Total RNA was
normalized to housekeeping genes Gapdh and Actb. Fold change was calculated using the 244t

method. Primer sequences are in Table 3.6.1.

Western Blot and Phos-tag SDS-PAGE

Total protein collection from cells was performed with two washes of PBS or 1X TBS for Phos-
tag samples, scraping and lysis in buffer [SO mM Tris, pH 8.0, 150 mM NaCl, 10mM EDTA, 1%
Triton X-100, and 1X cOmplete ™protease inhibitor cocktail (Catalogue # 4693159011) and 1X
PhosSTOP phosphatase inhibitor (Catalogue # 4906845001 ]. Lysates were tumbled for 20 min
at 4°C, and centrifuged at 10, 000xg for 10 min. EDTA was omitted in samples prepared for Phos-

tag gel analysis according to manufacturer's protocol. Supernatant concentration was estimated
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using the RC DC ™ Protein Assay (Catalogue 500-0122, BioRad) and diluted in Laemmli sample

buffer.

Tissue samples were lysed in buffer [SO mM Tris, pH 8.0, 150 mM NaCl, 10mM EDTA, 1% Triton
X-100, and 1X cOmplete ™protease inhibitor cocktail (Catalogue # 4693159011) and 1X
PhosSTOP phosphatase inhibitor (Catalogue # 4906845001 ], tumbled for 20 min at 4°C, and
centrifuged at 10, 000xg for 10 min. EDTA was omitted in samples prepared for Phos-tag gel
analysis according to manufacturer's protocol. Supernatant concentration was estimated using the
RC DC ™ Protein Assay (Catalogue 500-0122, BioRad) and diluted in Laemmli sample buffer.

Antibodies used are listed in Table 3.6.2.

Samples for western blot were run on 10% polyacrylamide gels and transferred to PVDF
membranes. Membranes were blocked in 5% milk for 1 hour at room temperature and incubated
in primary antibody overnight followed by secondary antibody for 1 hour at room temperature.
Images were obtained using the Image Quant LAS4010 Biomolecular Imager (GE Healthcare).
Protein quantification was performed using Image J (Fiji) to calculate mean band intensity

normalized to the mean intensity of a housekeeping gene.

Phos-tag ™ SDS- PAGE gels were cast with a 12% acrylamide resolving gel using 50 uM
PhosTag Acrylamide (Catalogue AAL-107S1, Wacko) and 100 uM ZnClzin 1.0 mM cassettes to
improve transfer efficiency. Samples were run at 70V for stacking and 100V for resolving until
the dye front reached the end of the gel. The gel was washed 3x10 min in 1X Transfer buffer with

10 mM EDTA followed by 1x10 min wash in 1X transfer buffer without EDTA. Proteins were
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transferred to PVDF membranes for 90 min at 100V in 1X transfer buffer [25 mM Tris, 192 mM
glycine], with 10% methanol. Blocking and antibody incubation were performed as described
above. Negative control samples were treated with calf intestinal alkaline phosphatase for 30 min
at 37°C at a concentration of 1U/10 ug of lysate. Western blot or Phos-tag SDS-PAGE images
were obtained using the Image Quant LAS4010 Biomolecular Imager (GE Healthcare). Protein

quantification was performed using Image J (Fiji) to calculate mean band intensity.

Enzyme-Linked Immunosorbent Assay (ELISA)
Cells were treated with 1 ng/mL LPS-B5 (Standard) (Catalogue # tlrl-b5lps) for 2,6,12, and 24

hours. Cell culture medium was collected and diluted 20X in assay diluent provided with the kit.
Mouse TNF-a ELISA (Catalogue # 430904, Biolegend) was used according to manufacturer’s
instructions. Absorbance was measured at 450 nm and 570 nm using the Synergy H1 Multi-Mode

Plate Reader (BioTek).

Gateway cloning and protein purification

Wild-type pENTR4 ELAVLI1 (Plasmid # 106103) were a gift from Thomas Tuschl (Addgene)
and was used to generate HuR mutants using site-directed mutagenesis. Mutant and wild-type
pENTR4 ELAVLI plasmids were used to generate GST-HuR, GST-HuR-T118A, GST-HuR-
T143A and GST-HuR-T118A/T143A bacterial expression plasmids using Gateway cloning.
Plasmids were transformed in BL21 (DE3) competent E. coli. An overnight culture was diluted 1
in 100 in LB broth including ampicillin and protein expression was induced at ODgoo 0.4 with 0.2
mM Isopropyl B-D-1-thiogalactopyranoside for four hours at 30 degrees Celsius. Bacterial culture

was centrifuged at 10,000 x 30 min (4°C) and lysed with 1 mg/mL Lysozyme in resuspension
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buffer (50mM Tris, pH 8, 200 mM NaCl, ImM EDTA, ImM DTT, 1% Triton, 5% glycerol and
protease inhibitor tablet). Lysate was sonicated and centrifuged at 12,000xg for 30 min.
Supernatant was loaded on a Glutathione-agarose column and eluted with 10 mM reduced

glutathione in resuspension buffer.

Phosphorylation assay

GST-tagged human HuR or GST control proteins were generated as described above. Wild-type
LRRK2, recombinant G2019S LRRK2, and recombinant D1994A LRRK2 (aa. 970-2527) human
proteins 37°C were obtained from Thermo Fisher Scientific (A15197, A15201 and PV6051). In
vitro phosphorylation assays were carried out in a 25 pL. volume by combining 1.0 ug of GST-
HuR, GST-HuR mutants or GST control with 20 ng of wild-type, G2019S or D1994A LRRK2 in
phosphorylation buffer (20mM HEPES (pH 7.5), 10mM MgCI2, ImM EGTA, 2mM DTT, 1%
DMSO and 1X PhosSTOP ™ phosphatase inhibitor cocktail). To initiate phosphorylation, 10uM
ATP and 10uCi [y-32P]-ATP (Catalogue # BLU002A500UC, Perkin Elmer) was added to each
tube and reactions were incubated at 30°C for lhr. Reactions were performed in parallel but
without [y-32P]-ATP to confirm equal amounts of HuR and LRRK2 in each reaction by Western
blot. Reactions were terminated by the addition of 1X Laemmli loading buffer and were
subsequently boiled at 99°C for 5 min. Membranes were dried and exposed to autoradiography

film for 24-72 hours before imaging.

Gel-Shift Assay
10 pmol of RNA probes were 5’-labelled with 25 pmol of [y-*>P]ATP (3,000Ci/mmol, 10 mCi/ml,

PerkinElmer) and T4 Polynucleotide Kinase (NEB) at 37°C. Phosphorylation assays were
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performed in 25 pL as described above with 1.0 pg of GST-HuR or GST, 20 ng of wild-type,
G2019S or D1994A LRRK2 recombinant proteins, 10 uM of ATP, in phosphorylation buffer.
Binding assays were incubated at room temperature for 30 min with 2 puL. of phosphorylation
assays and 35 fmol of RNA probes in binding buffer (20 mM Tris pH 7.4, 1 mM EDTA, 100 mM
KCIL, 1 mM DTT, 5% Glycerol) in a total volume of 20 pL. Reactions were terminated with 2.5 pl
of 10X loading buffer (100 mM Tris pH 7.4, 10 mM EDTA, 50% Glycerol, 0.1 % Xylene Cyanol,
0.1 % Bromophenol Blue) and 10 pL were loaded and separated on a 6% acrylamide:bisacrylamide
(29:1) gel. After electrophoresis, gels were dried on 3MM Whatman papers and autoradiographed

using X-ray films. The RNA probe sequences are in Table 3.6.1.

Mass Spectrometry

R-IP samples were prepared for Mass spectrometry analysis with an on-bead digestion method.
After last wash with R-IP wash buffer, beads were washed twice on ice with 20mM TrisHCI pH
8.0 + 2mM CaCl,. A small volume of sample was removed for western blot validation. The liquid-
free beads were then resuspended in 9 pL of 20mM Tris-HCI pH 8.0 with 1.6 uL of 25mM DTT,
followed by a 30 min incubation period at room temperature with gentle agitation. 1.2 pL of 50mM
iodoacetamide was added for an additional 10 minutes at room temperature and incubated with
agitation. 10 uL of 100 ng/uL mass-spectrometry grade trypsin (Worthington Biochemical,
catalogue no. LS02122) was added to each sample at a final concentration of 45 ng/uL and
incubated at 37°C on a rotator overnight. Supernatant was removed and an additional 500ng of
trypsin was added to each sample for 4 hours at 37°C with gentle agitation. Reactions were

terminated by adding formic acid to a final concentration of 2%.
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Desalting was performed using Sep-Pak tc18 1cc cartridges (Waters, catalogue no. WAT054960)
following manufacturer’s instructions. Cartridges were conditioned in 900 puL of 100% acetonitrile
(ACN) followed by 300 uL of 50% ACN, 0.5% acetic acid (HAcO). Cartridges were then
equilibrated with 900 pL. of 0.1% trifluoroacetic acid (TFA) and samples concentration was
adjusted to 0.4% TFA prior to cartridge filtration. Desalting was performed with 900 uL of 0.1%
TFA. Washes were performed with 90 pL of 0.5% HACcO and elution with 500 puL of 50% ACN,
0.5% HAcO. Samples were analyzed by Liquid-Chromatographs Mass-Spectrometry. Sample
analysis was performed by the uOttawa Proteomics Resource Centre. Raw sample files were
analyzed by MaxQuant (version 1.5.2.8), and candidate targets were selected for further analysis

using Mass Spectrometry interaction STatistics (MiST) (Jager et al., 2012).

Statistical Analyses

Statistical analysis was performed using GraphPad Prism 9. Two-tailed t-test with Welch’s
correction was performed when comparing two independent groups. Non-parametric datasets were
analyzed using Kruskal-Wallis with Dunnett's post-hoc test. Two-way ANOVA (analysis of
variance) with Holm-Sidak post-hoc test when two independent variables were evaluated or Three-
Way ANOVA when three independent variables were evaluated. All data were represented as
mean + SEM. Statistical significance was represented with the following notation: *p<0.05;

*4p<0.01, **%p<0.001, ****p<0.001.
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Table 3.6.1 Primers and RNA probes

Primers
Gene Application Sequence (5°-3’) Citation
F-ACTGCCGCATCCTCTTCCTC
Actb qPCR
R- GGATGCCACAGGATTCCATACC
Cdknl F-CATTCAGAGCCACAGGCACC
qPCR
(p21) R-ACGAAGTCAAAGTTCCACCGT
F-TGCCACCTTTTGACAGTGATG
Il1b qPCR
R- TGATGTGCTGCTGCGAGATT
F-TCCTCTCTGCAAGAGACTTCC
116 qPCR
R- GGTCTGTTGGGAGTGGTATCC
F- ATGGCCTTCCGTGTTCCTACC
Gapdh  gqPCR
R- GTAGCCCAAGATGCCCTTCAG
mF80- GGC TCT GAA GAA GTT GAT AGT CAG
GCTG
Lrrk2 neoLKF1- CCC AAG CTA GCT TTA TCG ATA
Genotyping Jie Shen
KO AGCTTG A
mR52- CTG TAC ACT GGC AAC TCT CAT GTA
GGA G
F- TCTGGCTGGAACCCTGCTAT Hakimi et al.
Lrrk2 qPCR
R- AACTGGCCATCTTCATCTCC 2011

Snca qPCR F-CCTTCAGAGGAAGGCTACCAAG
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Tgfbl  gqPCR
Tnfa qPCR
RNA Probes
TNF

Gel shift
ARE
TNF
Neg Gel shift
Control
PolyU  Gel shift
PolyU

Gel shift

Neg

R-TGACTGGGCACATTGGAACT

F- TTGCTTCAGCTCCACAGAGA

R-TGGTTGTAGAGGGCAAGGAC

F-CCTCACACTCACAAACCACCA

R-GTGAGGAGCACGTAGTCGG

AUAUUUAUAUUUGCACUUAUUAUUUAUUAUUUAUUUAUU
AUUUAUUUAUUUG

AUCUCUAGAUGUGCACUCAUCAGUGAUCACUGAGUCAAU

AGUCAAUGAGUCGAGUCGA

vvvuvuvuuuuuuuuuuuyu

ACGUGACCUAACGUCA
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Table 3.6.2 Antibodies

Antibody Dilution
Primary

a-synuclein 1:2000
a-Tubulin 1:10,000
B-Actin 1:10,000
GST (B-14) 1:5000
HuR/ELAVI (3A2) 1:5000
LRRK2 (MJFF2[c41-2]) 1:4000

LRRK2 pSer935 (UDD2-10(12))  1:4000

HRP-secondary
Goat anti-mouse 1:7500
Goat anti-rabbit 1:7500

Isotype control (for immunoprecipitation)

Mouse IgG N/A
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Vendor

BD Transduction
Sigma

Sigma

Santa Cruz

Santa Cruz

Abcam

Abcam

Jackson ImmunoResearch

Jackson ImmunoResearch

Thermo Fisher Scientific

Catalogue #

610787

T6199
A5441-2ML
Sc-138
Sc-5261

Ab133474

Ab13340

115-035-174

111-035-144

02-6502



Chapter 4

Characterization of the neuronal RNA-binding protein HuD in mouse energy metabolism
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4.1 Statement of Contributions

Christine Luckhart and Mirela Barclay of the uOttawa Behaviour and Physiology Core facilitated
EchoMRI and indirect calorimetry experiments. Arul Vadivel performed pulse oximetry
experiments. Olanta Negeri designed and conducted experiments. Derrick Gibbings designed

experiments.
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4.2 Introduction

Metabolic disturbances are often associated with neurological and neurodegenerative diseases;
however, the metabolic changes are often not considered as part of the core causes or consequences
of the disease (Menzies et al., 2021; Santiago et al., 2017; Santiago & Potashkin, 2021). In
neurodevelopmental disorders such as Down Syndrome and Fragile X disease, metabolic changes
like obesity, insulin resistance, diabetes, and cardiovascular impairments are often observed
(Dierssen et al., 2020; Irving & Chaudhari, 2012; Utari et al., 2010). These findings are
recapitulated in mouse models of neurodevelopmental disorders including Down Syndrome,
Fragile X Syndrome, and Autism Spectrum Disorder where impaired energy metabolism, altered
body composition, and dysregulation of key metabolites associated with mitochondrial function

have been reported (Menzies et al. 2021).

In contrast to neurodevelopmental disorders, obesity, diabetes, and insulin resistance are
considered risk factors for neurodegenerative diseases including Parkinson’s disease (PD) and
Alzheimer’s disease (AD), (Arvanitakis et al. 2004; Park et al. 2022; Labandeira et al. 2022)
highlighting the crosstalk between metabolism and neuronal function. As PD progresses, patients
may present with significant metabolic impairment including weight loss and an increased resting
metabolic rate (Femat-Roldan et al. 2020). In the case of AD, significant weight loss is a common
feature of advanced disease (Poehlman & Dvorak, 2000), which may be caused in part by reduced
movement (Franssen et al., 1999), but some reports suggest that patients also exhibit increased
energy expenditure (Doorduijn et al., 2020) in addition to brain hypometabolism (Zilberter &
Zilberter, 2017). Metabolic disorders are linked to impaired mitochondrial function, oxidative

stress, and excessive inflammation (Bhatti, Bhatti, and Reddy 2017; Hotamisligil 2006), and the
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association between these mechanisms and cell death in neurodegenerative diseases has been well
established through numerous models (Muddapu et al., 2020). Given the high energy demands of
the brain, neurons are particularly susceptible to disruptions in energy balance (Muddapu et al.,

2020).

The RNA-binding protein HuD (ELAVL4) is a pivotal regulator of RNA metabolism and is most
often associated with its roles in regulating neuronal development and synaptic plasticity(Silvestri
et al., 2022). In the adult brain, HuD has been mechanistically linked to disease processes in
Alzheimer's disease (Kang et al. 2014), and in recent years, both Amyotrophic Lateral Sclerosis
(ALS) (De Santis et al. 2019), and Parkinson's disease (Chapter 2). In all instances, HuD was
linked to the accumulation of toxic proteins; however, the implications of its aberrant expression

or regulation in neuronal energy metabolism are unknown.

