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Abstract 

Objective: The TMEM175/GAK/DGKQ locus is the 3rd strongest risk locus in genome-wide 

association studies (GWAS) of Parkinson disease (PD). We aimed to identify the specific disease-

associated variants in this locus, and their potential implications.  

Methods: Full sequencing of TMEM175/GAK/DGKQ, followed by genotyping of specific 

associated variants was performed in PD (n=1,575) and rapid eye movement (REM)-sleep 

behavior disorder (RBD) patients (n=533) and in controls (n=1,583). Adjusted regression models 

and a meta-analysis were performed. Association between variants and glucocerebrosidase 

(GCase) activity was analyzed in 715 individuals with available data. Homology modelling and 

molecular dynamics simulations were performed on TMEM175 variants to determine their 

potential effects on structure and function. CRISPR knockout of TMEM175 was performed in 

HeLa cells, and accumulation of a-synuclein was measured.  

Results: Two coding variants, TMEM175 p.M393T (OR=1.37, p=0.0003) and p.Q65P (OR=0.72,  

p=0.005) were associated with PD, and p.M393T was also associated with RBD (OR=1.59, 

p=0.001). TMEM175 p.M393T was associated with reduced GCase activity. Homology modelling 

and molecular dynamics simulations demonstrated that TMEM175 p.M393T creates a polar side-

chain in the hydrophobic core of the transmembrane, which could destabilize the domain and thus 

impair either its assembly, maturation, or trafficking. The p.Q65P variant may lead to better 

stability and performance of the transmembrane protein. Lastly, TMEM175 knockout resulted in 

~4-fold increase in a-synuclein levels in HeLa cells. 

Interpretation: Our results demonstrate that coding variants in TMEM175 are responsible for the 

association in the TMEM175/GAK/DGKQ locus, and suggest that this may be mediated by 

affecting GCase activity and a-synuclein accumulation.  
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Introduction 

In recent years, genome wide association studies (GWAS) in Parkinson disease (PD) have 

provided us with a wealth of information on the genetic factors underlying the risk for PD.1, 2 

However, for most of the GWAS loci, the exact genetic cause within each locus is still unknow. 

The TMEM175/GAK/DGKQ locus is the third most significant peak in two large meta-analyses of 

PD risk genome-wide association studies (GWAS).1, 2 It is still not certain which of the three genes 

is the primarily responsible for the risk association, although initial findings suggested that coding 

variants in TMEM175 may be linked to PD and responsible for the association in this locus.2 

Interestingly, the TMEM175 p.M393T variant is one of few coding variants to be the most 

significant marker in a PD risk locus. 

TMEM175 encodes for a transmembrane organelle potassium channel which was shown to 

regulate lysosomal function.3 The autophagy lysosomal pathway (ALP) likely plays a large role in 

Parkinson disease (PD) pathogenesis4, as deficits in the ALP may lead to alpha-synuclein protein 

aggregation and accumulation and reduction in glucocerebrosidase (GCase) activity5. GCase is 

encoded by GBA, which harbors variants that are among the most common risk factors for PD.2, 6, 

7 Although information is recent and still incomplete about the function of TMEM175, it was 

shown that lysosomes lacking TMEM175 have reduced potassium conductance and compromised 

luminal pH stability, resulting in abnormal fusion with autophagosomes during autophagy.8 

Furthermore, studies in cellular models demonstrated that TMEM175 knockdown also resulted in 

reduced activity of GCase.8 

In the current study, we aimed to further examine the TMEM175/GAK/DGKQ PD risk 

locus in PD, as well as rapid eye movement (REM) sleep behavior disorder (RBD). Most 

individuals with RBD in fact have prodromal synucleinopathy, and >80% of them are likely to 
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progress to PD, dementia with Lewy bodies (DLB) or multiple system atrophy (MSA).9 

Furthermore, RBD may be a clinical marker for specific PD subtype,10 and only in recent years 

genetic studies of RBD have been emerged. To study this locus in PD and RBD, we performed 

targeted next generation sequencing of the coding and regulatory regions of TMEM175, GAK, and 

DGKQ, followed by genotyping of two TMEM175 coding variants in three PD and one RBD 

cohorts. In addition, we analyzed the structural impact of the two TMEM175 risk variants, the 

effects of TMEM175 knock-out on α-synuclein, and the association between deleterious 

TMEM175 variant p.M393T with GCase activity in PD patients. 

