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Summary

The G2019S mutation in leucine-rich repeat kinase 2 (LRRK2) is a common cause of familial 

Parkinson’s disease (PD). This mutation results in dopaminergic neurodegeneration via 

dysregulated protein translation, although how alterations in protein synthesis contributes to 

neurodegeneration in human neurons is not known. Here we define the translational landscape in 

LRRK2-mutant dopaminergic neurons derived from human induced pluripotent stem cells 

(hiPSCs) via ribosome profiling. We found that mRNAs that have complex secondary structure in 

the 5’ untranslated region (UTR) are translated more efficiently in G2019S LRRK2 neurons. This 

leads to the enhanced translation of multiple genes involved in Ca2+ regulation and to increased 

Ca2+ influx and elevated intracellular Ca2+ levels, a major contributor to PD pathogenesis. This 

study reveals a link between dysregulated translation control and Ca2+ homeostasis in G2019S 

LRRK2 human dopamine neurons, which potentially contributes to the progressive and selective 

dopaminergic neurotoxicity in PD.

Graphical Abstract
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eTOC statement

Using ribosome profiling of human dopamine neurons, Dawson and colleagues show that protein 

synthesis is altered in Parkinson’s disease-linked G2019S LRRK2 neurons resulting in calcium 

dysregulation.

Keywords

Parkinson’s disease; LRRK2; ribosome profiling; translatome; calcium homeostasis; 5’UTR; 
RPS15; uS19

Introduction

PD is the second most prevalent neurodegenerative disorder, globally affecting 

approximately 2-3% of the population over 65 years of age (Poewe et al., 2017). Loss of 

dopamine (DA) neurons in the substantia nigra pars compacta (SNc) and subsequent 

reduction in striatal DA signaling are the pathological hallmarks of PD (Smith et al., 2006). 

PD is a multifactorial disorder with both environmental and genetic components, while 

familial PD consists of 5-10% of total PD cases.

Dominant mutations in the LRRK2 gene are the most common genetic cause of PD 

(Funayama et al., 2005; Paisan-Ruiz et al., 2004; Zimprich et al., 2004). LRRK2 mutations 

typically result in classical late-onset familial PD and these mu(tations are also observed in 

sporadic PD cases (Cookson, 2010). LRRK2 is a multi-domain enzyme with GTPase and 

kinase activities with yet unclear physiological functions, while most PD-associated 

mutations in LRRK2 were found within the enzymatic domains (Hernandez et al., 2016). 

The G2019S missense mutation residing in the kinase domain is the most frequent disease-

causing mutation in LRRK2 (Martin et al., 2014a). Multiple lines of evidence support that 

the G2019S mutation enhances kinase activity of LRRK2 leading to neurotoxicity (Greggio 

et al., 2006; Luzon-Toro et al., 2007; MacLeod et al., 2006; Smith et al., 2006; West et al., 

2005; West et al., 2007).

While diverse cellular pathways are associated with LRRK2 mutations, an emerging body of 

evidence shows that dysregulated protein synthesis downstream of LRRK2 kinase activity 

plays a role in PD pathogenesis. Eukaryotic initiation factor 4E (eIF4E)-mediated cap-

dependent mRNA translation and the miRNA pathway were shown to be impaired in 

Drosophila models expressing LRRK2 mutants (Gehrke et al., 2010; Imai et al., 2008; 

Penney et al., 2016). Previously, we reported that G2019S LRRK2 increases global protein 

synthesis through phosphorylation of the ribosomal protein S15 (uS19), and suppression of 

global protein synthesis is protective against G2019S LRRK2 neurotoxicity using in vivo 
Drosophila models (Martin et al., 2014b). Although those findings from Drosophila support 

the roles of translational regulation in PD pathogenesis, the translational landscape of human 

DA neurons and the impact of G2019S LRRK2 on the human DA neuronal translatome 

remain to be answered.
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We hypothesized that dysregulated translation in G2019S LRRK2 may bring about changes 

in the levels of a subset of proteins whose precise regulation is integral for the long-term 

survival of DA neurons. Therefore, we investigated the G2019S LRRK2 translatome via 

ribosome profiling in human DA neurons differentiated from PD patient-derived induced 

pluripotent stem cells (iPSCs). Our results revealed that G2019S LRRK2 causes an 

alteration in the translatome that changes expression levels of various genes involved in Ca2+ 

homeostasis in neurons, including voltage-gated Ca2+ channel subunits. This abnormality in 

gene expression regulation leads to an increase in Ca2+ influx leading to elevated 

intracellular Ca2+ concentration in DA neurons. We also found that translation of mRNAs 

with complex 5’UTR secondary structure is generally increased in G2019S LRRK2 human 

DA neurons, suggesting the molecular mechanisms for the translational abnormality.

Results

Generation and characterization of G2019S LRRK2 patient-derived iPSCs and DA neuronal 
differentiation

Human DA neurons were differentiated from patient-derived human iPSCs. First, fibroblasts 

from three unrelated G2019S LRRK2 PD patients and three healthy unrelated individuals 

without the LRRK2 mutation (wild-type) were reprogrammed into iPSCs (Figures 1A and 

S1A). All iPSC lines show pluripotent marker expression with normal karyotypes (Figures 

S1B and S1C). These six lines were differentiated into human DA neurons (Kriks et al., 

2011). Post-differentiation marker analysis demonstrates that the cultures are enriched in DA 

neuronal population consisting of more than 70% of tyrosine hydroxylase (TH) positive 

neurons (Figures 1B and 1C). No difference was observed in the efficiency of neuronal 

differentiation between wild-type and G2019S LRRK2 iPSCs (Figures 1B and 1C). Basal 

electrophysiological characteristics, spontaneous and evoked firing patterns of DA neurons 

are also indistinguishable between wild-type and G2019S LRRK2 human DA neurons 

(Figures S2A and S2B).

Ribosome profiling of G2019S LRRK2 human DA neurons

We employed ribosome profiling to investigate the translatome in G2019S LRRK2 human 

DA neurons. In ribosome profiling, ribosome-protected mRNA fragments (RPFs or 

ribosome footprints) are captured and deep-sequenced, providing a quantitative 

measurement of translation and precise location of translating ribosomes at a genomic scale 

(Figure 1D) (Ingolia et al., 2009). Ribosome profiling libraries prepared from G2019S 

LRRK2 human DA neurons showed normal triplet periodicity and RPF length distribution 

(Figures S2C and S3A), and we could not find any noticeable changes in ribosomal 

disposition from a metagene-based global scoring approach (data not shown).

To identify differentially regulated genes, we analyzed the data with the DESeq2 R package 

(Love et al., 2014). Of note, we found that the gene expression profiles varied substantially 

between lines, even though they were cultured and differentiated on the same batch (Figures 

1E and 1F). Since they were generated from unrelated individuals, their genetic backgrounds 

may have contributed to the variability. Nevertheless, using 10% false discovery rate (FDR) 

and a 2-fold cutoff, we found 84 differentially regulated genes from RNA-seq and 7 
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differentially regulated genes from ribosome profiling (Figures 1E and 1F, and Table S1). To 

estimate translation efficiency (TE) by subtracting the transcriptional contribution from the 

ribosome profiling readout, we used a multi-factor design of DESeq2 with a model:

Ribosome profiling = mRNA changes + translational changes

A comparison between the ribosome profiling expression changes and the RNA-seq 

expression changes shows that there are widespread translational effects in the translatome 

(Figure 1G). Analysis of the overall distribution of TE changes also demonstrated a global 

translational shift in G2019S LRRK2 neurons (Figures S3B and S3C). However, although 

we observed a broad alteration in TE distribution, DESeq2 did not report individual genes 

with significant TE changes (Figure 1G). The facts that translational effects are widespread 

but the fold changes are relatively mild, and the aforementioned genetic background 

variation between cell lines seem to be accountable for these results.

Gene expression profiles indicate elevated intracellular calcium levels

Gene Ontology (GO) and Ingenuity Pathway Analysis (IPA) with the TE values were used to 

identify affected cellular pathways (Table S3). GO analysis showed that the major cellular 

processes deregulated in G2019S LRRK2 neurons are involved in the regulation of synaptic 

activity and membrane potential (Figures S3D) (Bindea et al., 2009). Additional GO 

analysis with the human DA neuronal transcriptome as reference also showed that the 

pathways with highest fold enrichments are regulation of signaling receptor activity and 

glutamate receptor signaling pathway (Table S3) (Mi et al., 2019). Likewise, IPA analysis 

reported that various signaling pathways in neurons are affected; Ca2+ signaling is one of the 

top IPA pathways disturbed in human G2019S LRRK2 DA neurons, and the other top 

pathways contain voltage-gated Ca2+ channel genes as their constituents (Figures 2A and 

S3D). Based on the results, we hypothesized that deregulation of multiple channel and 

receptor genes may have affected the Ca2+ homeostasis in these neurons.

Increased Ca2+ signaling in neurons is known to induce expression of activity-regulated 

genes, including the immediate early genes (Ebert and Greenberg, 2013). We noticed that 

several genes identified as differentially regulated in G2019S LRRK2 human DA neurons 

are well-known activity-dependent genes (RNA-seq: 5 genes out of 84 total differentially 

regulated genes, ribosome profiling: 1 out of 7 differentially regulated genes) (Table S1). 