HuD expression is primarily restricted to neurons, but it has also been ascribed functions outside
of the CNS (Jung & Lee, 2021). In the pancreas, HuD was shown to bind to the 5’ end of insulin
mRNA in B cells and inhibit its translation, suggesting that HuD is required for glucose
homeostasis (E. K. Lee et al., 2012). In patient data, HuD was identified in gene networks linked
to Type II diabetes in human-derived pancreatic islet cells (Taneera et al., 2012). Together, these

findings imply that HuD may play an important role in metabolic disorders.

Interestingly, GWAS data has also linked HuD to obesity (Locke et al. 2015), suggesting that it
may control other metabolic pathways. While accumulating evidence points to a role for HuD in
metabolic processes, effects of its loss on systemic energy metabolism have not yet been
elucidated. We therefore sought to investigate the effect of HuD knockout in mouse energy

metabolism and its association to metabolic changes relevant to CNS disorders.
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4.3 Results

Body composition is altered in HuD”" mice

Several neurological and neurodegenerative diseases are associated with metabolic disorders and
changes in body composition (Menzies et al. 2021; Femat-Roldan et al. 2020; Poehlman and
Dvorak 2000. To determine if HuD”" mice exhibit altered phenotypes in body composition, we
used EchoMRI to evaluate fat mass, lean mass, and total body weight in a cohort of mice at 4
months of age and again at 8§ months of age (Fig. 4.3.1 a,b). Mice were fed a pulverized standard
chow diet ad libitum and had access to a running wheel in CLAMS cages. At 4 months, no
significant differences were observed in fat mass (Fig. 4.3.1 a); however, by 8 months, female and
male knockout mice showed a decrease in fat (Fig. 4.3.1 b), but this was more pronounced and
significant in males, suggesting an age-related, and sex-specific effect. Lean mass was
significantly decreased in both male and female knockout mice at 4 months of age, and this was
conserved at 8 months in males (Fig. 4.3.1 b). Together, the differences in fat and lean mass led to
an effect on total weight with HuD”" mice being smaller. When body fat percentage was evaluated,
we observed a significant decrease in male body fat percentage in HuD”" mice suggesting that they

are proportionally leaner and not just smaller (Supplementary Fig. 4.1).
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Figure 4.3.1 Body composition measured by EchoMRI.

a,b) Fat mass, lean mass , and total animal weight are compared in male vs. female mice at 4
months (a) or 8 months (b) of age. Error bars represent mean + SEM. n=3-4. Data were
analyzed by two-way ANOVA with Holm-Sidak’s. * p<0.05, ** p<0.01, ***p<0.001,

##4%0<0.0001.
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Energy metabolism is impaired in HuD”" mice

To determine if HuD knockout led to metabolic changes we performed indirect calorimetry using
the Oxymax Comprehensive Lab Animal Monitoring System (CLAMS) (Fig. 4.3.2). Indirect
calorimetry is a noninvasive method to infer energy metabolism by measuring gas exchange (i.e.,
oxygen consumption and carbon dioxide production) (Speakman 2013). We therefore first
evaluated the volume of oxygen consumption (VO>) in WT vs. HuD”" mice in 12-hour cycles
presented as dark (active) vs. light cycles. The data were normalized to lean body mass (LBM) as

it is considered the active metabolizing tissue (Speakman 2013).

At 4 months, the volume of oxygen (VO>) trended lower in knockout mice during the active cycle.
This effect was accentuated and reached significance by 8 months of age (Fig. 4.3.2 a). While the
VO; of WT mice remained the same at ~4800 mL/Kg/Hr at both time points, the VO2 of knockouts
decreased by another ~10% by 8 months, indicating a possible age-related decline in energy
metabolism. In contrast, the volume of carbon dioxide produced (VCOz), appeared to be slightly

decreased in HuD”" mice in both groups but this was not significant (Fig. 4.3.2 b).

We next evaluated the respiratory exchange ratio (RER), which describes the metabolic production
of carbon dioxide relative to oxygen intake and serves as an indirect measurement of metabolic
substrate oxidation (Farinatti et al., 2016). An RER close to 1 indicates the metabolism of
predominantly carbohydrates, and an RER close to 0.7 indicates the metabolism of fats as a fuel
source. Interestingly, the RER of HuD”" mice was significantly increased in both age groups,
suggesting a shift towards mainly carbohydrate metabolism (Fig. 4.3.2 ¢). RER may be influenced

by several factors including food consumption, sedentarism, insulin sensitivity, and acid/base
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imbalance in the blood which may be caused by conditions like high intensity exercise, sepsis, or
mitochondrial disease (C.-H. Lee et al. 2006; Steiner et al. 2017; Farinatti, Castinheiras Neto, and

Amorim 2016; Ramos-Jiménez et al. 2008; Chinnery 1993).

To determine the cause of the elevated RER, we first evaluated the total food consumed over the
24-hour test period and found a trend toward decreased food consumption during the dark cycle in
HuD™”" mice at 4 months of age, but not at 8 months of age (Fig. 4.3.2 d), indicating that the
increased RER is likely unrelated to food consumed. We then asked if the elevated RER was due
to aberrant insulin sensitivity as HuD has been previously linked to insulin regulation in pancreatic
B cells in HuD transgenic mice (Lee et al. 2012). To determine if insulin regulation is impaired in
HuD”" mice, we challenged the mice to a glucose tolerance test. Mice at 8 months of age were
fasted for 16 hours and administered glucose via oral gavage. Surprisingly, glucose utilization was
equal between WT vs. HuD”" mice at 8 months, and 4 months (Fig. 4.3.2 e, Supplementary Fig.
4.2), suggesting that insulin was not meaningfully misregulated in the knockout mice. Differences
in the route of administration may be the underlying cause of this discrepancy. Lee et al., used an
intraperitoneal glucose tolerance test which relies on a non-physiological route of administration
and has been reported to induce higher plasma glucose levels and a delayed insulin response when

compared to OGTT (Andrikopoulos et al. 2008; Small et al. 2022).
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Figure 4.3.2 Energy metabolism is impaired in HuD”" mice.

a) Oxygen consumption (VO.) in 4 month (red) and 8-month-old mice (blue). b) Volume of carbon
dioxide (VCO>) exchange in 4 month and 8-month-old mice. (a,b) Data are presented over a 24 -
hour period (left panel) or as dark cycle vs. light cycle. ¢) Respiratory exchange ratio in 4-month-
old mice (left panel, circadian, right panel dark vs. light) and 8-month-old mice. d) Powdered food
consumed over 12-hour cycles in 4-month-old and 8-month-old mice. Error bars represent mean +
SEM. n=6-9. Data were analyzed by Two-way ANOVA with Holm- Sidak’s. * p<0.05, ** p<0.01,
*H%p<(0.001, ****p<0.0001. e) Oral glucose tolerance test following 16-hour fast in 8-month-old
mice. Error bars represent mean + SEM. n=6-9. Glucose clearance presented on the left panel and
calculated area under the curve (AUC) on the left. Data were analyzed by unpaired t-test with

Welch’s correction.
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Energy expenditure is decreased in HuD”" mice

We next sought to evaluate activity levels in the context of CLAMS metabolic chambers. HuD™"
have been previously shown to be less active (DeBoer et al., 2014). The horizontal ambulatory
activity, vertical movement, and running wheel activity confirmed that HuD knockout mice are

significantly less active during the dark cycle (Fig. 4.3.3 a.b).

The energy expenditure calculated as heat (Kcal/Kg/Hr) normalized to LBM, was decreased in
HuD”" mice in both groups, however like the VO, (Fig. 4.3.2 a), this was exacerbated by ~10% in
8 months vs. 4 months and reached significance in this group, suggesting a progressive decline in
energy metabolism (Fig. 4.3.3 ¢). As expected, the effects on energy expenditure were exaggerated

during the dark cycle, when the mice were most active.
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Figure 4.3.3 Energy expenditure is decreased in HuD”" mice.

a) Physical activity in 4 month and b) 8-month-old mice. Left to right: Running wheel activity,
horizontal ambulatory activity, and vertical ambulatory activity. ¢) Energy expenditure calculated as
heat (Kcal/Kg/Hr) in 4-month-old mice (red) and 8-month-old mice (blue). Circadian data is plotted
on the left panel, and dark vs. light cycle on the right. Error bars represent mean + SEM. n=6-9. Data
were analyzed by Two-way ANOVA with Holm- Sidak’s. * p<0.05, ** p<0.01, ***p<0.001,

wx8%p<0.0001.
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Reduced breath rate in HuD”" mice

To gain insight into the underlying cause for decreased movement, energy expenditure and
decreased oxygen consumption, we evaluated pulmonary function using pulse oximetry.
Intriguingly, breath rate was significantly decreased in HuD”'mice (Fig. 4.3.4 a), and this was
associated with an elevated heart rate (Fig. 4.3.4 b). The low breath rate resulted in a slight decrease
in blood oxygen saturation (Fig. 4.3.4 c); however, this was not significantly decreased, and is still
within the range considered healthy >95% (Hafen & Sharma, 2023), suggesting that the deficits in

energy metabolism are not caused by impaired lung function.
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Figure 4.3.4 Loss of HuD function alters breath rate.

a) Breath rate (breaths per minute) b) Heart rate (beats per minute) ¢) Blood oxygen saturation
(Sp0O2) were measured by pulse oximeter for a minimum of 30 seconds. Error bars are represented
by mean +£ SEM. n=6-9. Data were analyzed by unpaired t-test with Welch’s correction. * p<0.05,

% p<0.01, #*#%p<0.001, ****p<0.0001.
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HuD binds and regulates gene controlling mitochondrial dynamics and mitophagy

The low activity levels, decreased energy expenditure, and increased RER (Fig. 4.3.2-3) suggest
that the HuD”" mice are exhibiting deficits in energy metabolism consistent with mitochondrial
impairment. To investigate the underlying mechanisms, we first sought to determine if HuD might
control genes regulating mitochondrial homeostasis. To do this, we examined HITS-CLIP and
microarray datasets from nELAVL (nELAVL) immunoprecipitations in mouse or human brain
tissue for relevant targets (Bolognani, Contente-Cuomo, and Perrone-Bizzozero 2009; Ince-Dunn
et al. 2012; Scheckel et al. 2016); Chapter 2). Interestingly, the datasets revealed that in human
brain tissue, mRNAs encoding proteins regulating mitochondrial dynamics or mitophagy were
bound by nELAVL proteins (Scheckel et al. 2016; Chapter 2. Specifically, we found that the
dynamin-related GTPases, Mitofusins 1 and 2 (Mfn1/2), and Optic Atrophy 1 (Opal) regulating
outer mitochondrial membrane fusion, and inner mitochondrial membrane fusion, respectfully,
along with the mitochondrial fission regulator, mitochondrial fission factor (Mff) (Tilokani et al.,
2018) were all bound and regulated by nELAVL proteins. Optic Atrophy 3 (Opa3), a protein
whose function is still unclear, but is also associated with fragmented mitochondria (Bagli et al.,
2017) was also bound. Furthermore, the gene encoding Parkin (Park2), an E3 ubiquitin ligase
protein involved in the PINK1/Parkin mitophagy pathway, the selective degradation of damaged
mitochondria (Seirafi, Kozlov, and Gehring 2015), was among the targets bound by nELAVL. We
then mapped out the putative nELAVL U-rich binding sites defined in Scheckel, 2016., and found
that they were primarily within the intronic regions and 3’UTRs of the candidate genes
(Supplementary Table 4.1), consistent with their roles in regulating splicing as well as mRNA

stability and translation.
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Figure 4.3.5 HuD regulates genes important for mitochondrial homeostasis.

a) Neuronal ELAVL (nELAVL) RNA-immunoprecipitations in mouse cortex. b) mRNAs bound
to nELAVL R-IPs normalized to IgG control R-IPs and quantified by RT-qPCR. Data were
analyzed by one sample t-test. ¢) Total mRNA in mouse cortex quantified by RT-qPCR. d) Western
blot analysis of candidate genes in mouse cortex. ) Quantification of (d) f) Western blot analysis
of candidate genes in mouse midbrain g) Quantification of (f) h) Western blot analysis of candidate
genes in mouse striatum 1) Quantification of (h). Error bars represent mean + SEM. n=3-8. Data
were analyzed by unpaired t-test with Welch’s correction. * p<0.05, ** p<0.01, ***p<0.001,
*#%%p<0.0001. Note: Loading control for Striatum MFN2 was unavailable. Unquantified MFN2

was left in for reference purposes.
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Table 4.3.1 Genes regulating mitochondrial homeostasis are misregulated in HuD”" mice.

Genes bound in nELAVL IPs in (Scheckel et al. 2016; Chapter 2) are shown with corresponding

gene expression fold change or exon splicing index identified by microarray (Chapter 2).

* Not a direct target of nNELAVL

Fold
Fold Change Exon Splicing Splicing
Change
Gene HuD™" vs. WT Index FDR
FDR
(Log2) HuD”" vs. WT p.value
p-value

Mitochondrial ~ Fission

-1.16 0.3942 -2.06 0.0291
Factor (Mff)
Mitofusin 1 (Mfnl) -1.14 0.9896 1.62 0.0196
Mitofusin 2 (Mfn2) 1.8 0.001 -2.35 0.0044
Optical  Atrophy 1

-1.05 0.7318 -2.65 0.1282
(Opal)
Optical  Atrophy 3

1 0.7503 -1.69 0.2706
(Opa3)
Parkin (Park2) -1.16 0.0892 1.78 0.0513
PTEN induced kinase 1

2.05 0.0073 2.92 0.001
(Pinkl) *
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To validate these targets, we performed nELAVL IPs (Fig. 4.3.5 a) in mouse brain tissue. Bound
mRNAs were quantified by RT-qPCR and candidate mRNAs Mff, Mfnl, Mfn2, Opal, Opa3, and
Park2 were all significantly enriched over IgG control IPs, but not the negative control mRNA,
Gapdh. (Fig. 4.3.5 b). The microarray data from our group suggest that gene expression and/or
splicing of these targets is misregulated (Table 4.3.1) (Chapter 2). In the cortex, we measured total
mRNA levels and found no significant differences in gene expression (Fig. 4.3.5 c), suggesting
that mRNA stability was not misregulated. We then evaluated protein levels across the cortex,
midbrain, and striatum of WT vs. HuD”" mice. In cortical tissue, we found a significant decrease
in OPA1 levels in HuD™" tissue, suggesting that mitochondrial fusion is impaired in HuD”" mice
(Fig. 4.3.5 d,e). Surprisingly, the OPAL1 levels were unchanged in the midbrain and striatum,
however, MFN2 was significantly increased in the midbrain of knockout mice (Fig. 4.3.5 f,g),
suggesting that mitochondrial fusion is still impaired. Parkin levels were variable in the cortex of
HuD™" mice, but unchanged in the midbrain and striatum (Fig. 4.3.5 h,i). The lack of differences
in Parkin protein levels may be explained by the fact that 13 of the 14 putative bindings sites lie
within intronic sequences, whereas in MFN2 and OPA1 mRNA, the binding sites were found only
in the 3’UTR or both in introns and 3’UTR, respectively (Supplementary Table 4.1). The
microarray data suggests that Park2 is misspliced in HuD”- mice (Table 4.3.1), consistent with the
high density of intronic binding sites. Since the motifs were identified in human prefrontal cortex,
we asked if the 3’UTR binding sites were conserved in the mouse transcripts and found that many
of these were (Supplementary Dataset 4.1), suggesting that the nELAVL proteins coordinate

mitochondrial dynamics in neurons in an evolutionarily conserved manner.
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Expression of the RNA-binding protein HuD is primarily restricted to neurons, with expression
also detected in endocrine cells in the pancreas, testes, and adrenal gland (Bergman et al., 2017;
E. K. Lee et al., 2012). Minor discrepancies about its expression at the organ level have been
reported (Abdelmohsen et al., 2010; E. K. Lee et al., 2012), therefore, we confirmed the lack of
HuD expression in tissues relevant to the observed metabolic phenotypes (Figures 4.3.1-.4,
Supplementary Figure 4.3). While we cannot rule out the role of HuD in neurons innervating other
tissues, or in endocrine cells, we focused our attention on neuronal tissues given the relatively high
expression of HuD in brain tissue (Supplementary Figure 4.3), the remarkably high energy
demands of the brain at 20% of the body’s total oxygen metabolism (Watts et al., 2018), and the
undetectable levels of HuD protein in other organs relevant to the observed phenotypes
(Supplementary Figure 4.3). Taken together, it is plausible that loss of HuD”" in neurons results in

disrupted mitochondrial quality control pathways leading to a global deficit in energy metabolism.