 

Methods 

Population 

First, TMEM175, GAK and DGKQ were sequenced in a discovery cohort of unrelated, 

consecutively recruited PD patients (n=586), idiopathic RBD patients (n=350) and controls 

(n=869) of European ancestry (confirmed for all cases and controls using HapMap v.3 in 

hg19/GRCh37 and principal component analysis). Based on the results from the discovery cohort, 

the analysis of specific TMEM175 variants was expanded to include three PD cohorts (n=1,575), 

an expanded RBD cohort (n=533) and controls (n=1,583). A cohort from Columbia University 

included 482 PD patients (average age at enrollment 66±11, 69% men) and 233 controls (65±10 

years, 35% men). A cohort from Sheba medical center included 450 PD patients (62±12, 64% 

men) and 432 young controls (34±7, 60% men) of Ashkenazi Jewish origin. The young controls 

represent the general Ashkenazi Jewish population, and composed of individuals who performed 

routine genetic testing in Sheba medical center. A cohort collected at McGill University through 

numerous collaborators included 641 PD patients (66±10, 66% men), 533 RBD patients (68±9, 
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80% men) and 910 controls (43±14, 51% men). These 910 controls were composed of elderly 

controls (n=225, 63.5±8 years) and young controls (n=650, 36±7, additional 35 controls with no 

data on age). Since the analyzed variant frequencies were similar in these two control groups, we 

could combine them for the analysis. All differences in sex and age were taken into account and 

adjusted for in the statistical analysis. PD was diagnosed by movement disorder specialists 

according to the UK Brain Bank Criteria11 without excluding patients who have relatives with PD. 

Study protocols were approved by the Institutional Review Board and all patients signed informed 

consent before participating in the study.  

 

Genetic analysis 

DNA was extracted using a standard salting out protocol. In the discovery cohort, the coding and 

regulatory regions of TMEM175, GAK, and DGKQ were targeted with Molecular Inversion Probes 

(MIPs) designed as previously described, 12 and the targeting probes are detailed in Table S1. 

Targeted DNA capture and amplification was done as previously described,13 and the full protocol 

is available upon request. The MIPs library was sequenced using Illumina HiSeq 2500 platform at 

the McGill University and Genome Quebec Innovation Centre. Sequence processing was done by 

Burrows-Wheeler Aligner for alignment14, the Genome Analysis Toolkit (GATK, v3.8)15 for post-

alignment cleanup and variant calling, and ANNOVAR for annotation16. Variant frequencies were 

extracted from the public database Exome Aggregation Consortium (ExAC)17 and PDgene.18 

Following the discovery phase, specific TaqMan probes (Thermo Fisher Scientific Inc.) were used 

to genotype TMEM175 p.M393T (rs34311866, assay# C__25756279_10) and p.Q65P 

(rs34884217, assay# C__25751669_10) according to the manufacturer instructions. Genotyping 

was done on a QuantStudioÔ 7 Flex and analyzed with QuantStudioÔ Real-time PCR software 
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v. 1.3. TaqMan genotyping results confirmed the MIP calls at 15X coverage, and if a discrepancy 

was found, the sample was removed from the analysis.  

 

GCase activity 

Measurement of GCase activity was performed at Sanofi laboratories, and the researchers were 

blinded to the genetic status of the samples. Dried blood spots were obtained using previously 

published protocols19, 20 in the NY cohort. Gcase activity was measured using a previously 

published protocol as part of a multiplex assay together with four additional lysosomal enzymes.21 

All analyses were monitored on an API 4000 triple quadrupole mass spectrometer (ABSciex, 

Framingham, Massachusetts, USA) by selected ion monitoring (Multiple Reaction Monitoring, 

MRM) in positive mode. The enzyme activity of each sample was calculated from the ion 

abundance ratio of product to internal standard as measured by the mass spectrometer. The 

background activity of blank filter paper was subtracted from the dried blood spot activity. Two 

quality-control (QC) samples with previously established activity levels for each enzyme and 

disease positive samples were included in each plate for QC. 

 

Statistical Analysis  

Association of TMEM175, GAK, and DGKQ variants with PD and RBD was calculated using 

binary logistic regression, adjusted for age and sex, with case status as the dependent variable. 