Expression levels of 84 differentially regulated transcripts were visualized across individual 

cell lines, and the results showed that activity-regulated genes have higher expression in 

G2019S LRRK2 DA neurons in all three lines regardless of their varying genetic 

backgrounds (Figure 2B and Tables S1 and S2). Accordingly, we found that a group of 

known activity-regulated genes are induced in G2019S LRRK2 human DA neurons (Figure 

2C) (Xiang et al., 2007). The findings collectively suggest a link between defective Ca2+ 

regulation and the G2019S LRRK2 mutation in human DA neurons.

Calcium currents and intracellular calcium levels are increased in G2019S LRRK2 human 
DA neurons

Fluorescent Ca2+ indicator Fluo-4 was used to measure intracellular Ca2+ concentrations in 

G2019 LRRK2 and control human DA neurons. The results revealed that G2019S LRRK2 
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DA neurons have overall higher intracellular Ca2+ levels than control DA neurons (Figure 

3A). We previously reported that phosphorylation of ribosomal protein S15, a kinase 

substrate of LRRK2, is an important mediator for the hyperactive protein synthesis in 

G2019S LRRK2 neurons (Martin et al., 2014b). Therefore, we next assessed role of S15 

phosphorylation in intracellular Ca2+ concentration. Adeno-associated virus (AAV)-

mediated overexpression of T136A S15, a mutant that is not phosphorylatable by LRRK2, 

rescues the elevated intracellular Ca2+ levels (Figure 3A).

Multiple genes whose product could be responsible for activity-dependent Ca2+ influx, 

including voltage-gated Ca2+ channel (VGCC) and ionotropic glutamate receptors (GluRs), 

are induced in G2019S LRRK2 human DA neurons (Table S3) (Yap and Greenberg, 2018). 

Therefore, we performed whole cell Ca2+ current recordings on human DA neurons and 

found that G2019S LRRK2 neurons have increased Ca2+ currents in both the peak and 

sustained currents (Figures 3B and 3C). Overexpression of T136A S15 reduces the increased 

Ca2+ currents (Figures 3B and 3C).

Among VGCCs, L-type VGCCs (L-VGCCs) in SNc DA neurons are known to be engaged 

during autonomous pacemaking, thereby continuously allowing Ca2+ influx (Surmeier et al., 

2012). L-VGCCs are also important for the induction of activity-dependent gene expression 

(Dolmetsch et al., 2001). Therefore, we hypothesized that suppression of L-VGCC activities 

by treating its antagonist isradipine may reduce the increased intracellular Ca2+ levels. 

Isradipine treatment restored the increased Ca2+ currents in G2019S LRRK2 human DA 

neurons similar to the levels of wild-type neurons (Figure 3D). Contribution of L-VGCC 

currents to the total Ca2+ influx, calculated by subtracting the isradipine-treated currents 

from the control currents, indicated that G2019S LRRK2 DA neurons have increased Ca2+ 

influx through L-VGCCs (Figures 3D and 3E). Intracellular Ca2+ measurements using the 

ratiometric Ca2+ indicator Fura-2 demonstrated that isradipine reduced the elevated 

intracellular Ca2+ level in G2019S LRRK2 human DA neurons (Figure 3F).

Correction of the G2019S LRRK2 mutation rescues elevated Ca2+ levels in human DA 
neurons

We examined the observed Ca2+ dysregulation using a pair of iPSC lines with the same 

genetic background (isogenic lines). A patient-derived G2019S LRRK2 iPSC line and its 

mutation-corrected derivative were obtained from the Gasser lab at University of TQbingen 

(Reinhardt et al., 2013). Isogenic pair lines do not show any noticeable differences in DA 

differentiation efficiency, and the differentiated DA neurons show indistinguishable 

morphology and electrophysiological characteristics (Figures S3E to S3G). Notably, we 

found that phosphorylation of S15 T136 residue is reduced in human DA neurons 

differentiated from the mutation-corrected line, which is consistent with our previous 

findings of increased S15 phosphorylation by G2019S LRRK2 in Drosophila brain (Figures 

S4A and S4B) (Martin et al., 2014b). We found that mutation-corrected human DA neurons 

have significantly lower cytosolic Ca2+ levels and Ca2+ influx that are similar to the levels of 

wild-type neurons (Figures 4A to 4C). Elevated Ca2+ currents mediated by L-VGCCs in 

G2019S LRRK2 DA neurons are also alleviated in the mutation-corrected neurons (Figures 

4D and 4E). Isradipine treatment rescues the elevated Ca2+ levels in the G2019S LRRK2 
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human DA neurons (Figure 4F). The results from isogenic pair lines collectively support our 

findings that G2019S LRRK2 mutation is responsible for the observed Ca2+ dysregulation in 

human DA neurons.

Ribosome profiling of isogenic wild-type and G2019S LRRK2 human DA neurons

We performed ribosome profiling with human DA neurons differentiated from the isogenic 

lines. The replicates are highly reproducible in both RNA-seq and ribosome profiling results, 

demonstrating that genetic background explains the differences in gene expression profiles 

in non-isogenic samples (Figures S4C and S4D). Metagene analyses do not show any 

noticeable differences between the two lines (Figures S4E and S5A). DESeq2 analysis 

pipeline reported 414 genes from RNA-seq, 515 genes from ribosome profiling, and 15 

genes from TE as differentially regulated using the same 10% FDR and 2-fold cutoff 

(Figures 5A to 5C, Tables S1 and S2). Of note, activity-dependent genes are increased in 

G2019S LRRK2 neurons compared to mutation-corrected neurons (Figure 5D). In addition, 

we performed a combined DESeq2 analysis with both non-isogenic and isogenic datasets. 

The results show generally lower numbers of significantly affected genes, likely due to 

heterogeneous genetic backgrounds: 10 genes from RNA-seq, 2 genes from ribosome 

profiling, and 1 gene from TE analysis (Figure S5B, Tables S1 and S2). In accordance with 

the previous observations, 2 out of 10 differentially regulated mRNAs are activity-dependent 

genes (Table S1). G2019S LRRK2 neurons show generally increased expression of activity-

dependent genes in the combined analysis as well (Figure S5C).

We directly compared TE values of non-isogenic and isogenic datasets and observed no 

overall correlation (r=0.0726) (Figure 5E), reflecting the impact from genetic background 

diversity. However, when the genes with positive or negative TE values 

(log2FoldChange>0.5 or <−0.5) from the non-isogenic datasets were selected and their TE 

values from the isogenic datasets were plotted, they show significant shifts to the respective 

direction (Figure 5F). The shift was also observed when we selected and plotted in the 

opposite way (Figure 5G). Therefore, we hypothesized that there might be common 

translational effects underneath the seemingly prevalent baseline variability.

Secondary structure in 5’UTR correlates to translatome alteration

In order to identify systematic translational effects by G2019S LRRK2, we examined 

previously suggested modes of translational regulation. However, targets of let-7 family 

miRNAs or the mRNAs with 5’ terminal oligopyrimidine tract (TOP) do not show 

significant TE differences (Figures S5D and S5E) (Gehrke et al., 2010; Imai et al., 2008). 

Previous studies have suggested that deregulated translation caused by LRRK2 kinase 

activity may interfere the initiation step of translation (Imai et al., 2008; Martin et al., 2014b; 

Penney et al., 2016). Secondary structure in the 5’ UTR of the mRNA is an important 

regulatory feature for translational initiation (Hinnebusch et al., 2016), and more than 40% 

of the mRNAs in the human transcriptome have relatively complex (< −100kcal/mol) 5’UTR 

secondary structure. Therefore, predicted 5’UTR folding energy (FE) was compared 

between TE up and TE down (log2FoldChange>0.5 or <−0.5, respectively) genes from each 

dataset. The TE up genes in G2019S LRRK2 human DA neurons have significantly lower 

FE than randomly selected control genes, while the TE down genes have significantly higher 
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FE compared to the control genes (Figures 6A and S5F). The trend remains unchanged when 

the 5’UTR FE is normalized by its length (Figures S5G to S5I). Conversely, when mRNAs 

with complex 5’UTR structure (< −350kcal/mol) are selected, G2019S LRRK2 human 

dopamine neurons show significantly higher TE than control genes, while mRNAs 

possessing simple 5’UTR secondary structure (> −15kcal/mol) show significantly lower TE 

than controls genes (Figure 6B). The results are consistent across non-isogenic lines, 

isogenic pair lines, and combined analyses.

To confirm our findings using a simple reporter system, we generated 5’UTR luciferase 

reporters. 5’UTR sequences with no predicted secondary structure or artificial hairpin 

structure were inserted into a firefly luciferase reporter vector (Figure 6C). The reporters 

with complex 5’UTR secondary structure is translated more efficiently in primary mouse 

neurons expressing G2019S LRRK2 (Figures 6D and S6A). The increased reporter 

expression by G2019S LRRK2 is suppressed by introducing kinase-dead D1994A mutation 

to G2019S LRRK2 or co-expressing of T136A S15 (Figures 6D and S6A) (Martin et al., 

2014b). Overexpression of phosphorylation-mimetic T136D S15 recapitulates the effects of 

G2019S LRRK2 (Figures 6E and S6B). 5’UTR luciferase reporters were tested with potent 

LRRK2 kinase inhibitors, LRRK2-IN-1 and CZC-25146 (Deng et al., 2011; Ramsden et al., 

2011). LRRK2 kinase inhibitors reduce the increased expression of the reporter (Figures 6F 

and S6C). These results collectively suggest that LRRK2 kinase activity is required for 

maximal translation efficiency for the transcripts with complex 5’UTR structure.