4.4 Discussion

High throughput analyses of the nELAVL family of RNA-binding proteins has revealed that they
preferentially bind U-rich motifs in introns and 3’UTRs of target mRNAs to regulate several
aspects of RNA metabolism (Ince-Dunn et al. 2012; Scheckel et al. 2016). The most well
characterized of the homologues, HuD (ELAVL4), has been mostly attributed roles in neuronal
development, however, its misregulation has also been linked to aberrant neuronal function in
models of Alzheimer’s disease, ALS, and Parkinson’s disease (De Santis et al. 2019; Kang et al.
2014; Chapter 2). A few studies have implicated HuD in regulating metabolic pathways including

insulin translation and triglyceride production in the pancreas (C. Kim et al., 2016; E. K. Lee et
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al., 2012), however, to date, the effect of loss of HuD on energy metabolism in a whole animal has

not been investigated.

Here we evaluated global energy metabolism in HuD"" mice for the first time and found that loss
of HuD is associated with changes in energy metabolism, respiratory rate, and body composition.
More specifically, we observed a surprisingly elevated respiratory exchange ratio in HuD”" mice
compared to WT mice (Fig. 4.3.2 ¢). In ~50% of the knockout mice, the RER surpassed 1.0 at 8-
months, which is typically only observed during intense exercise as carbohydrates are burned for
quick fuel and the body produces more lactic acid as a byproduct (Ramos-Jiménez et al. 2008). As
previously described (DeBoer et al., 2014), and as confirmed in this study, the knockout animals
are significantly less active than wildtypes (Fig. 4.3.3 a,b), and this is therefore not the cause of
the high RER. Paradoxically, an elevated RER is also associated with sedentarism. The link
between low activity levels and high RER is described in the case of obesity(Ramos-Jiménez et
al., 2008). The EchoMRI results indicate that HuD”" mice exhibit decreased fat mass, (Fig. 4.3.1
a,b, Supplementary Fig. 4.1) suggesting that the altered body composition in HuD”" mice is not
driving the elevated RER. The data on food consumption, glucose tolerance test, and pulse
oximetry (Fig. 4.3.2-4) suggest that the elevated RER and decreased energy expenditure in HuD"
mice is not caused by impaired glucose homeostasis, feeding habits nor impaired lung function.
Furthermore, the decreased VO,, breath rate, and energy expenditure could be a consequence of
decreased movement, however, there should be a concomitant and proportional decrease in VCO»
and heart rate. The presence of an elevated heart rate, and increased RER suggest that the HuD™
mice are exhibiting a metabolic phenotype. We therefore hypothesized that it was associated with

mitochondrial impairment.
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To test this, we evaluated several datasets for nELAVL binding to mitochondrial genes and found
that HuD or its homologues bind to introns or 3’UTRs of mRNAs encoding proteins required for
mitochondrial dynamics including the fission and fusion factors Mff, Mfn1/2, Opal/3 or mitophagy
(Park2) and these were validated by RNA-immunoprecipitation (R-IP) in mouse brain tissue (Fig.
4.5 ab) (Bolognani, Contente-Cuomo, and Perrone-Bizzozero 2009; Ince-Dunn et al. 2012;
Scheckel et al. 2016; Chapter 2). Data from our previous study indicated that these targets were
differentially expressed or misspliced in the brains of HuD” mice (Table 4.3.1). Furthermore,
Pinkl, which is part of the PINK1/Parkin mitophagy pathway, was among the differentially
expressed and spliced targets, however, it is not directly bound by nELAVL. In humans, mutations
in PINK1 and Parkin are associated with early onset Parkinson’s disease, suggesting that HuD may

be implicated in PD through various mechanisms (Chapter 2).

While the splicing data still requires experimental validation, we evaluated protein levels in the
cortex, striatum, and midbrain of one year old mice and found that OPA1 was significantly
decreased in the cortex, and MFN2 was significantly increased in the midbrain (Fig. 4.3.5 d-g),
suggesting that mitochondrial fusion is impaired in both regions of the brain. A recent study also
found that MFN2 expression was controlled by HuD in pancreatic 3 cells (Hong et al., 2020),
suggesting that HuD could also regulate mitochondrial dynamics in neurons. OPA1 controls inner
mitochondrial membrane fusion, whereas MFN2 controls outer membrane fusion (Tilokani et al.,
2018). The inner mitochondrial membrane is the site of the respiratory chain complexes
responsible for oxidative phosphorylation (OXPHOS), and the outer membrane coordinates

mitochondrial dynamics and serves as a receptor site for mitophagy (Kiihlbrandt 2015; Xian and

195



Liou 2021). The high energetic demands of neurons is dependent on oxidative phosphorylation,
and dysregulation of this pathway is associated with neurological and neurodegenerative diseases
(Zheng et al. 2016). Therefore, loss or gain of function of key mitochondrial proteins could have

catastrophic effects on neuronal bioenergetics.

In the absence of oxygen, or in cases of impaired OXPHOS, the cells will undergo a metabolic
shift towards glycolysis to sustain energy demands (Ait-Aissa et al., 2019). Glycolysis, which is
entirely reliant on carbohydrate metabolism, will produce lactic acid as a byproduct (Yellen, 2018).
This accumulation of lactic acid triggers the bicarbonate buffering system, thereby increasing the
VCO:; relative to VO2 and driving the RER to 1.0 or above (Korkmaz Eryilmaz et al. 2018), as we
have observed. While we noted a significant decrease in oxygen consumption in older HuD”" mice
(Fig. 4.3.2 a), the pulse oximetry data showed normal oxygen saturation levels (Fig. 4.3.4 c),

suggesting that tissue hypoxia was not occurring in HuD”" mice.

Impaired OXPHOS is a defining characteristic of metabolic disorders, which are caused by
mutations in mitochondrial DNA or in nuclear genes encoding mitochondrial proteins, and many
of these disorders present with neurological disabilities (Gorman et al., 2016). In mitochondrial
disorders involving the CNS, diagnostic testing may reveal elevated levels of lactate in the blood
and the cerebrospinal fluid (Chinnery, 1993) , indicative of deficits in mitochondrial respiration.
Collectively, mitochondrial disorders may present with an array of symptoms and manifestations
including encephalopathy, seizures, fatigue, cardiac arrhythmias including tachycardia, impaired
breathing like bradypnea, an inability to gain weight, and lactic acidosis (Anglin et al., 2012;

Finsterer, 2008; Koene et al., 2013; Koenig, 2008; Lindenschot et al., 2018; Monlleo-Neila et al.,
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2013; Shah, 2017; Thomas et al., 2015). In mice, loss of HuD resembles a mitochondrial disorder,
as we have observed significantly decreased motor activity, decreased body weight, bradypnea,
and tachycardia (Fig. 4.3.1-4). Interestingly, mice lacking HuC or HuD have been previously
reported to experience seizures (DeBoer et al., 2014; Ince-Dunn et al., 2012), which we have also
observed in mice as young as weanlings. Taken together, the data suggests a potential model in
which HuD is required for coordinating mitochondrial dynamics and mitophagy in neurons by
binding and regulating splicing or gene expression of key mitochondrial proteins to control energy
metabolism. Future directions required to validate this model include analysis of metabolites like
blood and CSF lactate concentrations, and the effect of HuD knockout on cellular metabolism and
mitochondrial dynamics in primary neurons. Furthermore, the predicted nELAVL binding sites

(Supplementary Dataset 4.1) in mouse mitochondrial RNAs should be validated.
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4.5 Supplementary Data
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Supplementary Figure 4.1 Body fat percentage is decreased in HuD”~ mice.
Body fat calculated as a percentage of total mass in 8-month-old mice. * p<0.05, Two-Way

ANOVA with Holm-Sidak’s post-hoc test. n=3-4.
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Supplementary Figure 4.2 Blood glucose levels are unchanged in HuD”" mice.

Four-month-old, male, and female mice were fasted for 6 hours prior to an oral glucose tolerance
test. Mice were administered a 2 mg/g bolus of 20% glucose solution by oral gavage. a) Saphenous
vein blood samples were taken at 0, 15, 30, 60, 90, and 120 minutes and blood glucose levels were

read by a glucometer. b) Data represented as area under the curve (AUC). n=5-6.
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Supplementary Figure 4.3 HuD expression across tissue types.
Western blot screening of HuD expression across tissues relevant to HuD™~ phenotypes. Knockout
tissues were used as an antibody control. Striatum (Str), Pancreas (Pc), Lung (Lg), Fat (Ft), Kidney

(Kd), Cortex (Cx).
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Supplementary Table 4.1

nELAVL binds genes regulating mitochondrial homeostasis. Genomic coordinates of nELAVL
binding sites identified by HITS-CLIP in prefrontal cortex of human post-mortem brain tissue
(Scheckel et al. 2016). Specific binding sequences were identified using NCBI Genome Data

Viewer using Genome Reference Consortium Human Build 37 (GRCh37) as the reference

genome.
Gene Chr _hgl9 Start hgl9 End hgl9 Strand Region Binding Site
MFF chr2 228191511 228191519 + intron UUUGUUUUU
MFF chr2 228193251 228193262 + intron UUUUCUUUCUUU
MFF chr2 228193808 228193813 + intron UAUAGU
MFF chr2 228193874 228193875 + intron UU
MFF chr2 228194297 228194298 + intron GA
MFF chr2 228197199 228197210 + CDS UAAACCCCUGGC
MFF chr2 228206459 228206467 + intron UUUUCUUUU
MFF chr2 228206623 228206624 + intron UA
MFF chr2 228206806 228206807 + intron UU
MFF chr2 228207410 228207413 + intron CUUU
MFF chr2 228207564 228207565 + intron AA
MFF chr2 228207820 228207822 + intron UAU
MFF chr2 228207888 228207890 + intron UUU
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Supplementary Dataset 4.1. Predicted binding sites for nNELAVLs (nELAVL) in the 3’UTR of
human and mouse mitochondrial mRNAs. AU-rich and U-rich nELAVI binding sites were
identified by HITS-CLIP (Scheckel et al. 2016). Human and mouse 3’UTRs were aligned using

Clustal Omega. Only regions with predicted binding sites are shown.

Mitochondrial Fission Factor (MFF)

Human Transcript: ENST00000304593.14

Mouse Transcript: ENSMUSU00000162003.8

Human UUCUUUGUUUCUGUCUCUGCAUUGUAUGCCAUUUUAUAGUCCACACCCUGAAAAUGUAUU 116

Mouse UUCAUUGUUUCUGUCUUUGCAUCAUC-——-—--~- GUAU---GACGGCCCUGAAAAUGUAUU 110
kkk KAhkkAkhkkAkkhkkhkhkkk Khkkkk * * Kk K* AKhkAhkAkKAkhk kA kA k kK Kk Kx*k

Human UCUUCCAGAAAGUCUGGAGGAAGGACCUAUAUUUGUAGAAGUAAAGGUAUAUUCUGUCAC 176

Mouse UCUC-CAGAGUGC---AGGGAAGGCCCUGUAUCUGUAGA-GUGAAGGCCUGUGGUGCUGC 165
* Kk Kk * Kk kK * kkhkkkk Kk Khhkk Kkhkk Kkkkhkkkk kk Kkkk*k * K * K *

Human UCAGCUGUAUUCACGUCUGAGCAGUUCUGCAGUAACACCUGCUUAAAAUUCUCCCUUUGC 236

Mouse UGA---——- UGGGCGUUCAGCCAGUUGUGCAGUGGCACCUA---UACACUCUCCUUUUGC 216
*x K * * Kk Kk KAhkKkkk KAhkkkKk*k * Kk Kk kK * kK kkkkk KkkkkKk

Human AUGUUUUGUAAAUAGGCUCCAGUUUUGUUUU---UUAAAAGGAAUUUAU--UUUUUGCCU 291

Mouse AUGUCUUGUAAAUAGGCUCUAGGUUUGUUUUGUUUUUAAAGAAAAUAAUUUUUGUGGCCU 276
AKKhkkhkk KAkAkhkAhAkAkAkhAkkAkAhkhkk Kk *k *kkAkkAkkkhkk%k Kk Kkkhkkk Kk Kk K%k Kk kK kKKK

Human CAUCAGUCCACCCAACUGAUUCUGAAUGGGAGA----GAGUCUGUAGAGAAUUGAUUCAG 347

Mouse CACCAGUCUGUACAGCUAAUUCUCUAAACAGAAAUGGCAGU-CAUARAGAGUGAGUUUAG 335
* Kk Kk Kk Kk*k Xk kk Kkkhkkk*K * * * Kk Kx Xk Kkkk K kK kK

Human AAAAGUGUCUGUGAAAGAAAAACAAUUAUUUUGUCCUGUUUCUCAAACAGUGUUAAGCAG 407

Mouse AAAACUGUCUGUGAAAGAAAA----GUGUUUUGUCCUGUUUUC-AG--AUGAUGAAGCGA 388
kKhkkhkk KAkAkkAAkAAkA Ak A Kk Kh kK% kX kkAkKkAkAkKk AKXk KA Kh KK * * *x kK kK

Human UUUUGUUAAUAGACA-UUUUUGCAUCGACACUUCAACAUUAACACUUUCAAAGUCAUGGU 466

Mouse UUUCUUUGAUAGAUGCUUUUUGUAUCUACAUCUCAACUGUAAUGCUUUCUAAGUCACAGU 448
* Kk Kk Kk Kk Kk Kkk*k kkkkkhkk Kkkk Kkk * Kk Kk kK * Kk K kKKkKkkk KAk kkKk * K

Human CUGGUGCCAGAUUUAAGAAACUCGAACCACCUAAUAUUUCAUAACCUUCUUCAUUAGGUA 526
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Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

GCUGUGCAGGACUGAA----GUCAAACCACCUGACU-===————— CUGCUUCAUCGCCUA
Kk kK * Kk kK k%K Kk kKkkkkkkhkKk K Kk kKKK kK * K
CUUGUACAGA-——————— UUAAUUUCUAACAUUGCAGCAGUUUCAUAUGUGUGCAAUAUG

CCUGCACAGGCGGGGCUAAAAACUCCUAACAGUUCAGCAGUCU-GUCUGUGUGCAAUGCU
*x kK kkkk XKk kK kkkkkk Kk Kkkkkhkkkk Kk * Ak KAk KKk kKKK
UGCAUUCUUUCAUUUUAGUUUUGCACUUGGUUUUCUAUARAGUACGUUUUUACUCAGUUC
——————————— GUUUUGACUUUCAUCUUAGUUUUCUAUCAAGUAUGUUUUUACCAAGUCC
* Kk Kk Kk * Kk Kk KAk KAhkAkAkKAkkhkhkkhkk KhhAkkkhkk kkkkkAkkkKk*k *kk K
AUGCGUGAACAAUUUAAAAAACGACAGAAUAAGGUACAAAUGUAGUGUAUUUAAUAAACU
AUGUGUGAAUGAUUUAAAAACCUAAAAAAUAAGGUAUAAAUGUAGUGUAUUUAAUAAACU
*kkk KAk kkk KAkRkKAkAkKkA Xk * Kk Kh KhkAkAkAkkAkA kK KAAXAAAAAXAKAAAA*hA A A A AKXk * k%
GUCAACCAAAGAA- 711
GUCAACCAAAGCAA 677

kkkkKkkkkkAhkkkk K
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Mitofusin 1 (MFN1)

Human Transcript: ENST00000471841.6

Mouse Transcript: ENSMUSU00000091257.1

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

GAGCCUUUCAUCUUCUUUCUCAAAACUAGUUUUUGAUGCUUUCUUUCAUGGGAAUAGUCA
--CCUUUUCAUC--CUUUCUCAGUGCUAGUUCUUGAUGCU-UCUUUAAUGGGAAUAGUGA
* kkk KKk kK Kk Kk kK Kk Kk kK KAkhkkhkkhk KAk hkkhkkhkkk Khkhkk Kk (kA kkAkkhkkkhkkhkkk K
CUUUUUUAUUUAGUAAAUCGCAUUGCUGGAACCACCAAGGAGUGUGGAAUGUCCUUGAGU
ACUUGUUU----AUAAGCCGAUUUGCUCARACC- - --AGGGGUGUGGGCUGCUCCUGGGG
* Kk kK * Kk Kk * K * Kk kKK Kk kK kkk KRk kk Kk * x * kkx  x
GUAUUAUUUAUGCAAGUCACAGUCACGUUGCCAUCAUGGCAGCUAUGUGAAACACUAAUA
GGGUCC----—=-==—- UGCAAUCACUCUGUCCUCACAGCAAGGAUGU-AACCACUACUA
* * Kk Kk Kk kK Xk kK kK%K * Kk Kx kkkk kk Kkkkkk K%k
AAUGUGUUUUUACU---UUUUAUUCCCGUUAAAACUGAUGUAAAACAGGAUAAAGGCUUG
AACA-GUUUUUACUUUCUUUUAUUCCCAUUAAAGCUGAUGUGAAAUAGUAACGAGGCCUA
* K KAk kKkKk Kk kK KAk khkkhkhkkhkhkk Kk K hkkk k *hkkhAkkkhkkhkk *kk k*k K kK kK Kk
UUA---UAGUCACUUAU-AAGUAUCUGGGUCUAAGUAAUUUCCUUAGAUGUUUCUAAAGA
UCAUUGUAGCCACGCAUGAAGUAUUUGGGUCUG----CUUUCCUGCUCUCUCUCUUUAGA
*x K kX kk Kk k Kk kKkkkhkkk KAk kkhkkKk kK kK kK *x k kk %k * Kk K
AACAUUUUCAGCUUUGCUCCCAUUAUGAUUCCAAUAAGGAACGCUUUCCUAGUGCAAUUU
CACAUUUUCAGCCUUG-----====—— AGUCCAGCAAGGAGAGCUUUUCUGCCUAAGUGU
KAk kkkkAhkhkkkhkk Kk*k ) Kk kK Kk Kk kK kKkkKkk kK * Kk K
UAGGAGUAAAGUUUGAAGAGAUAAAAAUAGCCAAAGAUA-————- GGAGACGUCUGAAUU
GAAGUGGAAGGUCUGAAGGGGUGARAUGGGA-GCAGAAAGUGUGUGGAGUGGAGUG-—~~-

k kK k kk Kk Kkkkkk Kk Kk Kkk*k * *x Kk kK * Kk Kk Kk * * K

UUGAAUGAUAAACAGUGAUGUUUUAAAAAAGCUGUUGUUCUUCAGGAGG-CAUUUGCCUA

—--GAGUGUGGUGCAGUGACUGUGG—----CAACUGGU---UCUCAGCAGGACACUCACCGA
kK kK * Kk kK kK * ) kkk Kk kkkk Kkkk Kk K *x Kk K
G——————- GAUAUUGCUGGAUUAUACCCCAUUGGAGGCUUUUAAUUUUAUUUGUAUGAAU

GACCCUGGGCGUGUCCAGGCGU-GUCCCCACUGGAAGCUUUG-AUUUGAAUUACAUGAAU

* * * kK k% * KAhkkkk KAhkkk kKkhkkk*k *kKkkk Kk kK

Mitofusin 2 (MFN2)

Human Transcript: ENST00000235329.10
Mouse Transcript: ENSMUSU00000030884.10

Human

GCACCCAGUCUCGUACCAUUUUGAGCCCUCCAGCACUACUUAUUUUCCCCCACCUUUGCC
20/
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Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

GCACCCAGUCUUGUACCAGUUACUCCC-———===—=——==—————————— UAC---———-
AkKhkkkkhkhkkhkkhkhkk Kk khkkhkkkk K% * K * x
UGCUGUUGCUGGAAGA--GCUGGCUCAUACCCCCAAAGGACACUUUCAGCGACAGCUAUG
--CCCCUGCAGGAAGACCCCUGGCUCAUACCC-UAAUGGAGACCAACAAGG-———- ACUG
* kkk KAk kkkKk KAk kAkKkKAXk KAk k* Kk Kk k Kkk * K * * K
GACAGCAUGGUACCAAGGAGUUAAGUUGA-GGCUUUUUCCAGCUUUCUCUGGUUCAUU--
GACAGCUCGGCUCCAAGGAGUUAUGCAUGUGUCUGUGUC-UGC-UCCUCACGCUCACCCG
* Kk kK kK * K AkKkkkkKkkkAhkhkkk K *x kK Kk k% * Kk kK kKK * Kk Kk
———————— UGAU----UGCUUGAUAAGG- - - -~CCUCAGGAUCUCAGCAUUGCACAAUGCC
GUUGAAAGUCACUGUGCAUUUGAUAAAGUUUUCCUCAGAAUGGCACC-CUGCAGAAUGAC
*  x KAk kKhkKkk K kKkkKkkhkKk Kk R kkKhk Kkkkk Kk
UCAUGGAAGCCUUUGAGGGUAUCACACAGACACCCCCACCUUCCUCCAGCCUGUGCGCAC
UGAUGGGCGCCUUCACAGGCAUCAGGCAGCCACUCCUAC-UUUCUCCAGCCUGAGCACAC

X kxkk kokokokok kk kKKK kkk kkk kk kk Kkk kkkkkkAxxkk Kk kokok
CUGCCCUCCUUGCAGCCCAGCACACCUGCAGGUGUAAGG————————— GACGAUUGGAGU
CUACAGA-———————— GAGACAGUGUUGGGGGUGACAGGAUGCCCCAGAAAAAUUCAGGA
xx % * % Xk kxkKk kokok *  xxx *

UUCUUCCCAGAG————- AGUCUGUCCCAGAAGGACUGUGGCUUGUGUGUGUCCAUCUCGC

UACUUCUGAAAUUGCCAUGUUUGUCUCAGAACU--UGUAUCUUGCGUUUGGCCCU--—-~~-
*x kK kK * K Xk Kk kk KkKkkKkKk * Kk Kk kKkkk Kk Kk Kk Xk

CUGUUGGCUCAGUGCUUCAUCCCAUUUGCAGAGCCUCAGACACGU-CUUGGUGGUGAGGC
---CAGCUUUAGCACUUUUUCCCACUUGCAGAGUCUUUCAGUUGUGCUUGGUAGCCAGGC

* *x k% * Kk K* kKAhkKhkkk KAhAkkkhkkkhkkhkk kK * Kk kkkKkkk K * Kk kK

UCAGUUACCCCUGGGCUUAGGCUGAGGCGGGCCCUGUGCUGGGGGUGGUAGAAAGGAUGC

UCAACACACCGGGGCUUUAGACUCAAGCAGCUUAUAUG-——=———————————— GGAAGC
* Kk Kk * K * K kkkkk kK Kk kK X *x kK *xKkKk kK
UGCUG———--— AGGCAGCUGGAGGAGUGGGAGUAGCUCAGAGG--GGAG-GGCUGUUGGAU

UGGAGACCCCUGCCAGCCAGAGCACAGUAA-GGGCUCGGAGAAGGUAUGUGAACUAGGGU
* K * * kK kK * Kk Kk K * * KAk Kkk KKk *x X * *x kK K
GUAUGGGGAGCUGGCAGAGCAGGUGGCAGUCACUGGGACAAGGAGGGACUUGCCUCUCUU
AUCUGAUGUGGUAGUGCAGUUGGUGUCUGGCAUUGUGACGACAAGGGACUUGCCUCCCUU

* kK * kK K * K Kkkhkkk kK k kk Kkk KKk Xk khkAhkkKkkkKkAkhkkkhkkk k)%
CUCAUUAUUGUGUCCUUUGCUUUAGUGUCAGUCCUGGACUUGUGCAGGCCUGUUUUGUGU
CUUGCCACUGAGGCCCUUGCUUUUCCUUCAGCUCUUGGCCUGUUGG-UCCGGUUU--—~~

* K *x kK k kk KkKkkkkkk Kk kK K*k kK kK kK% Kk Kk k Kk

AGAUCUGUUUUGGAAGAUGGCAUGGUCUAGGUGGUUGAAGGAUGUAGUAGAAGGAUGGAU
————— AUUAGUGAGAGCUAGUUUGCUCCAGGUGGUUAAAGGAUGUAGCAGGAG-—-—-GAAU

* * K *xk K K kk kk KAk AkhkAkkhkKhk KhkAkAkAkkhkhkkhkkhkk Kk k%K *x kK

GGUGGAAGGUGGGGACGUUGGUGGCUGGCUGAGGUGCAUGGGCCCCACACAGGACAGCUG
GGUGGAAGAUGGGAGCU-—-—--— GCCCGGGUU-======————=——————— AGUACAGA--
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Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

kkkhkKkkhkKhkkk Kkhkkk * *x k kkx * Kk Kk k Kk

GAGAAUGGGCCGUCCACUUGGCCUCGUUCUGCGAGGGGCUCAUGGGUCUGAGAGCCCCCA
---AGAGGUCUGUCUAUCUGACCUAGCACUG--AGGGGUUCACAAACCUGUGAGGUGCAC
KoKk K KRk K Kk KKk K KAk kkkkk KA wxx KRRk
CCCACUAGGCUUGAUUGCAUCCCUGUUGUGCCCUUUAAGAGACAUGUUUCCACCCCACCC
CUCACUAAUUUUGGC-UCAUCCCUGCCUUGC--UACAAGCUCCCUGUGGCCACC--———-

*x kkkk Kk * Kk Kk KAk Kk Kk Kk kKK * kK * * Kk Kx *x kKK Kk Kk Kk kK

CCAACCUUGUCCCAAGUGCCCUGGACUAAAUUUCCUGUGCCAGUGACUGCAGUUGGCCAA

——————————————— AUUCUCUGGACU----GUACCGUGCUGAUGACUGCAGCUGGCUAC
*x kK Ak kkKk kK *x kK kkk*k kkkhkkKkkhkkkhkk Kkhkkk ok
GGGACAAUGUGGAAAACC---CAGUGUCCAU-—-—-—— CUUUCCACCCUCC—=====———— C

AAAACAGCAUGAGAACCUGGCCGCUGUUCUCCUACUGCCUCCACCCUCAGGCAGGCCUCC

* Kk Kk * K * Kk K * *xkk K Ak Ahkk KKk kKK *
UGAUCU------ CCAGAA-— === === === —mmmmm CCUUCGACUGA
UCCUCUUCUGCCCCUGAAGCCUCCUGCUGCUUGCUCCUCCUGCCUCCACCCUCAGGCAGG

* * Kk Kk kK KKk * Kk K *x  x  X
CCCCCUY= == —mmmmm oo GUCUUUAUGCU-
CCUCCUCCUCUUCUGCCCCUGAAGCCUCCUGCUGCUGCUCCUCCACCUCAGUCAGUGCUG
* Kk Kk *k * * Kk Kk Kk

———————— GAUGUUGAGUUUUGGGAUUGUUACUGGUUGAAGUGGGGGCAGAUGCCUGUCA
AACUUCUCACUGUUGAGUGUUGAAAUUGUUAAUGGUCAAAGCAG-GGAGGAUGCCAGUCA
kkkkkhkkhkkk Kkhkk kkkkkhkkk KAk K * Kk Kx * k% kKkKhkkkk KAk k*k
CCAAGGUGUUGACUGUGUGAGAAAAGCAGUUU--GGGUGACAAAUCCUGUGUGGCACAAG
CCAAGG--UUGAUUGUCUUGGGAAAGCAGUUUUAGAGUGAUGAAUCCUUUGUAGGACAGG
* Kk kK kK kkkkKk KKk K *x kkk kK Ak Kk Kkk K *x kK kK kkkkkhkk Kkkk kK Kkkk K
UUGGAUCGCUUCCUAGAAAUAAGCAACACCUCUCCCAAARAGCAGCCCACAAGGCAGGGG
UA-GAGAGUAUCUUAGAGAUAAAAAAA-——— === === === ——— oo
* * K * Xk Kkkhkkkk KkKkk*k * K
CCCAGCAGCCCAGCCAUCACUCAUCUUUGAGGAAAUGAGUUGGUAGCCUCUGUGCACUGU
——————————————————————————————————— UG--------GGCUAUGUCCUCU--
* K * kk kkk Kk kK
UUGGUGGCCACAUCACAGGUGAUGUCCUGUUCACAUACCUGCUUGUAUUUAAAGCCCUCA
--CCUG---—=———=--~ CCCAUGUCUUGUGCUCACU----————=—==-~- CGCCCCUCA
* K kAhkkkk KAkk ok k% kK Kk Kk kK
GUCUGUCCUGUUGUGUGGGGCGAAGUGAUGGACUCUGCCAG-GUGGACAUGCUGUGGGUG
GUCUACCCUUUUUGCUGGG--ACAGUGAUGGUCUUGGCCAAGGUCAGCAUGUAAUGGAAA

* Kk Kk Kk *kk k*x Kk kK KAk kkhkkkKk kK * Kk kK * K * Kk Kk Kk * K Kk

GAUGUUCCCGGCGUGUGCCGGGCCUGAAUGGACAGGGGCCACUUCACAGCAUGUCAG-GG
GA-————— CAGUGUAUUGCCAGGCUGGAUAGAU-GGGGUCAUCUCACAGUGGGUCACGUG
* K *x k kkx * * Kk kkk Kk k% *kKkkKk KKk * Kk Kk kKK * Kk kK *

AAAAUCACUGUCACACAAUUCCAAUGGAUUUUGUGCUCUUUUUGAAAAAAAAAAAUUCUU
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Mouse

Human

Mouse

Human

Mouse

Human

Mouse

AAAAUCAGUGUCACGUAGUCCCAGUGAAUGUUGUGUUCUUUCUGGGGGGAGG--GGGGAA
kkkkkhkkk KAk Kkkk *k kK kkk kK Kk kkhkkkk kkkkkk kK *
UAGCGUAAACAUGAAUUUUUUUUCAAUGUAGCCCCUGGGGAAUGAAUGARAUUUUGAGCU
UAGAAUAAACUCAAAUUCUUUUUCAGUAUAGCCCCUGAGUAAUGAAUGAAAAUUUGAGCU
* Kk Kk Kk k kK KAkKkk KAkAkKAkhkhkk Kk KAk AAkhkkhkk Kk Kk AhkAkAkkAkAkkAkhkhkk kA hkAkrkkk
UCUUCAAUACGUAAAAUUAAAUUUAUACCACUGAGGGAGAGACCCUUUCUGAAAGAAGUA
UAUG---UAAGUAAAGAUUCAUUUAUGCCACC-AGGGAGAGCCUGUAUCUGAGAGACAUU
*x K Kk Kk Kk Kk kK * kKkkKkkhkk Kk k*k KAk kKhkKkkKk K * kkkkKk kKK *
UGGCCAAAAGCACUUUAAU----- GCUGCUGACAUUGUUGUUUUUAUGUUCAUUUGCUGG
UAGCAGAGAGCACUUUAGUUUUUUGCUGCUAACU--GU----UGUGUGAUCCUUUGCUGG