5’UTR secondary structure and translational regulation of voltage-gated calcium channels 
in G2019S LRRK2 neurons

We tested whether translation of VGCC or GluR genes, whose product mediates Ca2+ 

influx, are increased in G2019S LRRK2 neurons. Firstly, we plotted TE of the VGCC and 

GluR genes. Both VGCCs and GluRs show significantly increased translation in the non-

isogenic and the combined datasets, while VGCCs have a more prominent shift (Figures 7A 

and S6D). In the isogenic lines, only VGCCs show a statistically significant increase (Figure 

7B). Of note, in the non-isogenic datasets, VGCC alpha and gamma subunits are broadly 

increased while beta subunits are not. In the isogenic datasets, two beta subunits show the 

highest increase while the other subunits do not show a specific trend (Table S3). While it is 

unclear why different subsets of genes constituting the same channel complex are induced in 

the two conditions, we speculate that this observation may reflect that their expression levels 

are rapidly changing upon its cellular and physiological circumstances.

To investigate the roles of 5’UTR in VGCC translation, we attempted to correlate their 

5’UTR FE and TE values. Unexpectedly, we found that many of them have multiple 

isoforms with varying 5’UTR secondary structure (Figure 7C). Since this estimation process 

assumes that the expression is only coming from the principal transcript, correlation between 

TE and 5’UTR FE values does not fully reflect the actual effects when multiple isoforms 

present. Therefore, we designed 5’UTR luciferase reporters containing VGCC 5’UTR 

sequences. Based on the effectiveness of isradipine treatment, we designed two 5’UTR 

reporters from two L-VGCCs, one with CaV1.2 5’UTR the other one is CaV1.3 5’UTR 

(Figure 7D). The reporter assay showed that complex secondary structure existing in CaV1.2 
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5’UTR induces translation with G2019S LRRK2 expression through T136 phosphorylation 

of S15 while simple 5’UTR from CaV1.3 coding gene does not (Figures 7E and 7F, S7A and 

S7B). The results suggest that 5’UTR sequences of VGCC genes may contribute to the 

increased translation, while the exact isoform expression profile in DA neurons is required to 

fully address the translation regulatory mechanisms.

Discussion

Dysregulated calcium homeostasis and neuronal stress in G2019S LRRK2 DA neurons

Dysregulation of Ca2+ homeostasis and subsequent mitochondrial dysfunction have been 

ascribed as one of the major culprits in PD pathogenesis. Elevated Ca2+ increases cellular 

metabolic demands for cytosolic Ca2+ clearance, resulting in elevated mitochondrial 

respiration and cellular oxidant production (Camandola and Mattson, 2017; Nicholls, 2008; 

Surmeier et al., 2017). In addition, mitochondria are major reservoirs for intracellular Ca2+, 

making Ca2+ dysregulation critical to mitochondrial health (Perier and Vila, 2012). In line 

with the previous studies linking Ca2+ concentration to metabolic demands, transcript levels 

of ribosomal components and mitochondria respiratory chain complex genes are 

significantly increased in human G2019S LRRK2 DA neurons, reflecting elevated cellular 

metabolism (Figure S7C) (Dominy and Puigserver, 2013; Reinecke et al., 2009). 

Collectively, we speculate that dysregulation of Ca2+ homeostasis and altered translation 

together lead to the increased cellular metabolic needs and mitochondrial burden.

One question regarding the dopaminergic neurotoxicity is whether this Ca2+ dysregulation 

caused by G2019S LRRK2 only exists in DA neurons, or DA neurons are more susceptible 

to Ca2+ dysregulation. To address this question, we differentiated the isogenic iPSC lines 

into human cortical neurons and measured their cytosolic Ca2+ levels (Xu et al., 2016). We 

found that cortical neurons also have increased cytosolic Ca2+ concentrations (Figure S7D). 

The result suggests that G2019S LRRK2 could potentially elevate Ca2+ levels in other 

neuronal types as well, and DA neurons might be more vulnerable to the constitutive 

increase of intracellular Ca2+ levels. Previous studies speculating that DA neurons are more 

susceptible to Ca2+ dysregulation due to their extreme axonal arborization, continuous 

dendritic Ca2+ influx, and insufficient Ca2+ buffer proteins, and the fact that non-DA 

neurons are also affected in PD especially in late stages seem to be in line with this 

interpretation (Pacelli et al., 2015).

Proteostasis, calcium homeostasis and molecular pathogenesis in LRRK2 PD

There were previous reports implicating defective Ca2+ regulation in LRRK2 mutants, 

although the molecular mechanisms linking the function of LRRK2 to Ca2+ homeostasis 

remained unclear. It was reported that neurons expressing mutant LRRK2 have impaired 

Ca2+ clearance after KCl-induced neuronal depolarization (Cherra et al., 2013; Schwab and 

Ebert, 2015), or show ERK activation (Reinhardt et al., 2013). A recent study also reported 

that human neurons differentiated from G2019S LRRK2 iPSCs have altered ER Ca2+ 

regulation (Korecka et al., 2019). Our findings provide a plausible mechanism for the 

observed defects in Ca2+ homeostasis.
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It is noteworthy that Ca2+ homeostasis may be a link connecting protein synthesis and 

protein degradation, the two axes in the proteostatic pathways dysregulated in LRRK2 

mutants. LRRK2 mutations have been linked to impaired macroautophagy and 

endolysosomal pathways (Abeliovich and Gitler, 2016; Cookson, 2016; Dehay et al., 2013; 

Orenstein et al., 2013), functions that are regulated by cytosolic Ca2+ (Hoyer-Hansen et al., 

2007). Of note, a previous study suggesting the function of LRRK2 in autophagic regulation 

through lysosomal Ca2+ signaling pathways (Gomez-Suaga et al., 2012) supports this 

hypothesis, although the detailed mechanisms need to be elucidated. Future studies aiming 

to investigate this molecular crosstalk between proteostasis and Ca2+ homeostasis will 

provide comprehensive insights on the neurodegenerative mechanisms in G2019S LRRK2 

PD.

Voltage-gated calcium channels and Ca2+ dysregulation in G2019S LRRK2 neurons

In spite of the effectiveness of isradipine to reduce cytosolic Ca2+, it is yet unclear whether 

the L-type channels are specifically targeted by LRRK2 and their expression levels are 

increased by G2019S LRRK2. The observations that L-VGCC-mediated Ca2+ currents are 

increased and L-VGCC 5’UTR could increase reporter expression suggest that L-VGCC 

levels might be higher in G2019S LRRK2 neurons. However, ribosome profiling results 

reported only mild or insignificant TE changes of CACNA1C expression in G2019S LRRK2 

human DA neurons (63.47% increase in non-isogenic, 8.25% decrease in isogenic) (Table 

S3). Since translation of many genes involved in Ca2+ homeostasis are broadly affected in 

G2019S LRRK2 human DA neurons, our interpretation is that deregulation of multiple 

genes including VGCC subunits collectively results in Ca2+ dysregulation. The next step 

would be testing the roles of other types of VGCC in the DA neuronal Ca2+ homeostasis and 

identifying pharmacologic and/or genetic methods which can effectively restore Ca2+ 

homeostasis in G2019S LRRK2 human DA neurons.

Expression of voltage-gated calcium channels and their 5’UTR isoforms

The GRCh38 genome assembly reports that there are multiple isoforms of VGCC genes 

with varying 5’UTR secondary structure. For example, CACNA1C has 12 different isoforms 

with the minimum (most complex) 5’UTR FE of −85 kcal/mol and the maximum (simplest) 

5’UTR FE of −3.4 kcal/mol. As an extreme case, CACNB4 reportedly has 50 different 

isoforms and their 5’UTR FE spans from −277.2 kcal/mol to 0kcal/mol (Figure 7C and 

Table S3). The actual number of isoforms expressing in the DA neuron and the regulation 

for isoform selection have not yet been thoroughly addressed. Since the existence of 

multiple 5’UTR variants suggests that 5’UTR could be used to regulate expression of 

VGCCs, future studies focusing on the 5’UTR-mediated translational regulation in DA 

neuron are warranted.

It was previously suggested that 5’UTR secondary structure is involved in the gene 

expression control under neuronal activity (Dalal et al., 2017). In this regard, there is a 

possibility that the elevated Ca2+ resulting from increased expression of Ca2+ channels could 

further change the translational landscape of G2019S LRRK2 neurons. Thus, comprehensive 

understanding on the neuronal activity and 5’UTR-mediated translational regulation will 

deepen our knowledge on the G2019S LRRK2 PD pathology.
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5’UTR-mediated translational effects of G2019S LRRK2

Previous studies have suggested that pathogenic LRRK2 mutants may cause abnormal 

translation initiation through multiple potential mechanisms (Imai et al., 2008; Martin et al., 

2014b; Penney et al., 2016). The 5’UTR is known to possess regulatory roles in translation 

initiation and in particular, complex secondary structure in the 5’UTR is thought to serve as 

a negative modulator of translation initiation by hindering ribosomal scanning (Hinnebusch 

et al., 2016). Therefore, our findings on the structured 5’UTR preference indicates the 

significance of translation initiation in LRRK2-mediated translational abnormality.