* k% *k kkkkkkkhkkkk K kKkkKkkKk kK * K *k kK kk kk kKAkkKkkkk*k

Onptic Atrophy 1 (OPA1)

Human: ENST00000361510.8

Mouse: ENSMUSU00000160597.8

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

UUUGUCCAGCCUCUUUUUCUUCUGCUGUUCCACCUUUCUAAACAUACAAUAAAGUCAUGG
UUUGUCCUGCCUCCUUUCCUC---CCGUUCUACCCUUUUCCGUGCAAAAUAAAGUCACAG

kkkkkhkkk Kkkhkkkkk kkkk k%K *x kkkk Kkkk Kk Kk * Ak KAk KKk kKKK *

GAUAAAAAUAAUCGAUGUAUGUUACGGGCGCUUUAACCAUCAGCUGCCUCUCGAAUGGAA
GGUAAAAGUCAUGUACGUGUGUUCCAGGCACU-UAACCUGCAGCUGCCGUUUGAGCAGAA

*x kkkkk Kk k% k kk kkkk k kkk kk Kkhkkk*k KKk kK Kk Kk kK *x kK * Kk K

GAACAGUGGUAAUGG-AUUAACAUCCUAUUUUGUUGUACUAAAGUGACAAAUCGGAAUAA
GAGCCCUGGACGUGGCAUCCACGGUCUGUGAGCUCGUGCUGACGGCAGACAUUGGGAAAA

* Kk Kk * Kk Kk Kk Kk kK * K Kk K * kk kK Kk X *x k kk kk Kk k%

UAUAAUUGGUAUGGCCAUUAGGUUCAGUCCUUGAAGAUAAGAAACUUGUUCUCUGUUUGU
CAUCACUGGUGUGGCCGUGAGGCUUAGUCCUCAGAGAUUAAGAAGUUGCUCUCUGA-—--—

Kk kK kkkk Kkkhkkkk kK Kkkhkk Kk KAhkkkkk XKk Kk Kk Kk kkhkk khkKkkKkKk

UGUCUUAUUUGUGGUGGCACUCGUUUAAUGGAUUAACUGAGGUUGCUCAAUGUUCAGUUU
-GUCGUGUUUGUGGUGGCACUGAUGUGA----UUCACUAUGGCUGG——===—————————

KAk Kk Ak KkAkkAkKAkKkAkAk KA Kh KKk * k% * Kk Kk K *x Kk KKk

CUUUUCCAGAAAUACAAUGCUAGGUGUUUUGAAAUAAAACUUAUAUAGCAAUUGUU-UAA
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Mouse

Human
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Human
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Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

——-UAUCACACGUACAGUGGUAGCUGCUCUGGAAUAAAACUUAC--AGUAAUUUUUUAAA

* * Kk Kx kkkk kk kkk Kk Kk Kk KkhkkkkAhkkkkhkk Kk Kk Kkhkkk K%k * K

AGUUAUCAAUUGUAUAUAA---AAUCACAGUAGCCUGCUAAAUCAUUGUAUGUGUCUGUA
AGGCAUCAAUUGUAUAUGACAAGAUGACAGUU-ACUGCUAAACCAUCA----UGUCUACA

* K AKkkKkAhkkkkkhkkk Xk k * Kk Kk Kk Kk kK KkkKkkhkKkkk KkrKk * Kk Kk kK *

GUAUUCUAUUCCCAGAAACUAUUUGACCAUGAUAAUUCAGUUUAUAUUCACCACAUGAAA
GUGUUCUGUAUUCAGGAACGCUUUGACUGUAAACACUCAGUUUAUGUUCACCACAUGAAA

Xk Kkkhkkk Kk *kKkk Kk k Kk kk kK *  Kx kX kAkAkhkAkAkAkAKk AhkAkAkhkAkAk Ak Kk Ak kK

GAAAAAUGGGUAACAGAAGAACCCUUAAAACAGGUUAAUUUGGAUUGUAA-—————————
GAAAGCUGGUUUAUAAACAGAUGCUUCAGCUGGGUUAAUUUAUGUUGGGCAGUUCAGUGU

* Kk Kk Kk xkk Kk Kk Kk X * * Kk Kk K KKk Kk kAR Kk Kk kK * Kk Kx

-CGUUCAGUGAAAGAAAUUUCAACCCUUCAUAGCCAGCGAAGAAAUUUGCCUUGGAAGCC
AUAUUCAGUGAAAGAAACAUCCACCCUCCAUUGCCAGCUUAGAAACUCGCCUUGGAAGCC

KAk KAkAkKkA Ak KA Ak K Kk Kh Kk Kk kKkkkk khkk kKkhkkkkKk kKhkkkk kK KAkXAkKAAkAkAkKAkKk AKX K

AAGUCAGUACCAGCUUACCUAUUUGAUUCAGUUGCUGUUUUCUCACUCUCUAUAUCCAUU
AAC--CGCAGCAGCGUGC—==———— AGUCCAUCGCUGCUUUUGC--GCCCUGUAUCCGUG

* K *x kK kkkk Kk X * kK ) kkkKk kK%K * * Ak kkkkk X

UGAAAUUGAUUUAUUUUAGAUGUUGUAUACUUA-CGUUAGGCUUUCUGUUAAUAGUGGUU
UGCACUUAGUUCAGUUUGAAUAUUGUGUGCUCUCAGUCAGGCUUUCUGGAA-CAGUAGG-

Xk kK k% * Kk Kk kK% Kkk kkkk Kk K%k Kk Ak kAhkkKAkKhk kKK * kKK K

UUUCUCCUGUUGACAGAGCCACCGGAUUAUGACACAGGAUGAGGAAGAUUAAGGAUAAUC
UCUCUCCUGGUGACACAGCCAUUGAAUUAUGACCCACGCUGGAGAAGACUAAAGACCACC

k kkkhkkkkhkk kkhkkhkkk KAk k*X Kk kkkkkhkkhkkk Kk Kk k% kkkhkkKk Kkkk k%X * K

AAUUGACUAAUUUCAUUUAGAAUAUUAUCAAACAUUUCAACUAGGUAUCAGAAAAAGGCU
AGUUGACGAAUUUCAUUUAGAGUGCUAUCAAAUGUCUGAACUAGGCGUCAGGGAAAGGUU

kX kkkhkkhkk kAKX KkAkAkAKAkKkAkAkKkKk K Kk Kk k kKK *x kK Ak kkKk kK * Kk Kk Kk kKK KXKk Kk

UUCUU-————-— UCAUAAGACUAUUUUAAAUAGAAAUUAUUUCAACAAUUAAAGUAAUGUU
UCACAAUAGCCCUCAAACACUAUUUUAAAGAAAAAUUAUUCUAACAAGGGAA-AAAUGUU

* Kk KkhkkAhkkkAkkhkkAhAkkhkk kK kAkkkkhkKkkKk * Kk kKK * K kK Kk Kk kK

GACCAUCCCCCUCUC--AGCUGAAUAAAGAAAAAUUUAGUUCAAUUUAUUGCAAUUUAAU
GACCCACUCCCACUUAAAGCUG-———-———— AAAAUUCUGUUUAAUUCAUUGCAGUUAUAG

* Kk Kk Kk *x kKK k% Kk k kK kK kK kK kkk KhAkkk Khkkkkkk K%k *
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Mouse
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Human

Mouse

Human
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Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

UACAAUACUACCUUCACAACAUUUUCAUGUGUUUUAAAUAAAUAUUUUUUAAUUGGCUAA
UA----AUAACCUUCAUAAUAUUUUCAUGCGCUUUAUAUAAAAU----UACGUUGGUUAA

* K * KAhkhkkhkkhkkk Kk Khkkkhkhkkhkkkkk Kk KkkAkkk Kkkhkkk*k * XKk kKk kKK

AGGACAUUCAAGCAAAGAAAUGCU--UUCUUUACUUAAAAUGUCUAUCUCAUUUGCUGCC
AAAAGCUUAAGGCAAACA-GUACUUCAUAUUUACUUCAAAUGUCUUUUUCAUCUGCCACC

* * Xk kK kkkkk Kk *x k% Kk kkkkAkKAkKk KkhkkkAhkhkkk kA kkhkkk Kk*k * K

UU-UUCACUAAGCCUUUACUUUGUUAAUAAAAGUGUCCAUUGUGUGAUGUUUUUGAUUUU
UUUUUUAUUAAGGCUUUACUGUUCUGGUAAAAACACCCAGGGUUGC-AGUUCUU--AUUU

XKk kk kK kkkKk KkkkkAkkKk K * Kk kK kK * Kk Kx * x *xKkKk kK * Kk K

ACAGUUUGC--UAAAUCUUAUUUUCUUGGAGUUGCUUUUUGGUAACAGCCCCAUUGCUAC
ACAGUUAAUUUUAUAACCAGUUUCCUUGGAAAUGUUUUU--—===———————————————

* Kk kK kK * Kk Kk K% kkk KAk kkhkk*k Kk Kk k Kk

UCCCCAUUUUAUUGUUUUACAUCAAUGCAUGCUUCGUUGUGAUCCCUCAAGAUGUAACAC
————————————— G---———----——————————-UUUAUGAUUCCCUCGAAUCUGACAG

* Kk Kkhkkk K%k * Kk kK kK%K

UUGGUAUGCUCGGUUGAGGAUAUGAAAAAAUACUUCCGAAACCAGGAAUUCAAUGUAUGU

U----AUGGAAGG———————————— GGCAGUGUUUCAGAAACCAUGAAUUCAAUAAGUAC
* * Kk x * K *x X KAk KhhkAkhkkAkkhkk KhkAkkAkkkkK *
UUGUUUUAUACUGUUUGAUAAGAAAAGUAGGUCCAGCCUUAAGC——————— AGCACAGAU

UCUAUUUAAA-UUAUCAAUAAGAAGCCUGGGUGCAAUUCUCAGAGCUACGACGAACAGUG

* *XkKkkKk Kk K * Kk Kk Kk Kk Kk kK ) kkk k%X * k% *x kK kK

GCGCUGGUAGAUGCAUAGUCAGGAACUUUUUUUAUUUCUUUUAGGUCUAGGGACAGGAGU
—-—-CC----CAUCCUUCCCUAGGACAAAUGU--GCAGGUUGUAGGUGU-GGGACAGUAGC

* Xk K K * Kk Kk Kk *x X kk Kkhkkkk Kk Kkhkkkhkkhkkk k%

GAAUAGAAAGGGAGGAGAGCUCUAUUAUGUUCUAUACACAGAUUAGGAGAUGACCUUACU
GAACAGAAGCUCUAGAGAGCCCUGGGCUGAUUCCCACAGCCAUGAGGAUAUGCUCGUCCU

kX kk KAk k%K kkkKkkKk kK Kk K Kk Kk Kk kkkKk kKK *x kX k%

GGGUACAC-CCCUCUAACCAGUGCU-===————— UACAGGUUAAUGCAUGUUAAUGAAU-
AAGCCAGUGGUCCUCAACCUGUGGGCCAAGAGCACUUUGGGGGCUGCAUAUCAGCUACUU

* * KkkhkKkk KKk * K kkkKkk Kk Kk *x X

AUUUUUGCAGUUGU-—————- AAAGCAUAACAAUUAC-———— AACUACACAUCUAUUUC-
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Human
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Human

Mouse

Human

Mouse

Human

Mouse

ACAUUAUGAUUUGUAACAGGGACAGAAUUACAGUUAUGGAAGAGCAACAAAAUGAUGUCA

* * K * kK kK * kk kK Kkkk KKk *x k kkk K *x Kk kK

UGGAUGGGGGUCACCACAGCACGAGGACUGUAUCAAAGGGUCCCAGCAUUAGGAAGGUUG

* K% ) Kk kK%K * * Kk Kx * Kk Kx

UUUACUUCUGUC—====—————————— AACUAUAG-—-—--— AAAGA--AAGACCUUCAGCU
AGAACUGCUGCCCUAAGCCCUGCUAGCCUCACUAGGGUGGAUAGGCUGAGGCCAGCAAGA

kkhkk Kkkk Kk * * Kk K *x kK *x Kk KKk * x

GUAUUUCCACAGAUUUCUCCCAAGGAAAAGGCUAAUAUUAGUCACUACUGUUAUCACAUC
-GAAAUCUGCAACUUUCUCCCAAGUAAAAGUCUUAGAUUGGA-——-—-———-——— UUCAUAUC

* * K * K KAk khkkhkhkK kKA k Kk K*hkk kkkk *k * K*kk * kK Kk KKk

CCUUUGUAUAAGUUUUAAAAAGAGAUGGAGGGAGAUCUUCAUUUCUUUGAGGAGAUCAGU
UCUUUAUACUUUUUUUUUA---AGUUGAAGAG-AACUUUUAUUUCUUUGCAGGGAUCUAA

Kkkhk kK kK * Kk Kk Kk * Xk Kk kK Kk * Kk Ak kAhkAkKkKk KKk * kk k%X

AUU-GUAACGUAUGUGAAUAGAUGAUAACAAUUAAUAUUACUAAAAGUCCCACAUGAGAG
AUUUGUAUCUUC-=====————— AACUUAAACGUAUAUUACUAAAAACCCUU----UCAC

kkk Kkkkk Kk X * * K KAk KkAkK Kk KRk kXK * K *

UCCUGACGCCCUCUCCAUGCCCCACAGUAAUGUGGCUUCUUUCAUGGGUUUUUUUUUCUU
UCUUGACCC—=—————————————————— CUGUGGGUUAUUUG-————————————————

Xk Kkkhkkk Kk kkkkk kk Kk Kk

CUUUUUAGCUGAUCUCAUCCUAAGCAUGCUUUAUUUUUCCUUGAAAGCUAGGUAUUUAUC
—-—-—--UAACCUGGUUUCCUGCUAACUGCCC----CCAUCCCCUGAAAGCUAUGUGUGUACG

*x kK kkk Kk kK Kk Kkkk*k * *k kK kkkkAkkAkkAkKk kk Kk kK

AACUGCAGAUGUUAUUGAAAGAAAAUAAAAUUCAGUCUCAAGAGUAAACCCUGUGUCUUG
AAACGCAGAAGCUACAGGAAGG--GUAAAGUUGAGUCCCAGCAGUAGACCCUGUGUAUCA

* K kkkkk Kk K%k *x kKK kkhkkk Kk Kkhkkk K%k kKkkk Kkhkkhkkkkkkkikk K

UGUCUGUAGUUCAAAAGUCAGAAAUGAUUCUAAUUUAAACAAAAAGAUACUAAAUAUACA
UGUCUGUAGUUCAGGUGC——=====——=————————————————————— UCAAAUAUACA

AkkkKkkhkhkk Ak kkhk*k * Ak kKK KXk kK

GAAGUUAAAUUCGAACUAGCCACAGAAUCAUUUGUUUUUAUGUCAGAAUUUGCAAAGAGU
CAAGCCAAACUUGGACUGGACAAGAAGCCAUUUGC-——-————————————-—— AAA-AAU

* Kk Kk kK kk Kk Kk Kkkk Kk k% * * Kk kK kK kKK kK K
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Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

GGAGU-=====————————————— GGACAAAGCUCUGUAUGGAAGACUGAACAA-CUGUA
GGAGUGGAUAGGUUUUUCUUUUUUAGACAAAAUUUUAUUUGGAGAACUAAGGGAUUUUUA

* Kk kKK Kk Kk k kK ) kK ok kk k%X kKK K * *x kK

AAUAGAUGAUAUCCAAACUUAAUUUGGCUAGGACUUCAAUUUUAAAAAUCAGUGUACCUA
AAUACAUCAUAAGCAAAAUGA-CUUGGUCAGAAUGUCAGUUAUGAA-——————— CCCCUA

kkkk Kk kKX R S S 4 Kk kK * Kk K Kkkhkk kK ok k%K * Kk kK

GGCAGUGCACAGCACGAAAUAAGUG----GCCCUUGCAGCUUCCCCGUUUAACCC--—--A
GUCUGUGUGCAGCAUGAACCACAGGAAGCAAGCUUGCUGCUUCAGCCACACACCAAGCAA