A recent study reported that multiple S15 mutations are linked to chronic lymphocytic 

leukemia, and the disease-relevant mutants, mostly located at its C-terminus, show varying 

levels of translational defects (Bretones et al., 2018). Several studies on the ribosomal 

structure provide us a clue to understand the potential role of the C-terminus of S15 

(positions 131-145), which contains the T136 residue phosphorylated by LRRK2. The C-

terminus of S15 is unstructured and found only in eukaryotes, and studies on the ribosomal 

structure revealed that this C-terminal tail projects into the decoding sites of the ribosome 

(Figures S7E and S7F) (Anger et al., 2013; Khatter et al., 2015). The S15 C-terminus was 

shown to interact with the A site codon of mRNA on the 48S pre-initiation complex (PIC), 

and the A- and P-sites tRNAs, ribosomal RNA helices, and the mRNA on the 80S ribosome 

(Bhaskar et al., 2020; Khairulina et al., 2010; Sharifulin et al., 2015). A cryo-EM study 

focusing on the C-terminal tail of S15 demonstrated that T136 forms a hydrogen bond with 

the P-site tRNA (N28) on the 80S ribosome (Bhaskar et al., 2020). The C-terminus of S15 

has also been suggested to play a role in the transition of ribosomal conformation which 

completes the scanning process and results in a stable 48S PIC formation (Lomakin and 

Steitz, 2013). Our findings warrant future studies on the structural properties of phospho-

S15 ribosome, which will expand our knowledge on the intricate regulatory mechanisms in 

mRNA translation.

Limitations of the Study

In this study, a total of 8 lines of iPSCs – 6 unrelated lines from different individuals and one 

pair of isogenic lines with a mutation correction – were used. We recognize limitations 

associated with the number and configuration of iPSC lines used. Testing additional iPSC 

lines including mutation-corrected, paired lines can strengthen the conclusions of the study.

We found that annotations for 5’UTR and isoforms in DA neurons are not complete yet. 

Since we report 5’UTR-related correlations in this study, we recognize potential limitations 

ascribable to incomplete annotations in the current reference genome.

STAR Methods:

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources (including genetic models) 

and reagents should be directed to and will be fulfilled by the Lead Contact, Valina Dawson 

(vdawson@jhmi.edu).
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Materials Availability—Four plasmids generated in this study for 5’UTR luciferase 

assays have been deposited to Addgene (pJWK_VD_01: #158102, pJWK_VD_02: #158103, 

pJWK_VD_03: #158104, pJWK_VD_04: #158105). The iPSC lines generated in this study 

will be made available on request, but it will require a completed Materials Transfer 

Agreement.

Data and Code Availability—The high-throughput sequencing data generated in this 

study have been deposited in the NCBI GEO database under accession number GSE90469. 

Codes for ribosome profiling analysis are available on Nicholas Ingolia’s Github (https://

github.com/ingolia-lab/RiboSeq).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal protocols are in accordance with the regulations of the Johns Hopkins University 

Animal Care and Use Committee.

Generation and characterization of human iPSC lines—Deidentified human 

fibroblasts were obtained and expanded in DMEM with 10% fetal bovine serum (FBS, Life 

Technologies). Human iPSCs were generated using CytoTune®-iPS Sendai Reprogramming 

Kit (Life Technologies) following manufacturer’s instruction; fibroblasts were plated at a 

density of 2.5-5×104 cells/cm2 on gelatin-coated plate and transduced with Sendai viruses 

expressing Oct4, Klf4, Sox2, and c-Myc at MOI of 3 and/or 6. At the day 6 of transduction, 

cells were dissociated with accutase and re-plated on multiple plates with mouse embryonic 

fibroblasts (MEFs) growing at various densities. Cells were fed with human embryonic stem 

cell (hESC) media (Gibco) from the next day of re-plating and replaced the medium daily 

until they formed hESC-like colonies approximately for 2-3 weeks. Mycoplasma 

contamination was tested and controlled regularly. Individual colonies were isolated and 

clonally expanded to establish iPSC lines. For the LRRK2 isogenic lines, the generation and 

characterization of the iPSC lines were previously published (Reinhardt et al., 2013).

Differentiation of human iPSCs to human DA neurons—Human iPSCs were 

cultured using standard protocol on inactivated mouse embryonic fibroblast. DA neuron 

differentiation was done as previously described (Kriks et al., 2011). Briefly, iPSCs were 

cultured on Matrigel (Corning)-coated plate at a density of 4×104 cells/cm2 in SRM media 

containing growth factors and small molecules including FGF8a (100ng/mL, R&D 

Systems), SHH C25II (100ng/mL, R&D Systems), LDN193189 (100nM, Stemgent), 

SB431542 (10μM, R&D Systems), CHIR99021 (3μM, Stemgent), and purmorphamine 

(2μM, Sigma) for the first five days. For the next six days, cells were maintained in 

Neurobasal medium (Gibco) containing B-27 supplement minus vitamin A (Gibco), N-2 

supplement (Gibco) along with LDN193189 and CHIR99021. In the final stage, colonies 

were made into single cell suspension and seeded at density of 4×106 cells/cm2 on poly-

ornithine and laminin coated plate in neurobasal media containing B27 minus vitamin A, 

BDNF (20ng/mL, Peprotech), GDNF (20ng/mL, Peprotech), TGFβ (1ng/mL, R&D 

Systems), ascorbic acid (0.2mM, Sigma), dibutyryl-cAMP (0.5mM, Sigma) and DAPT 

(10μM, Stemgent) until maturation. DA neurons were cultured for >60 differentiation days 

before measurements.
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Differentiation of human iPSCs to human cortical neurons—For cortical neurons, 

the detailed procedure was previously published (Xu et al., 2016). Briefly, First, iPSCs were 

detached and grown as embryoid body (EB) suspensions. On the day 2, dual SMAD 

inhibition with noggin and SB431542 was initiated for 4 days until day 7 to allow the robust 

induction of rosette formation. Day 7, the EBs were plated on Matrigel- or laminin-

precoated plates. Day 9, rosettes began to form with profound cellular expansion in a 

defined central area of each colony (rosette type neural stem cells, RONA). On the day 17, 

RONAs were manually isolated and grown as neuro spheres in suspension for 1 day. Day 18, 

the neurospheres were disassociated into single cells and plated on laminin/ poly-D-lysine–

coated plates or coverslips where they formed neural precursor cell (NPC) clusters. For 

neuronal differentiation, retinoic acid (2 mM, Sigma), SHH (50 ng/ml, R&D Systems), 

purmorphamine (2 mM, Sigma), or the combination of retinoic acid, SHH, and 

purmorphamine was supplemented in neural differentiation medium containing 

Neurobasal/B27 (NB/B27, Invitrogen), brain-derived neurotrophic factor (BDNF; 20 ng/ml, 

R&D Systems), glial cell line–derived neurotrophic factor (GDNF; 20 ng/ml, R&D 

Systems), ascorbic acid (0.2 mM, Sigma), dibutyryl adenosine 3′,5′-monophosphate (0.5 

mM, Sigma) at the indicated time points after neurospheres were dissociated into single 

cells. The neurons were cultured for >60 differentiation days before measurements.

Mouse primary cortical neuron culture—Dissipated primary cortical neurons were 

prepared from mouse E15 developing brain (CD1, Charles River). Developing cortices were 

dissected in the dissecting medium (Dulbecco's Modified Eagle Medium (DMEM) with 20% 

horse serum, 0.5mM GlutaMax, 6μM glucose, Gibco), digested with TrypLE (Gibco), and 

plated at a concentration of 3 × 106 cells for a plate. Culture plates were pre-coated with 

15μg/mL poly-L-ornithine. Cultures were maintained under Neurobasal (Gibco) medium 

with a serum-free supplement B-27 (Gibco) and 0.5mM GlutaMax (Gibco).

METHOD DETAILS

Immunocytochemistry of human iPSCs and DA neurons—Cells were fixed with 

4% paraformaldehyde for 15 minutes at room temperature, then permeabilized with 0.03% 

Triton X-100 for 15 min. The cells were washed, and blocked for 1 hour with 10% goat 

serum in PBS. The blocked cells were subsequently incubated with primary antibody for 

overnight at 4°C. On the following day, the cells were incubated with secondary antibody for 

1 hour at room temperature in a light controlled condition. After 3× wash with PBS buffer, 

the cells were mounted on cover slides with mounting media containing DAPI 

(ThermoScientific). All images were taken for analysis with Zeiss AxioObserver Z1 or 

LSM710 (Carl Zeiss) confocal laser scanning microscope under 20× or 40× oil objectives. 