*x k kK% KkAhkKkkk Kk Kk * * kKkkKkk Kkkhkkk*k * * Kk K *

CUGUGCUAUAGUUGCGGGUGGAACAGUCA--ACCUUUCUAGUAGUUUAUGAUAUUGCCCU
UCUUCAGUUAGUUACAGGUGCAGCAGUCUGGGCCUUCCUCUUCGUCUCU--~—————~— CCU

* kkkkk Kk Kkkhkkkk Kk Kkkkhkkk kKkkKk KKk * kkx Kk % * kK

CUUUGUAUUCCCAUUUUCUACAGUUUUUUCCGCAGACUUCUUUCUGCAAAUUAUUCAGCC
CAUCG-GGCCCCGUUUUCCAGGCUGUAGUCAGUGGACUC----CCACAGAUUCCUCAGUG

*x Kk % KkkhkKk kkkkKk Kk * K% * Kk Kk * Kk kK * kK Kk Kk * Kk kK

UCCAAAUGCAAAUGAAUGAUAUAAAAAUAAGUAGGGAA----CAUGGCAGAGAGUGGUGC
ACCAAAUGGAAAGGGUUGGUGUGGAAGCAAGUGAGACUUCCUAACUGUACAGCGUGGGAU

KAk kkhkkk Kkhkkx K *xk K K * K * Kk Kk Kk * * *x kK kk Kk k%X

UUCCCAGC——————————————————————————— CUCACARA——————— e mm e
GUCACAUGCAGGAUUCAGGUGGCAGAAGCAGGACAGUCACAAGUCAAAGGCAAGCCUGAG

* Kk k*k * Kk kK kK

————————————————— UGUGGGAAUUUGACAUAGGAUGAGAGUCAGAGUAUAGGUUUAA
CUACAUAGGGACACCCCUGUCUCAAAAACAAAAAUAACAAAAUUAAGACUUUAGGCUCAG

* Kk x * K * kK * *k kK kK kkk Kk Kkkkk Kk Kk

AAGAUAAA-AUCUUUAGUUAAUAAUUUUGUAUUUAUUUAUUCUAGAUGUAUGUAUCUGAG
AAAGCAAAUUUCUUAUGUAGUUAAUUUUGUAUUUAUUUAUUUCAGAUGUAUUUAUCUGAU

* K * Kk x * Kk Kk Kk * K KAkKNkKkAkKkA Ak KAAkKAAkhkk Kk kA kK* k% khkAkkKkkhkkk KAk kkKk*k

GAAAGAAAUCUGGUAUUUUUGCUUUCCAAUAAAGGGGAUCAAAGUAAUGGUUUUUCUCUC
AAAAGAAACUU---UUUUUCUCUCUCCAAUAAAUGAGAUCACGGUACUGGUGUGU--CUC

Kk kK Kk kK * Kk kK Kk kKkhkkkhkkkkhkkk Kk KAk kKkKk kkk Kkhkkk Kk X * Kk K

214

2197
2058

2257
2109

2309
2169

2367
2221

2427
2276

2483
2336

2498
2396

2541
2456

2600
2516

2660
2571



Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

Human

Mouse

AGUUCUCUAAGCUGGUCUAUGUUAUAG-—==————— CUCUAGCAGUAUGGAAAUGUGCUU
CAUCCUCUACGCUGGUGUAUGGUAGAUUGUCUUAUACUGUAGCAA-CUGGAAAUGUGCUU

k kkkkk kkhkkkkhkk Kkhkkk kkx K Xk Kk Kk kK kKR AAkKAk KAk kK kXK

UAAAAUAUGCUUACCUUUUGAAUGAUCAUGGCUAUAUGUUGUUGAGAUAUUUGAAACUUA
GAAAAUAUGCUUACCUUCUAAACGAUCAUGGCUAUUUGAUAUCUAAAUAUUUAAAACUUA

KAkRkKkAkhkA XAk AkhkhAkkhkhkk Kk * * Kk K hkkhk*kkk khkkhkkhkkk *x **x * * *k kkkkkk KAhkkkhkkk*k

C-CUUGUUUUCACUUGUGCACUGUGAAUGAACUUUGUAUUAUUUUUUUAAAACCUUCACA
ACCAUGUCGUCAC-UGUGCACUGUGAAUGGACUUUGUAUUAUUUUU---AAA-CCUUACA

*x  kkk KAkKhk KAXKAANAAKAAXAKAKAA ), KNAhAkAhAkhAAkhkhkhkkxxkkx% *kkk kK kK kK%K

UUACGUGUAGAUAUUAUUGCAACUUAUAUUUUGCCUGAGCUUGAUCAAAGGUCAUUUGUG
CUCGAUGUAAAUGUUACUACAACUUAUAUU-UGCCUGUGCUUGACCUAAGGUCAUUUGUG

* KAhkKhkk Kk Kkhkk k AAkKAAkAkAAkAkAkAkK KAAkhkkhkkhkk XAk hkkhkk Kk KAhkhkAkhAkkAkAk Ak kkK

UAGAUGAGUAAUUAAAAAAUAUUUAAAUCACAUUAUAAUUCUAUUAUUGGAGAGCAUCUU
UAGAUGGGUAAUUAAAGGAUACUGAAGUGAUAUUAUGAUUCUAUUAUUGGAGAGUAUCUU

kkkkkhk KAhkkkkkkhkkk*k kkk kK kk kK kK kkhkkkk KAAkAAkKkAAKAAAAKAkAkAAKA KAk KkKk

Onptic Atrophy 3 (OPA3)

Human: ENST00000263275.5

Mouse: ENSMUSU00000063976.9

Human

Mouse

Human

Mouse

AAGCCAAGAAACAGGUUCUGAAACUUUUCUUUUCUUCUUUUCUCUUCUUUUUUCUUUUCU

* Kk Kk Kk kkkkkkkKkk kK Kk X * K * * K

UUUCUUUCGGAGACAGUCUAGCUCCGUCACCCUGACGGAGUGCAGUGGUGCAAUCUCGGC
————— CUAGAAGAAGCUGAAGU---—————-————————-—--UGGUGUCUUUAAAUUUAGGA

*x k kK% * * K * K * K * *kKkk Kk k%K
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Parkin (PARK?2)

Human Transcript: NM_013988.3
Mouse Transcript: NM_001403470.1

Human ACAUGGAUUGGAUUUCAGUUCAAUCAAACUUUCAGCUUUUUUUUCAGCCAUUCACAACAC 1225
Mouse ACAUGCAUCACACUCAAGUG---UUAAUCUUUCAAGGUUUUCUUUUCUUUUUCC------ 1046
AEXKXKK KK * X kx% X KK KAKKAK AKXKK KK * %%
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4.6 Materials & Methods

Mice
C57BL/6 HuD”" mice (Akamatsu et al., 2005) were generated and gifted by Hideyuki Okano (Keio

University, Tokyo). Experimental mice were bred by crossing HuD heterozygous mice to generate
wild type, heterozygous, and knockout mice in the same litter. Note that the data were derived
from the same cohort of mice used in the studies described in Chapter 2. Therefore, the mice were
crossed onto the C57BL/6 (J) background used to generate Lrrk2 G2019S mice. Only mice wild
type for Lrrk2 were represented in the data. Mice were fed the Envigo Teklad rodent 2018 standard

chow throughout the studies.

MRI and Indirect Calorimetry

EchoMRI: The EchoMRI measures fat mass, lean mass, and total water in the body. Fat mass
includes the mass of all fat molecules in the body. Lean mass includes muscle tissue and all organs.
It excludes fat mass, bone minerals, and any other tissues that are not detected by the NMR signal.
Each mouse was evaluated by EchoMRI for a 40 second scan. Mice were conscious during the

procedure. Indirect calorimetry: The Comprehensive Lab Animal Monitoring System (CLAMS;

Columbus Instruments) was used to measure oxygen consumption, energy expenditure, food
intake, and physical activity in the same cohort of mice at 4 months of age, and again at 8 months.
Mice were individually housed in CLAMS chambers at thermoneutrality (28-30°C). Gas exchange
and motor activity were automatically measured every 26 min over the 72-hour test period. The
mice were acclimated to the cages for the first 48 hours and data from the final 24 hours were
plotted for analysis. WT and HuD” mice were randomized and an equal number of mice from

each genotype were tested simultaneously for each CLAMS run.
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Glucose Tolerance Test

Mice were individually housed in cages with cotton bedding and fasted for 6 hours (4-month-old
mice) or 16 hours (8-month -old mice). Each mouse was administered 2mg/g body weight of 20%
glucose solution by oral gavage. Saphenous vein bleeds were used for samples and measured using

a glucometer at 0 min, 15 min, 30 min, 60 min, 90 min, and 120 min post-gavage.

Pulse Oximetry

The oxygen saturation measurements were conducted at 12 months of age. Mice were anesthetized
with isoflurane and the Mouse Ox Plus® oximeter sensor (Starr Life Sciences Corp.) was placed
over the shaved, right thigh of each mouse to detect blood oxygen saturation of the femoral artery.
Arterial blood oxygen saturation, heart rate (beats per minute), and respiratory rate (breaths per
minute) were recorded for a minimum of 30 seconds using the Mouse Ox Plus® Premium

Application software.

RNA-immunoprecipitation

Tissue used for RNA-immunoprecipitation (R-IP) were lysed in R-IP buffer [ 50 mM Tris, (pH
7.4), 150 mM NaCl, 1% NP-40 and 1X cOmplete ™protease inhibitor cocktail (Catalogue #
4693159011)] tumbled for 20 min at 4°C and centrifuged at 10,000xg for 10 min. Supernatants
were pre-cleared using 10 uL wet volume of Dynabeads ™Protein G magnetic beads (Catalog #
10004D, Thermo Fisher). RNA-protein complexes were immunoprecipitated using 750-1000 ug
of pre-cleared supernatants incubated with 4ug HuD (sc-48421, Santa Cruz) antibody vs. mouse
IgG control for 2 hours at 4°C. RNA-protein complexes were captured by adding 25 ulL wet

volume of beads and tumbled for 1 hour at 4°C. Complexes bound to beads were washed (3 min x
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5) in wash buffer [ 50 mM Tris, (pH 7.4), 150 mM NacCl, 0.1% NP-40] and resuspended in wash
buffer. Ten percent of IP was used for western blot detection and remaining beads were

resuspended in TRIzol for RNA isolation following manufacturer’s protocol.

RT-qPCR

Equal volumes of RNA from control and experimental immunoprecipitates were used to generate
cDNA using the iScript cDNA synthesis kit (Catalogue 170-8891, BioRad). For total RNA, 500
ng of RNA was used in a mMulv RT ¢cDNA synthesis reaction. gPCR was performed using GoTaq
® qPCR master mix (Catalogue A6002, Promega). The cycling conditions were as follows 95°C,
2min, [95°C for 15 sec, 60°C for 1 min,] x 40 cycles. RNA levels from experimental
immunoprecipitates were normalized to IgG control and expressed as a fold change relative to IgG
R-IP. RNA levels were normalized to band intensity of respective IP to control for the amount of
immunoprecipitated proteins between control and experimental groups. Total RNA was
2M-AAC

normalized to housekeeping genes Gapdh and Actb. Fold change was calculated using the

method. Primer sequences are in Table 4.6.1.

Western Blot

Mice were euthanized at 12 months of age and tissues were harvested for western blot analysis.
Tissue samples were lysed in RIPA buffer [SO mM Tris, pH 8.0, 150 mM NacCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Triton X-100, and 1X cOmplete ™protease inhibitor cocktail
(Catalogue # 4693159011)], tumbled for 20 min at 4°C, and centrifuged at 10, 000xg for 10 min.
Supernatant concentration was estimated using the RC DC ™ Protein Assay (Catalogue 500-0122,

BioRad) and diluted in Laemmli sample buffer. Samples were run on 10% polyacrylamide gels
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and transferred to PVDF membranes. Membranes were blocked in 5% milk for 1 hour at room
temperature and incubated in primary antibody overnight followed by secondary antibody for 1
hour at room temperature. Images were obtained using the Image Quant LAS4010 Biomolecular
Imager (GE Healthcare). Protein quantification was performed using Image J (Fiji) to calculate
mean band intensity normalized to the mean intensity of a housekeeping gene. Antibodies used

are found in Table 4.6.2.

Statistical Analyses

Statistical analysis was performed using GraphPad Prism 9. One sample t-tests were performed
when comparing to a no-variance control group. Two-tailed t-test with Welch’s correction was
performed when comparing two independent groups. All other data were analyzed using a Two-
way ANOVA (analysis of variance) with Holm-Sidak post-hoc test. All data were represented as
mean + SEM. Statistical significance was represented with the following notation: *p<0.05;

*4p<0.01, **%p<0.001, ****p<0.001.
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Table 4.6.1 Primers

Gene

Assay

Primer Sequence (5’-3’)

Citation

HuD

Genotyping

HuD3- CAC AGC CCA GTC TCT CTG CTC CAT C

(both reactions)

RT3- TGA ATT CCT CTT GGG TCA TA

(WT reaction)

PGK2- AAG GGC CAG CTC ATT CCT CCCACT C

(KO reaction)

(Akamatsu
et al.,

2005)

Actb

qPCR

F-ACTGCCGCATCCTCTTCCTC

R- GGATGCCACAGGATTCCATACC

Gapdh

qPCR

F- ATGGCCTTCCGTGTTCCTACC

R- GTAGCCCAAGATGCCCTTCAG

Mff

qPCR

F-GGCCCAGGGGATAAAAGTGG

R-CTGCCCCACTCACCAAATGT

Minl

qPCR

F-CAGGGACGGAGTGAGTGTCC
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R-GTTTCTGCCATTATGCACCTGG

F-GCTTGGACAGGTGGAGTCAA

Mfn2 | qPCR
R-GGACTCGAGGTCTCCTCTGT
F-CAGGAGAAGTAGACTGTGTC
(Sarzi et
Opal | qPCR
R-TGTGACTTTATTTTGCACGG al., 2018)
F-AGCTGTTCTACTTGGGCATCC
Opa3 | qPCR
R-CAGTGGTACAGCTGGGCT
F-AAGAAGACCACCAAGCCTTGTC
(Palomo et
Park2 | qPCR
R-CAAACCAGTGATCTCCCATGC al., 2018)
F-AGACTCCCAGTTCTCGCCT
Pinkl | gPCR

R-AGGGACAGCCATCTGAGTCC
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Table 4.6.2 Antibodies

Protein Dilution Vendor Catalogue#
B-Actin 1:10,000 Sigma A5441-2ML
HuD/ELAVI14 (H-9) 1:5000 Santa Cruz sc48421
MFN2 1:10000 Proteintech 12186-1-ap
OPAl 1:2000 Cell Signaling D7C1A
PINK1 1:10,000 Novus Biologicals NB600-973
Parkin 1:5000 Biolegend 870501
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Chapter 5: General Discussion
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5.1 Project Overview

Since the discovery of LRRK2, a threonine-serine kinase, as a causative gene for PD in 2004
(Paisan-Ruiz et al., 2004; Zimprich et al., 2004), large-scale efforts have been made to understand
how it contributes to PD pathology. The most common mutation, LRRK2 G2019S has been the
center of attention. A primary goal in the LRRK2 field has been identifying its phosphorylation
substrates. Several studies have proposed substrates with roles in cytoskeleton remodelling,
endocytosis, and gene expression control (Berwick et al., 2019), but to date it is still unclear how
many of these proposed substrates are misregulated in PD patients, and if they contribute to

hallmark characteristics of the disease.

From a genetic screen in Drosophila, homologues of the ELAVL family of RNA-binding proteins
were found to be related to LRRK2-induced pathology (Marcogliese et al., 2017). One of these
members, HuD, is primarily neuronally restricted and was found to modify the age-at-onset and
susceptibility of PD (DeStefano et al., 2008; Noureddine et al., 2005). A mechanism for HuD in
PD pathology has not yet been elucidated. The purpose of this thesis was to investigate the role of

HuD, and its homologues, in LRRK2-dependent models of PD.

In Chapters 2 and 3 we described the roles for the nELAVL homologues HuB-C-D, and the
ubiquitously expressed homologue HuR, in neuronal models and models of inflammation relevant
to LRRK2 pathology, respectively. The overarching finding is that LRRK2 and the ELAVL
proteins function in a feedback loop where loss of an ELAVL member increases LRRK2 protein
levels, and LRRK?2 phosphorylates the ELAVL proteins and controls their binding to target mRNA

transcripts to modify phenotypes relevant to PD. Thus, we propose that the ELAVL family of
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RNA-binding proteins are among LRRK2 kinase substrates that are misregulated in and contribute

to PD pathogenesis.

5.2 Post-translational control of ELAVL proteins

A large body of literature has highlighted the role of post-translational modifications of the
ELAVL proteins and their implications on subcellular localization and RNA-binding, however,
the effects of PTMs on other functions like splicing, or translational control are less well defined
(Bronicki & Jasmin, 2013; Grammatikakis et al., 2017). Furthermore, the effect of PTMs on
ELAVL proteins are often not investigated in a genome-wide manner and are typically limited to
their effects on pre-selected targets. To date, the only validated kinase shown to phosphorylate
HuD is Protein Kinase C (PKC), but its effect on the transcriptome is incompletely characterized.
It was shown, however, that HuD represses either the translation or localization of the Bdnf mRNA
harboring the long 3’UTR, and this is inhibited by PKC activation, presumably through
phosphorylation of HuD (Vanevski & Xu, 2015). Our study shows increased BDNF protein in the
brains of HuD”- mice, suggesting that HuD destabilizes or translationally represses Bdnf mRNA,
consistent with previously published findings. Co-expression of mutant Lrrk2 in HuD”" mice

results in rescue of this phenotype, possibly due to post-translational control of the remaining

nELAVLs.

The fact that binding to the same targets can be controlled by multiple kinases, leads to a new
question- what are the upstream signals driving nELAVL control by PKC vs. LRRK2, or other
kinases? We found that LRRK?2 exacerbates some phenotypes associated with loss of HuD, like

loss of dopaminergic neurons or protein levels of nELAVL targets but has no impact on other
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phenotypes like mouse energy metabolism. We initially performed CLAMS indirect calorimetry
analysis including Lrrk2 G2019S and Lrrk2 G2019S x HuD™" mice but found no significant effects
of Lrrk2 G2019S. For that reason, LRRK2 was removed from further analyses, but these

observations provide evidence that LRRK2 is not upstream of all ELAVL pathways.

In agreement, we observed little to no effect of LRRK2 on abundance of HuR mRNA targets in
LPS-treated RAW cells, though it is possible that splicing or translation of these and other targets
are misregulated in a LRRK2-dependent manner. It is well established that HuR is phosphorylated
by many kinases like PKC and p38 including in the context of inflammation (Grammatikakis et
al., 2017), therefore it is likely that LRRK2 is dispensable in certain contexts. Future work should

focus on defining upstream signals for LRRK2 control of ELAVL proteins.

In Chapter 2, we expand on the knowledge of genome-wide effects of post-translational control of
nELAVL proteins. We note that loss of HuD has three distinct pools of targets (i.e., upregulated,
downregulated, and misspliced), as expected. The most striking finding in our study is that in the
brains of HuD”- mice, mutant hyperactive kinase LRRK?2 exacerbates the effect on total transcript
levels of mRNAs bound by nELAVL proteins, but almost completely rescues the effect on splicing
(Fig. 2.4.8). The mechanism for this is still unclear but could be explained by
hyperphosphorylation of the remaining ELAVL proteins, including HuR. Several studies on HuR
have shown that its phosphorylation at a specific residue can impact RNA-binding affinity and
nucleocytoplasmic shuttling (Schulz et al., 2013). It is possible that phosphorylation of T144, or
homologous sites, mediated by LRRK2 controls both RNA-binding and shuttling of all the

ELAVL proteins in the brain where it can have various effects on RNA metabolism.
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Evidence from the literature supports a direct role for nELAVL in splicing control. Previously
published CLIP data indicated that differentially spliced exon cassettes in human neuronal cells
neighbor AREs bound by nELAVL within introns (Scheckel et al., 2016). HuD was also shown
to directly interact with RNA polymerase II and histone deacetylase 2 (HDAC2) to control splicing
(Bronicki & Jasmin, 2013). In contrast, the effects on splicing could also be indirect. DNA and
RNA binding proteins were among the enriched GO terms from our microarray data. Celf4, a target
that was significantly misspliced in HuD”" brain tissue is itself an RNA-binding protein involved
in splicing (Ladd et al., 2001). The effect on Celf4 splicing in HuD-deficient mice was rescued by
the G2019S mutant and provides an indirect mechanism for differentially spliced targets in these
mice. The dominant narrative surrounding ELAVL function is that they bind and exclusively
stabilize their target mRNAs which makes them unique compared to other ARE-binding proteins
like TIAR, TTP, or AUF1 that strictly destabilize RNA or repress translation (Dolicka et al., 2020).
The microarray dataset from this study challenges this model and is supported by published CLIP-
seq datasets (Ince-Dunn et al., 2012; Scheckel et al., 2016), where upregulated and downregulated
populations of RNA were identified in HuC or HuD knockout mice, though this aspect has often

been neglected in published works.

The reasons for the two populations of HuD target mRNAs are unclear. The differentially regulated
targets that we analyzed were directly bound by nELAVL in immunoprecipitates, suggesting that
this is not due to indirect effects. We performed an analysis of the ARE motifs in the upregulated
and downregulated genes of HuD" vs. WT and Lrrk2 G2019S x HuD™~vs. WT using AREsite 2.0

predicter (Fallmann et al., 2016). The percent distribution of the ARE motif WUUUW where W
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may be an A or a U varied subtly between populations (data not shown). This analysis should be
performed using more rigorous methods but may provide clues into the mechanisms controlling
up vs. downregulated genes. These findings could then be expanded to investigate how LRRK?2
modifies this preference. Some evidence from in vitro gel shift studies with PKC isoforms and
HuR indicate that phosphorylation at residues 158 or 318 decreases binding to Class I and II AREs
but significantly increases affinity for Class III AREs (Schulz et al., 2013). We observed similar
results in in vitro gel shift assays where LRRK?2 had no effect on HuR affinity for a Class II ARE
(TNF), but decreased affinity for Class III (polyU), although this was not reproduced in vivo
(Fig.3.3.2-4). In mouse colon tissue, loss of LRRK2 diminished HuR binding to the 7nfa ARE,
suggesting the presence of other contributing factors in vivo (Fig. 3.3.8). With respect to nELAVL,
we found FLAG-HuD and nELAVL immunoprecipitates bound BDNF, SNCA, and LRRK2 mRNA
in SH-SYSY cells and mouse midbrain tissue, respectively (Fig. 2.4.1 and Fig. 2.4.4). Both human
and mouse SNCA 3’UTRs are more U-rich, whereas LRRK2 human and mouse 3’UTRs are more
AU-rich, and the experimentally defined binding site in BDNF is AU-rich (Allen et al., 2013). In
vitro gel shift experiments with HuD and LRRK?2 should be performed with Class I-I1I in parallel

to define this mechanism.

The sites we identified to be phosphorylated in HuD in vitro and in mouse tissue are conserved in
HuB and HuC. We showed that LRRK?2 phosphorylates the other nELAVL members both in vitro
and in mouse brain tissue. Therefore, we hypothesize that LRRK2 controls the ELAVL
homologues similarly, but there are likely subtle differences. Given that the relative expression
levels of each of the ELAVLs and LRRK?2 differ between brain regions (Okano & Darnell, 1997;

West et al., 2014), we could expect to see neuron subtype or brain region specific effects on each
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ELAVL homologue and their shared or respective targets. In agreement, we note regional
variations in the expression of the ELAVL targets we evaluated, namely LRRK2, BDNF, and a-

synuclein.

A peculiar finding from GO analysis of all RNAs bound to nELAVL and differentially expressed
in HuD”" vs. WT and Lrrk2 G2019S x HuD™" vs. WT is that the misregulated genes shifted from
general cellular functions (e.g., DNA/RNA binding, endosome, and cytoplasmic granules) to
neuron-specific pathways (e.g., neurogenesis, and (post)synapse). This shift in RNAs bound and
differentially regulated by nELAVL in the presence of mutant LRRK?2 towards primarily neuron-
specific functions may provide clues into the reasons for the exacerbated phenotypes on motor

function and dopaminergic neurons in Lr#k2 G2019S x HuD”mice.

5.3 Post-transcriptional control of PD-linked genes

A major challenge in the PD field has been the paucity of animal models that faithfully recapitulate
hallmark symptoms of PD. Numerous iterations of genetic rodent models have been produced to
express wild type or mutant forms of human or endogenous PD associated genes (Lama et al.,
2021), but an often-overlooked consideration in the development of these models has been the role
of regulatory sequences controlling expression of the gene of interest. Understandably, the focus
has been on the coding sequences of these PD-linked genes since disease causing mutations are
typically found in these regions (Flagmeier et al., 2016; Thakur et al., 2022). However,
accumulating data, including the findings in this study, highlight the importance of regulatory

sequences in controlling PD-like phenotypes.
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Notable differences in regional LRRK?2 expression have been described between mouse, rat, and
human brain tissue (West et al., 2014), suggesting species-specific mechanisms of gene expression
control. In contrast, rodents expressing LRRK2-BAC constructs bearing the human sequence
resulted in expression patterns that more closely mimicked the human brain (West et al., 2014). In
macrophages, where LRRK? is highly expressed, mouse Lrrk2 expression equaled one-fifth of the
levels detected in human macrophages under identical culture conditions (Xu et al., 2022). These
findings suggest that untranslated regions and other regulatory sequences should be investigated

in more detail.

In our datasets, we found that FLAG-HuD and nELAVL bind human and mouse SNCA transcripts,
respectively and this is corroborated by CLIP-seq data (Fig. 2.4.1 and Fig. 2.4.4) (Scheckel et al.,
2016), suggesting that the there is a degree of conservation in the regulation of a-synuclein
between species. The trans-acting factors controlling SNCA expression have been described in
greater detail than that of LRRK?2, likely because SNCA gene dosage is associated with PD in

patients (Chartier-Harlin et al., 2004; Singleton et al., 2003).

Interestingly, a longer 3°’UTR isoform leads to the accumulation of a-synuclein protein in cells
and in patient samples, where the ratio of long 3°’UTR vs. short is increased (Rhinn et al., 2012).
In cells this promoted the accumulation and cellular redistribution away from synaptic terminals
towards mitochondria (Rhinn et al., 2012). These findings highlight the importance of
understanding post-transcriptional regulation of risk genes. Furthermore, GWAS data indicate the

presence of SNPs associated with PD in the SNCA4 3’UTR (Blazekovi¢ et al., 2021; Sim6n-Sanchez
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et al., 2009). Mutations within the 3’UTR might impact RBP or miRNA binding resulting in a-

synuclein misregulation.

As stated above, LRRK2-PD is mostly associated with mutations in the coding sequences,
particularly those encoding GTPase and kinase catalytic domains, but increased levels of LRRK2
have been identified in immune cells and cerebrospinal fluid of patients (Mabrouk et al., 2020;
Wallings et al., 2020). This implies that gene expression control of LRRK?2 is altered in patients.
Additionally, noncoding variants associated with idiopathic PD have been identified within the
LRRK?2 gene (Lewis, 2022). Despite this, little is known about the post-transcriptional regulation

of LRRK2 mRNA.

In this study, we showed that loss of HuD in mouse brain, and the inhibition of HuR in LPS-treated
macrophage-like cells resulted in significant increases in LRRK?2 protein levels (Fig.2.4.3 and Fig.
3.3.7), suggesting that the ELAVL proteins typically suppress its expression. The general 3’'UTR
sequence of SNCA and LRRK2 mRNA from mouse and human are poorly conserved. Specifically,
the human 3’UTRs are longer than in mice, suggesting more complex post-transcriptional
regulation, though predicted AU-rich elements were identified in both. Since both SNCA and
LRRK2 mRNA were enriched in immunoprecipitates from human SH-SYS5Y cells and mouse brain
tissue, it suggests a degree of evolutionary conservation in control of these mRNAs and justifies

the use of these models in this context.
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5.4 HuD binds and controls other PD-linked genes

An unexpected finding in this study was the misregulation of other PD associated genes besides
Lrrk2 and Snca. PRKN/PARK?2 (Parkin) and PINK1 are both early-onset PD risk genes (Ge et al.,
2020). Our microarray analysis indicated that Pinkl and Park2 were among the targets that were
misregulated by loss of HuD in mouse brain tissue. No evidence in our study or the literature
suggests that Pinkl is a direct target of nNELAVL, but it may be regulated by HuR or other RNA-
binding proteins. In contrast, PARK2 was among the top 1000 misregulated genes in a CLIP study
in human brain tissue (Scheckel et al., 2016), and we confirmed that it co-immunoprecipitated with
nELAVL from mouse tissue, indicating that it is directly bound by nELAVL proteins in vivo and
is a shared target between mouse and human. We also found that the 3’UTR binding site was
conserved between mouse and human by nucleotide alignment, but this should be experimentally
validated. We did not investigate the relationship between mouse and human for the intronic
binding sites, but our microarray study indicated that Park2 is misspliced and differentially
expressed in the brains of HuD”" mice. Western blot analysis indicated variable expression of
Parkin in HuD”" mice, and the discrepancy between microarray data and western blot may be due
to translational control or the age of the mice analyzed between the microarray study and the
energy metabolism study. The significant splicing index in HuD”" vs. WT brain tissue and the
abundance of nNELAVL binding sites in the introns of the human transcript suggest that splicing is
impaired and should be experimentally validated. The Pinkl/Parkin interaction is commonly
discussed in the context of mitophagy, but the importance of this pathway in primary neurons and
in vivo is unclear since recruitment of Pink1/Parkin to mitochondria in neurons or in mouse brain
is not nearly as robust as in cell lines (Ge et al., 2020). Furthermore, basal mitophagy is unchanged

in Pinkl or Park2-deficient mice compared to controls (Ge et al., 2020). Nonetheless, the
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regulation of mRNA encoding early onset risk alleles by HuD may provide an alternative
mechanism for HuD as an age-of-onset modifier and risk gene for PD, independent of LRRK?2 and

SNCA control.

5.5 HuD in mitochondrial control

In addition to Pinkl and Park2, we found that HuD binds and regulates targets encoding other
proteins involved in mitochondrial quality control (MQC). In our microarray study, we found that
the mRNA encoding fusion proteins Opal/3, Mfnl/2, and the fission-associated protein Mff were
all among the misregulated targets in the brains of HuD~" mice. Scheckel et al. 2016 also identified
these targets among those bound and regulated by nELAVL proteins in human brain samples. To
date, only Mfn2 has been previously characterized as a HuD target in pancreatic  cells, where it
was shown to bind its 3°’UTR and increase MFN2 levels (Hong et al., 2020). Downregulation of
HuD resulted in impaired mitochondrial potential and ATP output due to excessively fragmented
mitochondria (Hong et al., 2020). In SH-SYS5Y cells, HuR has been shown to regulate the fission
protein Dynamin related protein 1 (Drpl). Overexpression of HuR results in increased
mitochondrial fragmentation. These findings suggest that the ELAVL proteins regulate

mitochondrial dynamics in both mice and humans (Bae et al., 2019).