For pluripotent stem cell markers, 2-3 random fields were captured for analysis. For DAPI, 

TH and TUJ1 counting, 6 random fields were captured and total 600-800 cells were counted 

in each condition for analysis. Blinding was not performed with immunocytochemistry 

experiments. The following primary antibodies were used for immunocytochemistry: α-

TUJ1 (1:2000, Covance MMS-435P), α-TH (1:1000, EMD Millipore AB152), α-OCT4, α-

NANOG, α-SOX2, α-SSEA4 (1:200 for all, Cell Signaling, StemLight™ Pluripotency 

Antibody Kit #9656).
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T136A S15 overexpression and isradipine treatment in human DA neurons—
Human cDNA expressing T136A S15 allele was cloned into pAM/CBA-pl-WPRE-bGH 

vector, and AAV virus (AAV2 serotype) was generated (Vector Biolabs). 2μl of 1×1013 

GC/mL virus was used for one well of human DA neurons (approx. 4×106 cells, 

differentiation day>60), and incubated for 5 days with minimum culture medium change 

(half-change, once every 3 days) before measurements. Cells were exposed to isradipine 

(1μM) for 2 hours in prior to measurements.

Ribosome profiling library generation—Ribosome footprinting and RNA-seq libraries 

were prepared by following a previously described protocol with several modifications made 

for neurons (Ingolia et al., 2012). Dopamine neurons: 100μg/mL cycloheximide was applied 

to the cultures for 15 minutes, then neurons were lysed on ice in lysis buffer (10mM Tris pH 

7.5, 150mM NaCl, 5mM MgCl2, 0.5mM DTT, 100μg/mL cycloheximide, EDTA-free 

protease inhibitor (Roche), 1% NP-40, 20U/mL SuperAse-In (Ambion)). The lysates were 

incubated in ice for 15 minutes, and centrifuged for 10 minutes at 20,000×g. Total RNA 

concentration of lysate was measured by Qubit RNA BR Assay (Life Technologies), and the 

same amount of RNA was used across samples. The supernatant was split into two tubes for 

ribosome footprinting and RNA-seq library generation.

Ribosome footprinting: The lysates were treated with 15μL of RNase I (Ambion) in 600μL 

total reaction volume for 45 min at room temperature, and the reaction was stopped by 

adding 30μL of SuperAse-In (Ambion). Sucrose cushion was performed with 1.7g sucrose 

in 3.9mL polysome buffer (10mM Tris pH 7.5, 150mM NaCl, 5mM MgCl2, 0.5mM DTT, 

100μg/mL cycloheximide, 20U/mL SuperAse-In), 4 hours at 70,000rpm. The pellet was 

resuspended with 700μL QIAzol (QIAGEN) reagent, incubated for 5 minutes at room 

temperature, 140μL chloroform was added, vortexed for 15 seconds, and incubated again for 

2 minutes at room temperature. The sample was centrifuged for 15 minutes at 12,000×g, the 

350μL supernatant was mixed with 525μL 100% EtOH. The mixture was loaded on an 

RNeasy Mini column (QIAGEN), and the RNA was extracted. 26~34nt ribosome footprints 

were size-selected by Urea-PAGE, gel extraction and RNA purification. Ribo-Zero Gold Kit 

(Illumina) was used for rRNA removal after the size selection. The rRNA depleted ribosome 

footprints were dephosphorylated by T4 polynucleotide kinase treatment, then Universal 

miRNA Cloning Linker (NEB) was added to the 3’ ends. Reverse transcription reaction was 

performed with NI-NI-9 primers as previously described (Ingolia et al., 2012). NI-NI-9: 5’-

(Phos)-AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGC-

(SpC18)-CACTCA-(SpC18)-TTCAGACGTGTGCTCTTCCGATCTATTGATGG 

TGCCTACAG-3’ (Phos:5’ phosphorylation, SpC18: a hexa-ethyleneglycol spacer). The 

cDNA was circularized by CircLigase I or CircLigase II (Epicentre) reaction, and subjected 

to the PCR for final library generation.

RNA-seq: Total RNA was purified by a combination of QIAzol and RNeasy Mini as 

described. Ribo-Zero Gold Kit was used for rRNA removal. RNA-seq library was generated 

from the total RNA by ScriptSeq v2 Library Preparation Kit (Epicentre).

Ribosome profiling data processing—Illumina HiSeq 2000/4000 were used for deep 

sequencing of the libraries. Sequencing results were processed by following a previously 
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published pipeline (Ingolia et al., 2012). FASTX-Toolkit (http://hannonlab.cshl.edu/

fastx_toolkit/) was used for the initial processing of the reads.

Ribosome footprinting libraries: Only adapter-containing reads were clipped. The first 

nucleotide of the reads was trimmed. rRNA-mapped reads were discarded before genomic 

alignment.

RNA-seq libraries: Adapter-containing reads were clipped, rRNA-mapped reads were 

discarded.

The processed reads were mapped to the UCSC genome database (human: hg38) by Tophat 

(2.1.1) with Bowtie2 (2.3.4.1) (Langmead and Salzberg, 2012; Trapnell et al., 2009). 

Maximum 1 mismatch was allowed for the alignments.

Sequencing read counts

Sample Type Mapped Reads

SC1014
Ribo 30,020,158

mRNA 67,674,841

SC1015
Ribo 59,114,954

mRNA 49,057,592

SC1055
Ribo 29,525,048

mRNA 78,870,616

SC1007
Ribo 21,384,758

mRNA 54,542,831

SC1034
Ribo 32,715,717

mRNA 43,651,560

SC1041
Ribo 27,376,583

mRNA 51,138,107

MC 1 (isogenic)
Ribo 11,308,226

mRNA 47,089,189

MC 2 (isogenic)
Ribo 11,459,344

mRNA 56,183,246

GS LRRK2 1 (isogenic)
Ribo 19,286,120

mRNA 43,499,529

GS LRRK2 2 (isogenic)
Ribo 15,900,455

mRNA 47,894,005

SC1014, SC1015, SC1055 lines are non-PD control. SC1007, SC1034, SC1041 lines are 

G2019S LRRK2 heterozygotes (GGC -> AGC). Ribo: ribosome profiling, mRNA: RNA-

Seq.

5’UTR and IRES reporter assays—5’UTR stem-loop reporters: Additional 101 

nucleotides were inserted into the 5’UTR region of the pGL4.53(luc2/PGK) vector 
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(Promega). Estimated folding energy of the anticipated 5’UTR sequences were calculated by 

the Vienna RNA Package RNAfold (2.1.1) (Lorenz et al., 2011).

0kcal/
mol:  AAGATCACAACTATACCTAAGCATCACCTCTACAACTACGATCACCACTATAA

AGATCACAACTATACCTAAGCATCACCTCTACAACTACGATCACCACT

30kcal/
mol:  AAGATCACAACTATACCTAAGCATCACCTCTACAACTACGATCACCACTATAA

GGTGGAATTTGTAACGTAGAGGCTTGTATTGAGTACTAGTACGATCTA 5’UTR 

CACNA1C/1D reporters: 5’UTR sequence of CACNA1C/1D genes were retrieved from 

UCSC genome database (hg19, CACNA1C: uc009zdu.1, CACNA1D: uc003dgu.5). and 

cloned into the 5’UTR region of the pGL4.53(luc2/PGK) (Promega) vector.

C-terminal myc-tagged LRRK2 vectors and N-terminal V5-tagged S15 vectors were used as 

previously described (Martin et al., 2014b). Control plasmids are the same backbone without 

insert. The vectors were transfected into mouse cortical neurons at DIV 5 by Lipofectamine 

2000 (Invitrogen) reagent. Culture medium was replaced (half-change) every 24 hours to 

minimize any potential effects from the growth condition including starvation. Luciferase 

activity was measured at DIV 7 by Luciferase Assay System (Promega) (for the 5’UTR 

reporters) with Glomax 20/20 Luminometer (Promega). The lysates were subjected to the 

total RNA purification with DNase treatment for the transcript level measurement. For the 

5’UTR reporters, luciferase mRNAs were spiked-in for qPCR input normalization.

Immunoblotting—For P-S15 western blot, neurons were lysed in polysome buffer (10mM 

Tris pH 7.5, 150mM NaCl, 5mM MgCl2, 0.5mM DTT, 100μg/mL cycloheximide, EDTA-

free protease inhibitor (Roche), 1% NP-40, 20U/mL SuperAse-In (Ambion)). Lysates were 

incubated in ice for 10 min, then spun down for 10 min × 12,000g at 4°C. Supernantant was 

loaded onto sucrose cushion with 1.7g sucrose in 3.9mL polysome buffer (10mM Tris pH 

7.5, 150mM NaCl, 5mM MgCl2, 0.5mM DTT, 100μg/mL cycloheximide, 20U/mL 

SuperAse-In), 4 hours at 70,000rpm. Pellets were recovered using 2x Laemmli sample 

buffer, and proteins were precipitated from supernantant using methanol precipitation (4× 

volume methanol followed by 1× volume chloroform). The following antibodies were used 

for western blots: α-LRRK2 (1:1000, Cell Signaling #13046), α-S6 (1:1000, Cell Signaling 

#2217), α-S15 and α-P-S15 (in house, previously published (Martin et al., 2014b)).