Since nELAVL proteins appear to bind and control several genes involved in MQC, this suggests
that they may exist in an mRNA regulon that has not been previously characterized. These regulons
describe a system in which an RBP can regulate multiple transcripts involved in a pathway or
response (Simone & Keene, 2013). In this case it is possible that nELAVL orchestrates pathways

related to MQC. This parallels HuR function, which is a master regulator of inflammation and cell
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cycle control through its binding and control of several functionally related transcripts (Srikantan

& Gorospe, 2012).

A well characterized function of HuD is its role in neuronal development. Akamatsu et al., 2005,
characterized the first HuD”- mouse model that was used in this study. Neurosphere assays derived
from cells lacking HuD, indicated enhanced self-renewal of neural stem/progenitor cells and fewer
postmitotic neurons, where HuD mRNA is downregulated, suggesting that HuD plays a role in
inhibiting neural stem cell self-renewal and promoting differentiation (Akamatsu et al., 2005).
Many known targets of HuD are involved in various aspects of neuronal maturation including
GAP-43, Tau, p21, p27, and cells lacking HuD show significantly shorter neurites (Silvestri et al.,

2022), establishing it as a key regulator of neuronal function.

Interestingly, mitochondrial dynamics are associated with regulating neural stem cell fate
decisions (Khacho et al., 2016). Given the role for HuD in neuronal development, it is possible
that this is another pathway orchestrated by HuD or its homologues during development through
splicing or translational control of MQC proteins. Impaired mitochondrial dynamics as well as
other MQC mechanisms are associated with neurodegenerative diseases (Yang et al., 2021). If
HuD has a more global role in mitochondrial function through coordinating expression of several
mitochondrial genes, it is possible that this is one of the pathways governing neural stem cell fate
decisions and leading to impaired neuronal maturation or neurodegeneration. This remains highly
speculative at this time, but future studies should investigate the role of nELAVLs in neuron-

specific mitochondrial function.
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5.6 HuD in energy metabolism

In this study we found that loss of the neuronally enriched RNA-binding protein HuD controls
energy metabolism in mice. It was previously shown that HuD inhibits the translation of the insulin
mRNA in pancreatic  cells by binding the 5’UTR of preproinsulin (/ns2) mRNA, but its effects
on energy metabolism were not evaluated by indirect calorimetry (Lee et al., 2012). The study by
Lee et al., showed increased plasma glucose and lower insulin following a glucose tolerance test
in HuD overexpressing mice compared to controls. As discussed in Chapter 4, we expected the
opposite result in the HuD”" mice but found no difference. This may be explained by experimental
methods including intraperitoneal administration of glucose vs. oral administration and HuD-Tg

mice vs. knockout.

The brain utilizes 20% of the body’s oxygen (Watts et al., 2018), which makes it plausible that
impairment of a neuronal protein could manifest as whole-body energy impairments. Interestingly,
GWAS data identifying 56 novel BMI-associated loci in a European population found that
ELAVL4 was among the hits (Locke et al., 2015). Within the same population, PARK2 encoding
Parkin was also associated with obesity. Analysis of the tissues and cell types in which the hits
were highly enriched revealed that 27 out of 31 of the significantly enriched tissues were within
the CNS (Locke et al., 2015). A more granular evaluation of the tissues showed enrichment in
known regulators of appetite, the hypothalamus and pituitary gland, but found a stronger
association within the hippocampus and limbic system (Locke et al., 2015). A subsequent study
found that ELAVL4 was among the top 20 obesity associated genes in which specific epigenomic
elements were enriched in the promoters (Dong et al., 2016). In the CLAMS indirect calorimetry

study, we found that HuD”~ mice displayed altered body composition in the ECHO MRI, where
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body fat percentage significantly decreased in 8-month-old male mice and trended lower in
females (Fig. 4.3.1 and Supplementary Fig. 4.1). In the case of Parkin mouse models, several
studies have indicated that Parkin-deficient mice are resistant to weight gain, even on a high fat
diet and show improved insulin control (Costa et al., 2016; K.-Y. Kim et al., 2011; Moore et al.,
2022). Together, these findings suggest that HuD and its targets could control energy metabolism

and should be investigated further.

Alternative hypotheses to the effects we observed on mouse energy metabolism are alterations
within the hypothalamus and pituitary gland. The hypothalamus controls many functions such as
energy expenditure, glucose homeostasis, thermoregulation, sleep and circadian rhythm,
respiratory control, and appetite (Bao & Swaab, 2019; Seoane-Collazo et al., 2015). We did not
experimentally evaluate all these phenotypes; however, the CLAMS experiments suggest that at
least some hypothalamic functions are intact. For example, we did not observe any effects on blood
glucose in the OGTT, or food consumption, suggesting that glucose homeostasis and appetite were
not altered in HuD"~ mice (Fig. 4.3.2). We also note differences between the dark and light cycle
in activity levels and gas exchange (i.e., VO2, VCO», RER) (Fig.4.3.2-3), suggesting that HuD""
mice still respond to circadian cues. Furthermore, HuD was only weakly detected in the adult
mouse hypothalamus (Okano & Darnell, 1997), therefore its contribution to hypothalamic function

is unclear but should be experimentally tested.

Though we provide evidence for loss of HuD in the brain as a possible contributor to impaired
energy metabolism, it is important to acknowledge that it is expressed at detectable levels in some

non-neuronal tissues. While HuD levels are low enough that it cannot be identified by western blot
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(Abdelmohsen et al., 2010, Supplementary Fig. 4.3), transcriptomics and immunohistochemistry
showed that it is significantly enriched within the medulla of the adrenal gland where it was
localized to the nuclei of norepinephrine producing cells (Bergman et al., 2017). The function of
HuD in the adrenal gland has not been elucidated but its nuclear localization suggests that it could
regulate splicing of its targets within these cells. Norpinephrine/epinephrine release during a fight-
or-flight response has effects on cardiac and pulmonary function and glucose metabolism and may

provide an alternative hypothesis for the metabolic phenotypes we observed in HuD”" mice.

5.7 LRRK2 and HuR in inflammation

As discussed in Chapter 3, many studies have emerged investigating the role of LRRK2 in DSS
colitis, with most studies concluding that expression of WT or mutant LRRK?2 exacerbates colitis
associated phenotypes (Cabezudo et al., 2023; Lin et al., 2022; Takagawa et al., 2018). The first
LRRK2 DSS study by Liu et al., 2011 suggested that a lack of LRRK2 was associated with a
worsened phenotype and this was due to translocation of NFAT to the nucleus, where transcription
of proinflammatory cytokines is initiated. In wild-type mice, LRRK2 sequesters NFAT in the
cytoplasm, and inflammation is attenuated. The next study by Takagawa et al., 2018, showed that
LRRK?2 overexpression induces a more severe phenotype in a kinase-dependent manner. In these
mice, LRRK2 was expressed 8-fold more than in wild-type mice which likely results in greater
activity than the 2-3-fold increase in kinase activity typically observed in LRRK2 hyperactive
mutant models (West et al., 2005b). In a more physiologically relevant context, they showed that
treatment of both wild-type and LRRK2-Tg with LRRK2 kinase inhibitors reduced colitis severity,
suggesting that this phenotype is LRRK?2 kinase-dependent. Interestingly, Takagawa et al., also

tested Lrrk2”mice and found no significant effect and suggested that the effect observed by Liu et
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al., was due to the comparison of wild-type mice from the vendor vs. Lrrk2”- mice bred within
their own animal facility. In the same study, C57/BL6 mice housed in different facilities were
tested in parallel, and the colitis severity varied between them by as much as ~15% in body weight

at the study end point (Takagawa et al., 2018).

A recent study employing metagenomic analysis of >500 laboratory mice treated with DSS and
housed in the same facility indicated significant differences in weight loss and intestinal pathology
between lineages, despite being derived from a single breeding pair (Forster et al., 2022). The
importance of these findings is directly relevant to LRRK2 biology and could help explain why in
our study Lrrk2” mice produced a more severe phenotype compared to published studies. The
mice used in our study were bred through heterozygous crosses and thus wild-type and Lrrk2”
were littermates and randomly sorted into cages. Accumulating evidence suggests that the role for
LRRK2 is protective in pathogen control, and this may be pathogen-specific and kinase
independent (Hértlova et al., 2018; Shutinoski et al., 2019). For example, LRRK2 interacts with
the bacterial sensor, NOD2, to control Listeria monocytogenes in the intestines of mice by
promoting mucosal immunity (Zhang et al., 2015). It is also linked to Salmonella typhimurium
infection, where Lrrk2-deficient mice are more susceptible to infection and death compared to
wild-type controls (W. Liu et al., 2017). If LRRK2 does play a protective role, it is possible that
its loss could cause a more severe phenotype in a DSS colitis model, depending on the profile of
the microbiome of the experimental animals. Future experiments should compare knockout and
mutant models simultaneously, along with microbiome profiling experiments to delineate how

LRRK2 variants respond to colitis.
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Several mechanisms have been described for LRRK2 in models of colitis or infections including
through association with NFAT, NLRC4 inflammasome, NOD2, or NF-kB (W. Liu et al., 2017;
Z. Liu et al., 2011; Takagawa et al., 2018; Zhang et al., 2015). In this study we proposed that
LRRK2 contributes to the immune response via phosphorylation and control of the RNA-binding
protein HuR. From the in vitro studies we found that LRRK2 phosphorylates and controls HuR
binding to RNA (Fig. 3.3.1-4, Fig.3.3.8). As described in the nELAVL study, we observed
differential effects and trends between targets when HuR was inhibited with CMLD-2(Allegri et
al., 2019) in LPS-treated or control RAW cells. For example, inhibition of HuR had no effect on
Tnfa, but trended towards increased p2/ and decreased HuR mRNA levels but LRRK2 appeared

to only influence HuR mRNA (Fig. 3.3.7).

These discrepancies are likely related to upstream control by different post-translational
modifications, the class and/or density of the AREs within the 3’UTR sequences, or other
regulatory sequences bound by trans-acting factors in the cells. For example, Tgfb translation is
suppressed by HuR, but does not have an ARE, though similar sequences have been identified
(Katsanou et al., 2005; Yiakouvaki et al., 2012). In contrast, 7nfa contains a Class II ARE (Ripin
et al., 2019). Also replicating our findings in the nELAVL study, we found that inhibition of an
ELAVL homologue, in this case HuR, results in increased LRRK2 protein levels, specifically in
LPS treated cells (Fig. 3.3.7). This potentially points to a role for HuR in controlling LRRK2

expression in early immune responses.

An outstanding question following this study is how do LRRK2 and HuR interact in models of

chronic inflammation? There is evidence that both proteins are involved in acute and chronic
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phases of inflammation. In the case of LRRK2, its activity is rapidly increased in response to
pathogenic stimuli and remains consistently elevated in cells derived from PD and CD patients
(Dzamko et al., 2016; Herrick & Tansey, 2021). Furthermore, its effects on phagocytosis in
myeloid cells ranges from 2-16 hours in vitro (Ahmadi Rastegar et al., 2022; K. S. Kim et al.,
2018). The role for HuR is equally as complex. Yiakouvaki et al., 2012 showed that HuR appears
to control the balance between the initiation and resolution of an inflammatory response since loss
of HuR in LPS stimulated primary macrophages was associated with elevated cytokine levels
suggesting an M1 proinflammatory profile, while simultaneously expressing a cytokine profile
associated with an M2 or resolving profile. In cells expressing HuR, it was noted that its
interactions with cytokine mRNA increase at later time points, consistent with a role in cessation
of the proinflammatory response (Katsanou et al., 2005; Yiakouvaki et al., 2012). In a chronic
model of DSS-induced colitis, loss of HuR in the myeloid cell lineage resulted in an exacerbated
colitis phenotype, followed by a comparatively rapid recovery, and more severe inflammation than
WT mice in a subsequent round of DSS administration, suggesting that it is a negative regulator

of inflammation in this context (Yiakouvaki et al., 2012).

Since HuR binding to 7nfa in colon tissues is significantly reduced in the absence of LRRK2 and
TNF-a secretion is increased (Fig. 3.3.8), it suggests that loss of LRRK2 mimics HuR loss of
function during acute inflammation. If HuR is required for attenuating the response, then this
would suggest a model in which the decreased binding of HuR to 7nfa mRNA enables its increased
translation thereby driving the exacerbated colitis phenotype in the Lr7k2”- mice. Future studies
should be aimed at defining the activating signals of the LRRK2-HuR interaction e.g., TLR

signaling.
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To ascertain the relevance of HuR in the context of LRRK2 colitis responses, additional
experiments should be completed to inhibit HuR function in Lz7k2”* or mutant mice through
crosses with myeloid cell conditional HuR knockouts. Similarly, bone marrow transplants in
LRRK?2 mice using HuR myeloid knockout donor mice could be employed to restrict the analyses
to immune cells. Alternatively, HuR could be inhibited pharmacologically using the in vivo
validated MS-444 inhibitor, with the caveat that HuR is inhibited in all cell types (Blanco et al.,

2016).

5.8 Relevance to Parkinson’s Disease and Crohn’s Disease

As discussed throughout the thesis, LRRK2 is related to Crohn’s disease and Parkinson’s disease
through its links to inflammation (Alessi & Sammler, 2018). HuR differential expression was
linked to Crohn’s and Ulcerative colitis in patient samples (Burakoff et al., 2011; Li et al., 2020),
but not PD. The findings from the DSS colitis model used in this study were extrapolated to gut
pathology relevant to CD and PD. A limitation to this is that inflammation in these disorders is
chronic, but the model employed here is acute inflammation. Future studies evaluating gut
inflammation should be aimed at monitoring LRRK2 and HuR and their interaction in a chronic

model of gut inflammation.

We also quantified markers of PD associated pathology in the brains of DSS treated mice.
Interestingly, we found a subtle, but significant increase in a-synuclein protein levels in the cortex
of DSS treated Lrrk2-". It was unclear if the accumulation of a-synuclein was established within

the brain or was induced systemically. Emerging evidence suggests that a-synuclein functions in
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immunity as an anti-microbial peptide, including in the context of gastrointestinal infection or
impaired gut permeability (Barbut et al., 2019). It is possible that the aggravated colitis phenotype
in the Lrrk2-deficient mice triggered a protective accumulation of a-synuclein in the brain and

should be explored further.

5.9 Conclusions

At the onset of this study, no ELAVL members were described as candidate LRRK2
phosphorylation substrates. The most well characterized of the nELAVL homologues, HuD, was
identified as an age-at-onset modifier and susceptibility gene for PD in a 2005 GWAS (Noureddine
et al., 2005). The identified SNPs were of unknown function, and a mechanism for HuD in
pathogenesis had yet to be elucidated. In 2016, a landmark study by Steger et al., describing a
phosphoproteomic screen in MEFs identified several proteins phosphorylated by LRRK2. Among
the targets was the ubiquitously expressed RNA binding protein, HuR (ELAVL1), but this was not
experimentally validated. Unpublished data from a screen in Drosophila from our collaborators
showed that Rbp9, an ELAV homologue, was required for retinal degeneration induced by the
human LRRK2-12020T kinase mutant. Given the extensive body of literature implicating LRRK2
kinase mutations in PD pathology, we hypothesized that LRRK2 phosphorylates ELAVL
homologues. Using in vitro systems like recombinant proteins, human neuroblastoma cell lines,
and mouse models, we showed that LRRK2 phosphorylates the four mammalian homologues of
the ELAVL family, HuB-D (ELAVL1-4). Phosphorylation by LRRK2 controls ELAVL binding
to target mRNA encoding genes related to inflammation and neurodegeneration like 7nfa, Snca,
and Lrrk2 itself. Loss of function, or mutations in the ELAVL proteins and LRRK2 resulted in a

range of PD-relevant phenotypes from altered protein production, dopaminergic neuron loss,
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motor deficits, and peripheral inflammation. Together, the data presented in this thesis support a

role for the ELAVL family of RNA-binding proteins in LRRK2-dependent models of disease.
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