Intracellular Ca2+ imaging of human DA neurons—Membrane permeable 

acetoxymethylester (AM) form of Fluo-4 (Thermo Fisher Scientific) or Fura-2 (Kd 0.14M; 

Invitrogen) was used to monitor intracellular Ca2+ levels. Blinding was not performed with 

Ca2+ imaging experiments. Human DA neurons (at differentiation day 60-80) were loaded 

with Fluo-4-AM or Fura-2-AM for 30min at 2μM final concentration. Neurons were washed 

three times with HEPES-buffered ACSF (NaCl 125mM, KCl 5mM, HEPES 10mM, MgCl2 

1mM, CaCl2 2mM, glucose 25mM, pH 7.4, osmolality 310 mosM), and incubated at RT in 

the dark for additional 20–25 minutes to allow for complete dye de-esterification. Cells were 

placed in a 30-32°C heated adaptor and images was taken by inverted epifluorescence 

microscope (Nikon TE300) with a 40×/1.35NA oil-immersion objective. The imaging 
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chamber was superfused with HEPES-buffered ACSF at a flow rate of 1mL/min. For Fluo-4-

AM, live imaging was conducted with excitation wavelength of 485 nm and emission 

wavelength of 525nm. For Fura-2-AM, cells were illuminated at two excitation wavelengths 

(340 and 380nm) by Polychrome V (TILL Photonics) and emission was captured with a 

cooled CCD camera (Hamamatsu ImagEM) connected to a computer running Slidebook 

imaging software (Intelligent Imaging Innovations). Ratiometric images (F340/F380) were 

taken every 120ms with exposure time of 20ms. Regions of interests (ROIs) in the soma 

were selected for further analysis. ROI F340/F380 ratios were converted to Ca2+ 

concentrations, using a standard curve generated under the exact acquisition conditions 

(Calcium Calibration Buffer Kits, Invitrogen).

Whole-cell patch clamp Ca2+ current recordings of human DA neurons—
Spontaneous and evoked action potentials (APs): HEKA EPC10 amplifier (HEKA 

Elektronik) was used. Human DA neurons were visualized under a 40× water immersion 

objective by fluorescence and DIC optics (Carl Zeiss), and the chamber was constantly 

perfused at a rate of 1-2mL/min at 32°C with bath solution (NaCl 137mM, KCl 5mM, CaCl2 

2mM, MgCl2 1mM, HEPES 10mM, glucose 10mM). Blinding was not performed with Ca2+ 

imaging experiments. pH of bath solution was adjusted to 7.4 with NaOH, and osmolarity 

was at 300–310mosM. Patch pipettes (2–5 MΩ) were pulled from borosilicate glass 

(BF-150, Sutter Instruments) using a Flaming-Brown micropipette puller (P-1000, Sutter 

Instruments) and filled with pipette solution (K-gluconate 126mM, KCl 8mM, HEPES 

20mM, EGTA 0.2mM, NaCl 2mM, MgATP 3mM, Na3GTP 0.5mM, adjusted to pH 7.3 with 

KOH, adjusted to 290-300mosM with sucrose). Resting membrane potential was recorded in 

current clamp mode at 0pA immediately after establishing a whole-cell configuration. Series 

resistance (Rseries) and input resistance (Rin) were calculated from a 5mV pulse and 

monitored throughout the experiment. Unstable recordings (>10% fluctuation of Rseries 

value) during the course of experiments were rejected from further analysis. Series of 

hyperpolarizing and depolarizing step currents were injected to measure intrinsic properties 

and to elicit APs. Presence of a sag in the membrane potential and the AP firing pattern were 

checked in current-clamp immediately after rupturing the membrane.

Voltage clamp: External solution (TEA-MeSO3 140mM, HEPES 10mM, BaCl2 or CaCl2 

10mM, pH was adjusted to 7.4 with CsOH, osmolarity was adjusted to 300-310mosM with 

glucose) and internal solution (pipet solution) (CsMeSO3 135mM, CsCl 5mM, MgCl2 1mM, 

MgATP 4mM, HEPES 5mM, EGTA 5mM, pH was adjusted to 7.3 with CsOH, and 

osmolarity was adjusted to 290-300mosM with glucose) were used. Currents were recorded 

by holding the cell at −90mV, before stepping to various potentials from −60mV to +50mV 

for 250ms in 10mV increments. Tetrodotoxin (1μM) was used to ensure blockade of voltage-

gated sodium currents. Data were acquired by PatchMaster software (HEKA Elektronik), 

sampled at 10kHz, and filtered at 2.9kHz. Ca2+ currents were analyzed using Clampfit 10.5 

software (Molecular devices). Ramp voltage clamp: Cultures were transferred to a recording 

chamber on a fixed-stage inverted microscope (Diaphot 200; Nikon). The recording chamber 

was perfused (2 ml/min, 25°C) with HEPES-based solution: 130mM NaCl, 1mM MgCl2, 

10mM BaCl2, 10mM HEPES, 10mM dextrose, 10mM sucrose and 15mM CsCl at pH 7.4 

and osmolarity of ~320mosM. Internal pipette solutions contained the following: 180mM N-
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methyl-D-glucamine, 40mM HEPES, 4mM MgCl2, 12mM phosphocreatine, 0.1mM 

leupeptin, 2mM Na2ATP, 0.5mM Na3GTP, 5mM BAPTA, pH 7.2–7.3 and osmolarity of 

~290 mosM. Somatic whole-cell patch-clamp recordings were obtained with a MultiClamp 

700A amplifier (Molecular Devices) connected to an Intel-based PC running pClamp10 

(Molecular Devices). The signals were filtered at 1kHz and digitized at 10kHz with Digidata 

1440A (Molecular Devices). Recording voltage was either fixed to +10mV, or current–

voltage relationships were calculated with current responses to voltage ramps (0.7mV/ms) 

from −60 to 80 mV. Cell capacitance (measured using PClamp 10 automatic compensation) 

was used to calculate peak Ca2+ current densities (pA/pF). At the end of each experiment, 

Ca2+ current–voltage relationships were corrected for leaks currents measured in the 

presence of Cd2+ (200μM), a non-selective Ca2+ channels antagonist. L-VGCC currents 

were estimated by subtracting Ca2+ currents in the presence of isradipine (1 μM) from total 

Ca2+ currents. Peak Ca2+ current densities were measured from current–voltage 

relationships using Clampfit 10 (Axon Instruments) and IgorPro 6 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance, type of the test used for individual testing, number of independent 

experiments are indicated in the figure legends. Non-parametric test is used and denoted 

when samples do not meet normality assumptions. Error bars indicate SEM without further 

clarification.

Ribosome profiling data analysis—Aligned reads were counted by custom scripts 

written by Nicholas Ingolia (McGlincy and Ingolia, 2017). Annotations and sequencing 

reads were handled using an R package GenomicFeatures (Lawrence et al., 2013). To avoid 

multiple counting on isoforms, transcript reference data were processed to have one unique 

annotation covering all isoforms (union of isoforms) per gene. Reads only in the CDS 

regions were counted. Transcripts with low read counts (< 64 reads) were discarded. An R 

package DESeq2 (1.22.2) was used for calculating normalized expression from either 

ribosome footprinting or RNA-seq data based on a negative binomial distribution and 

generalized linear model (Love et al., 2014). For the human neuron data, biological 

triplicates (non-isogenic) or replicates (isogenic) were handled by DESeq2. 5’UTR 

estimated folding energy table was extracted from the UCSC genome database (fold5UTR 

field: hg38). For the 5’UTR estimated folding energy comparison, a control group with 

similar group size was randomly selected for each comparison to avoid potential bias from 

sample size differences. Transcript coordinates were calculated by a custom R script and 

realigned based on the rounded half point of the ribosome footprint (5’ end + (footprint 

length/2)) or by fp-framing (https://github.com/ingolia-lab/RiboSeq).

Ingenuity pathway analysis and gene ontology—Ingenuity Pathway Analysis 

(QIAGEN) was used for the pathway analysis in G2019S LRRK2 human dopamine neurons. 

For gene ontology, a Cytoscape (3.7.1) plug-in ClueGo (2.5.4) and PANTHER (15.0) were 

used (Bindea et al., 2009; Mi et al., 2019). For PANTHER GO analysis, a total transcript list 

from non-isogenic datasets was used as reference genome.TE values calculated by DESeq2 

were used for analysis, the same cutoff (TE>0.8 or <−0.8) was used for both analyses.
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Human 80S ribosome structure—The original structure was from PDB 4V6X (Anger 

et al., 2013). The structure was visualized using UCSF Chimera (Pettersen et al., 2004).

Supplementary Material

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

• G2019S LRRK2 induces translatome alterations in human dopamine neurons

• 5’UTR secondary structure mediates translational regulation by G2019S 

LRRK2

• Ca2+ homeostasis is disrupted due to aberrant protein synthesis

• Intracellular Ca2+ levels are increased in G2019S LRRK2 human dopamine 

neurons
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Figure 1. Altered translatome in G2019S LRRK2 human dopamine neurons
(A) A schematic for the generation of human DA neurons. (B and C) Assessing the 

efficiency of DA differentiation. n=6, independent measurements per line. Unpaired t-test, 

mean ± SEM. ns=no significance. (D) A schematic of ribosome profiling. (E and F) MA 

plots for RNA-seq and ribosome profiling, respectively. Genes with >2-fold changes with 

FDR<10% were highlighted. Read abundance: mapped reads in log10 scale. (G) Scatterplot 

comparing RNA-seq and ribosome profiling. Genes with FDR<10% were highlighted. All 

values are in log2, each data point represents a single transcript. See also Figures S1 to S3, 

Table S1 and S2.
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Figure 2. Altered translatome results in increased calcium signaling in G2019S LRRK2 neurons
(A) IPA results with the TE values (log2 fold change>0.8 or <−0.8). (B) A heatmap with the 

significantly changed 84 mRNAs. Activity-dependent genes (5 genes) were denoted. mRNA 

expression: normalized mapped reads in log2. (C) Expression of activity-dependent genes 

compared to all genes. A group of induced activity-dependent transcripts were marked with 

an arrow. An activity-dependent gene list was from a previous study (Xiang et al., 2007). 

Kolmogorov–Smirnov test (p=0.002803). WT: wild-type, GS: G2019S. See also Figures S2 

and S3, Tables S1 to S3.
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Figure 3. Intracellular calcium concentration is elevated in G2019S LRRK2 human dopamine 
neurons
(A) Intracellular Ca2+ measurement by the Fluo-4. 6-8 independent measurements per line, 

cell lines with the same genotype were pooled for statistical analysis. n=165 (WT), 175 (WT 

+ TA S15), 154 (GS LRRK2), 138 (GS LRRK2 + TA S15). One-way ANOVA with 

Bonferroni correction (F=180.7, ns (WT vs WT + TA S15), p<0.001 (WT vs GS LRRK2), 

p<0.001 (GS LRRK2 vs GS LRRK2 + TA S15)). (B) Whole-cell patch clamp recording to 

measure Ca2+ currents. (C) Quantification of Ca2+ peak currents. 10 independent 

measurements, pooled by genotype. Average Ca2+ peak current values: 218.11pA (WT), 

199.77pA (WT + TA S15), 358.68pA (GS LRRK2), 242.75pA (GS LRRK2 + TA S15). 

One-way ANOVA with Bonferroni correction (F=21.96, ns (WT vs WT + TA S15), p<0.001 

(WT vs GS LRRK2), p<0.001 (GS LRRK2 vs GS LRRK2 + TA S15)). Boxplot visualizes 

the median, the first and the third quartile along with the data distribution pattern. (D) Ca2+ 

peak current density measurement with L-VGCC antagonist isradipine. IC-I: control – 

isradipine, currents blocked by isradipine. (E) Quantification of Ca2+ peak current density. 

Total Ca2+ peak current was normalized to cell capacitance (pA/pF). 6-8 independent 

measurements per genotype, and three lines of each genotype were pooled. Mann-Whitney 

nonparametric test (p<0.05 (Total Ca2+), p<0.05 (L-VGCC)). n=22 (WT), 12 (WT + 

isradipine), 23 (GS LRRK2), 10 (GS LRRK2 + isradipine). (F) Fura-2 imaging with 

isradipine (1μM). 8-10 independent measurements per genotype, three different lines were 

pooled. One-way ANOVA with Bonferroni correction (F=140.5, p<0.05 (WT vs WT + 

isradipine), p<0.001 (WT vs GS LRRK2), p<0.001 (GS LRRK2 vs GS LRRK2 + 
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isradipine)). Average Ca2+ concentrations: 104.21nM (WT), 112.33nM (WT + isradipine), 

150.45nM (GS LRRK2), 112.25nM (GS LRRK2 + isradipine). n=166 (WT), 161 (WT + 

isradipine), 180 (GS LRRK2), 204 (GS LRRK2 + isradipine). Boxplot visualizes the 

median, the first and the third quartile along with the data distribution pattern. *p<0.05, 

***p<0.001, ns=no significance. GS: G2019S, TA: T136A. See also Figure S2.
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Figure 4. Correction of the G2019S LRRK2 mutation rescues increased calcium concentration
(A) Intracellular Ca2+ measurements of an isogenic pair hDA neurons by the Fluo-4. 6-8 

independent measurements per line, same genotype were pooled for statistical analysis. 

n=60 for all samples. Student’s t-test (p<0.001). MC: mutation-corrected. (B) Whole-cell 

patch clamp Ca2+ currents recording. (C) Quantification of Ca2+ peak currents. 10 

independent measurements per line, pooled by genotype. Average Ca2+ peak current values: 

197.9 pA (MC), 303.0 pA (GS LRRK2). Student’s t-test (p=0.003). (D) Ca2+ peak current 

density measurement with isradipine (1μM). IC-I: control – isradipine, currents blocked by 

isradipine. (E) Quantification of Ca2+ peak current density. Total Ca2+ peak current was 

normalized to cell capacitance (pA/pF). 6-8 independent measurements per genotype, 3 lines 

of each genotype were pooled. Student’s t-test (p=0.002 for total Ca2+, p<0.001 for L-

VGCCs), n=20 for all samples. (F) Fura-2 imaging with isradipine (1μM). 8-10 independent 

measurements per genotype and 3 different lines were pooled. One-way ANOVA with 

Bonferroni correction (F=31.17, ns (MC vs MC + isradipine), p<0.001 (MC vs GS LRRK2), 

p<0.001 (GS LRRK2 vs GS LRRK2 + isradipine)). Average Ca2+ concentrations: 109.0nM 

(MC), 102.7nM (MC + isradipine), 143.9nM (GS LRRK2), 115.1nM (GS LRRK2 + 

isradipine). n=88 (MC), 65 (MC + isradipine), 85 (GS LRRK2), 75 (GS LRRK2 + 

isradipine). Boxplot visualizes the median, the first and the third quartile along with the data 

distribution pattern. **p<0.01, ***p<0.001, ns=no significance. See also Figure S3.
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Figure 5. Dynamic nature of human dopamine neuronal translatome
(A and B) MA plots for RNA-seq and ribosome profiling from an isogenic pair. Genes with 

FDR<10% were visualized. Read abundance: mapped reads in log10 scale. n=2 for each 

genotype. (C) Scatterplot comparing RNA-seq and ribosome profiling. Genes with a 2-fold 

cutoff and FDR<10% were visualized. All values are in log2, and each data point represents 

a single transcript. (D) Expression of activity-dependent genes compared to all genes from 

an isogenic pair. A group of induced activity-dependent transcripts were marked with an 

arrow. Kolmogorov–Smirnov test (p=0.03409). (E) TE change (GS LRRK2/control) 

comparison between non-isogenic and isogenic datasets. Dotted guidelines are TE=±0.5, 

Pearson’s correlation r=0.072. (F and G) TE up and TE down genes (TE>0.5 or <−0.5, 

respectively) from non-isogenic (F) or isogenic (G) datasets were selected and their TE 

distribution in the other dataset was plotted. Boxplot with violin plot visualizes the median, 

the first and the third quartile along with the data distribution pattern. *p<0.05, **p<0.01, 

***p<0.001, ns=no significance. Wilcoxon signed-rank test ((F) p<0.001 for TE up, 

p=0.01129 for TE down (G) p=0.005743 for TE up, p<0.001 for TE down). See also Figures 

S4 and S5, and Tables S1 and S2.
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Figure 6. Positive correlation between 5’UTR secondary structure and translation efficiency in 
G2019S LRRK2 human dopamine neurons
(A and B) 5’UTR FE is from the UCSC genome database hg38: foldUtr5 field. (A) 5’UTR 

FE of TE up and TE down genes (TE>0.5 or <−0.5, respectively). (B) Genes with complex 

5’UTR (estimated FE:<−350kcal/mol) or simple 5’UTR (> −15kcal/mol) were selected and 

TE differences were plotted. Boxplot overlaid with violin plot visualizes the median, the first 

and the third quartile along with the data distribution pattern. Wilcoxon signed-rank test (all 

comparisons are against all genes control) ((A): p<0.001 (TE up), p<0.05 (TE down), 

p<0.001 (TE up:isogenic), p=0.1718 (TE down:isogenic), (B): p<0.001 (Simple), p<0.001 

(Complex), p=0.02483 (Simple:isogenic), p<0.001 (Complex:isogenic)). (C) 5’UTR stem-

loop reporters. Inserted sequence length: 110nt. RNAfold from ViennaRNA for FE 

calculation (Lorenz et al., 2011). (D and E) 5’UTR stem-loop luciferase reporter assays with 

mouse primary neurons. (D) n=5; (E) n=5 of independent measurements, respectively. Each 

measurement consists of technical triplicates. One-way ANOVA with Bonferroni correction. 

(D) 0kcal/mol: F=6.355, ns (Control vs GS/DA LRRK2), p<0.001 (Control vs GS LRRK2), 

ns (GS/DA LRRK2 vs GS LRRK2), ns (GS LRRK2 vs GS LRRK2 + TA S15); −30kcal/

mol: F=11.91, ns (Control vs GS/DA LRRK2), p<0.001 (Control vs GS LRRK2), p<0.01 

(GS/DA LRRK2 vs GS LRRK2), p<0.001 (GS LRRK2 vs GS LRRK2 + TA S15). Two-way 

ANOVA to ensure the reporter effect (0kcal/mol vs −30kcal/mol) : F=5.688, p=0.0188. (E) 

0kcal/mol: F=1.527, ns (Control vs WT S15), ns (Control vs TA S15), ns (Control vs TD 

S15); −30kcal/mol: F=6.731, ns (Control vs WT S15), ns (Control vs TA S15), p<0.001 
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(Control vs TD S15). (F) Stem-loop reporter assays with LRRK2 kinase inhibitors, LRRK2-

IN-1 and CZC-25146 (0.1μM for both). n=4 for both, each measurement consists of 

technical replicates. Two-way ANOVA with Bonferroni post-test (0kcal/mol: inhibitor 

effect: F=8.17, p<0.01, GS LRRK2 effect: F=10.76, p<0.01, DMSO vs LRRK2-IN-1: ns 

(Control), p<0.01 (GS LRRK2), DMSO vs CZC-25146: ns (Control), ns (GS LRRK2); 

−30kcal/mol: inhibitor effect: F=29.08, p<0.001, GS LRRK2 effect: F=44.43, p<0.001, 

DMSO vs LRRK2-IN-1: ns (Control), p<0.001 (GS LRRK2), DMSO vs CZC-25146: ns 

(Control), p<0.001 (GS LRRK2)). Data are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, 

ns=no significance. GS: G2019S, GS/DA: G2019S/D1994A, TA: T136A, TD: T136D. See 

also Figures S5 and S6.
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Figure 7. 5’UTR secondary structure and translation efficiency of L-type voltage-gated calcium 
channels
(A and B) Density plots comparing TE distributions of VGCCs (26 genes) and GluRs (18 

genes) in non-isogenic and isogenic datasets, respectively. Wilcoxon signed-rank test 

(VGCC: non-isogenic (p<0.001), isogenic (p=0.03409), GluR: non-isogenic (0.0151), 

isogenic (p=0.0623)). (C) VGCC isoforms and 5’UTR FE from the hg38 reference genome. 

No. isoforms: number of reported transcript isoforms. Min. 5’UTR FE, Max. 5’UTR FE: 

minimum and maximum 5’UTR FE for the gene extracted from the hg38 foldUtr5 table. (D) 

L-VGCC 5’UTR luciferase reporters. 5’UTR sequences: CACNA1C (5’UTR length: 313nt, 

hg19: uc009zdu.1) or CACNA1D (5’UTR length: 118nt, hg19: uc003dgu.5). (E and F) 

5’UTR luciferase reporter assays with mouse primary cortical neurons. Each experiment 

consists of technical triplicates. (E) n=3 (CaV1.2), 4 (CaV1.3), (F) n =3 (CaV1.2), 4 (CaV1.3) 

of independent measurements. One-way ANOVA with Bonferroni correction. (E) CaV1.2: 

F=5.026, ns (Control vs GS/DA LRRK2), p<0.05 (Control vs GS LRRK2), p<0.01 (GS 

LRRK2 vs GS LRRK2 + TA S15); CaV1.3: F=7.663, ns (Control vs GS/DA LRRK2), ns 

(Control vs GS LRRK2), ns (GS LRRK2 vs GS LRRK2 + TA S15). (F) CaV1.2: F=7.293, ns 

(Control vs WT S15), ns (Control vs TA S15), p<0.001 (Control vs TD S15); CaV1.3: 

F=4.274, p<0.01 (Control vs WT S15), ns (Control vs TA S15), ns (Control vs TD S15). * 

p<0.05, ** p<0.01, *** p<0.001, ns=no significance. Data are mean ± SEM. GS: G2019S, 

GS/DA: G2019S/D1994A, TA: T136A, TD: T136D. See also Figures S6 and S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-LRRK2 (1:1000) Cell Signaling Cat#13046
RRID: AB_2798098

Rabbit monoclonal anti-S6 (1:1000) Cell Signaling Cat#2217
RRID: AB_331355

Rabbit polyclonal anti-S15 (1:1000)
Rabbit polyclonal anti-phospho-S15 (1:1000)

Dawson Lab
Martin I. et al., 2014

N/A

Rabbit monoclonal anti-β-actin (HRP conjugated, 
1:2000)

Cell Signaling Cat#4970
RRID: AB_2223172

Mouse monoclonal anti-TUJ1 (Mouse monoclonal, 
1:2000)

Covance Cat#MMS-435P
RRID:AB_2313773

Rabbit polyclonal anti-TH (1:1000) EMD Millipore Cat#AB152
RRID:AB_390204

Rabbit monoclonal anti-OCT4 (1:200) Cell Signaling Cat#2840
RRID:AB_2167691

Rabbit monoclonal anti-NANOG (1:200) Cell Signaling Cat#4903
RRID:AB_10559205

Rabbit monoclonal anti-SOX2 (1:200) Cell Signaling Cat#3579
RRID:AB_2195767

Mouse monoclonal anti-SSEA4 (1:200) Cell Signaling Cat#4755
RRID:AB_1264259

Bacterial and Virus Strains

pAM/CBA-RPS15(T136A)-WPRE-bGH (AAV2) Vector Biolabs N/A

Biological Samples

Fibroblasts (control and PD-patient, deidentified) Mayo Clinic N/A

iPSCs (isogenic) L1-2Mut, L1-2GC Gasser Lab Reinhardt et al. ,2013 N/A

PD patient brain tissue Mayo Clinic Brain Bank (Florida) N/A

Chemicals, Peptides, and Recombinant Proteins

Cycloheximide Sigma Cat#C7698

EDTA-free protease inhibitor Roche Cat#11836170001

SuperAse-IN Thermo Fisher Cat#AM2694

RNase I Thermo Fisher Cat#AM2294

QIAzol QIAZEN Cat#79306

Universal miRNA Cloning Linker NEB Cat#S1315S

CircLigase II Epicentre Cat#CL9021K

Matrigel Corning Cat#356231

FGF-8a R&D Systems Cat#4745-F8-050

SHH (C25II) R&D Systems Cat#464-SH-025

LDN193189 Stemgent Cat#04-0074

SB431542 R&D Systems Cat#1614/1

CHIR99021 Stemgent Cat#04-0004

Purmorphamine Sigma Cat#SML0868
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REAGENT or RESOURCE SOURCE IDENTIFIER

BDNF R&D Systems Cat#248-BD-025/CF

GDNF R&D Systems Cat#212-GD-010/CF

TGF-β3 R&D Systems Cat#243-B3-002/CF

Dibutyryl-cAMP Sigma Cat#D0627

DAPT Stemgent Cat#04-0041

Ascorbic Acid Sigma Cat#A4034

Laminin Sigma Cat#L2020

Y-27632 Sigma Cat#Y0503

Accutase Life Technologies Cat#A1110501

B-27 Supplement Life Technologies Cat#12587010

Neurobasal Medium Life Technologies Cat#21103049

Retinoic acid Sigma Cat#R2625

SHH R&D Systems Cat#8908-SH

Purmorphamine Sigma Cat#540220

Fluo-4-AM Thermo Fisher Cat#F14201

Fura-2-AM Thermo Fisher Cat#F1201

Isradipine Sigma Cat#I6658

Tetrodotoxin Sigma Cat#T8024

Critical Commercial Assays

Ribo-Zero Gold Kit Illumina Cat#MRZG126

ScriptSeq v2 Library Preparation Kit Illumina Cat#SSV21106

Luciferase Assay Promega Cat#E1500

Dual-Glo ® Luciferase Assay Promega Cat#E2920

CytoTune®-iPS Sendai Reprogramming Kit Life Technologies Cat#A13780

Human Embryonic Stem Cell Media Kit Life Technologies Cat#A1412901

Deposited Data

Raw and analyzed data This paper GSE90469

Human reference genome: hg19, hg38 (knownGene, 
foldUtr5)

UCSC Genome Browser https://genome.ucsc.edu/

Oligonucleotides

NI-NI-9 (reverse transcription primer) Ingolia et al., 2012 N/A

5’UTR sequences: CACNA1C (human) (hg19) UCSC Genome Browser uc009zdu.1 (5’UTR)

5’UTR sequences: CACNA1D (human) (hg19) UCSC Genome Browser uc009zdu.1 (5’UTR)

Recombinant DNA

pGL4.53(luc2/PGK) Promega Cat#E5011

pcDNA3.1/LRRK2 G2019S-myc-His Martin et al., 2014b N/A

pcDNA3.1/LRRK2 G2019S/D1994A-myc-His Martin et al., 2014b N/A

pcDNA3.1/nV5-DEST-RPS15 WT Martin et al., 2014b N/A

pcDNA3.1/nV5-DEST-RPS15 T136A Martin et al., 2014b N/A

pcDNA3.1/nV5-DEST-RPS15 T136D Martin et al., 2014b N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

FASTX-Toolkit Hannon Lab http://hannonlab.cshl.edu/fastx_toolkit/

Bowtie2 (2.3.4.1) Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

Tophat (2.1.1) Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/index.shtml

ClueGO (2.5.4) Bindea et al., 2009 http://apps.cytoscape.org/apps/cluego

PANTHER (v14.0) Mi et al., 2019 http://www.pantherdb.org

Ingenuity Pathway Analysis QIAGEN N/A

RNAfold (2.1.1) Lorenz et al., 2011 http://rna.tbi.univie.ac.at

GenomicAlignments Anders et al., 2015 https://bioconductor.org/packages/release/bioc/
html/GenomicAlignments.html

GenomicFeatures Anders et al., 2015 https://bioconductor.org/packages/release/bioc/
html/GenomicAlignments.html

DESeq2 (1.22.2) Anders and Huber, 2010 http://bioconductor.org/packages/release/bioc/
html/DESeq.html

fp-framing Nicholas Ingolia https://github.com/ingolia-lab/RiboSeq

PClamp 10 Molecular Devices N/A

Clampfit 10 Molecular Devices N/A
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