Linear regression was used to test association between TMEM175 nonsynonymous variant 

p.M393T and glucocerebrosidase (GCase) activity in the Columbia cohort, adjusting for age, sex, 

and known GCase influencers LRRK2 p.G2019S and GBA mutations.21 Association between PD 

age at onset (AAO) and p.M393T in GBA variant carriers was analyzed using ANOVA and linear 
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regression adjusted for LRRK2 p.G2019S and severity of GBA mutation, both of which affect the 

AAO.6 Pooled odds ratios (ORs) and p-values for the PD cohorts were calculated by meta-analysis 

using R package Metafor22 in a fixed-effect model. Cochran’s Q-test was applied to test for residual 

heterogeneity. All other statistical analyses were performed in either R, SPSS version 21.0 or plink 

version 1.9.23 

 

Homology modelling and molecular dynamics simulations  

For the normal mode analysis, homology models of the N- and C-terminal domains were built in 

SWISS-MODELLER, using the sequence alignment shown in supplementary Fig 1A. The 

coordinates were submitted to the DynaMut server for analysis.24 For molecular dynamics, All-

atom models of human TMEM175 were constructed with MODELLER,25 using the crystal 

structure of Chamaesiphon minutus TMEM175 channel26 (pdb 5VRE) as a template. For the chain 

A and chain B, residues 36-230 and 261-473 were aligned using LOMETS27, which returns 10 

pairwise alignments, which we combined into a single alignment for which no gaps were 

introduced in alpha-helices (Fig 1A). Protein models were generated from residues 21 to 477 for 

both chains and the N and C termini were neutralized (acetylated and amidated, respectively). 

Residue His57 was protonated (“HSP 57”) to account for the low pH extracellular environment. 

Models were oriented using the OPM database28 (5VRE entry) and, using CHARMM-GUI29, were 

embedded in a hydrated 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayer with 150mM 

KCl to obtain a simulation cell of dimensions 97 × 97 × 134 Å. The simulation system consisted 

of ∼117,300 atoms. CHARMM3630 force field and TIP3P water model were used. All simulations 

were equilibrated using the six-step scheme suggested by Jo and coworkers31 by doubling the 

equilibration time in the first three steps (50 ps each). The production steps were performed in the 
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NPT ensemble (310 K and 1 atm) using NAMD 2.932 with a 2 fs timestep. Following these six 

equilibration steps, the dihedral angles of residues 37 to 54 and 265 to 279 (forming the ion pore) 

were restrained for the first 10 ns of production, with a force constant of 500 kcal/mol/rad25. 

Temperature and pressure were kept constant using Langevin dynamics with a coupling coefficient 

of 1 ps−1 and using a Nosé-Hoover Langevin piston,33, 34 with a piston period of 50 fs and a piston 

decay of 25 fs. All bonds involving hydrogen atoms were constrained using the 

SHAKE/RATTLE35 algorithm. Nonbonded interactions were calculated using particle mesh 

Ewald36 and the recommended CHARMM cutoff scheme.37 Five independent initial structures 

were generated for each channel (WT and Q65P mutant) and 100 ns long production simulations 

were performed for all of them. The last 90 ns of each trajectory were analyzed, for a total of 450 

ns for WT and Q65P channels. 

 

Cell culture and TMEM175 knock-out in Hela cells using CRISPR/Cas9 

HeLa cells were obtained from ATCC, maintained at 37°C and 5% CO2 and cultured in 

Dulbecco’s modified Eagle medium (DMEM, Wisent Inc.) containing sodium pyruvate, 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine and 100 

units/ml penicillin (Wisent Inc.). To generate TMEM175 knock-out Hela cells, two guide RNAs, 

sg1 and sg2, were cloned into the pSpCas9(BB)-2A-Puro vector (pX459_v2, Addgene 62988) 

according to the Zhang lab protocol. Target sequences were (cut site is shown as “*”, PAM 

sequence is in parentheses): sg1 GTCCATCATCGCCACCG*TCA (TGG); sg2 

GCAGGCACTGGATACAC*CGG (GGG). jetPRIME transfection reagent was used to co-

transfect Hela cells with sg1 and sg2 encoding plasmids according to the manufacturer’s protocol 

(Polyplus transfection). 24 h later, transfected cells were selected with 3 µg/ml puromycin for 48 
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h. Individual cells were then seeded in 96 wells plates by FACS, and the clones obtained were 

screened by PCR for loss of a gene fragment (due to cutting at both target sites) and Western 

blotting. 

 

Immunoblotting 

Cells were lysed in Laemmli buffer containing DTT, sonicated and boiled for 10 min before 

SDS-PAGE and transfer onto a nitrocellulose membrane. For α-synuclein, the membrane was 

fixed in phosphate-buffered saline (PBS) containing 0.4% paraformaldehyde (PFA) for 30 min as 

described previously38. Membranes were blocked with 5% skim milk in 0.1% Tween-20/PBS 

(PBS-T) and incubated overnight at 4 °C with primary antibodies in PBS-T containing 1% milk. 

Primary antibodies were rabbit polyclonal anti-TMEM175 antibody (19925-1-AP, Proteintech, 

1:1000), mouse anti-α-synuclein (clone 42/α-Synuclein, BD Transduction Laboratories, 1:1000), 

or goat anti-GAPDH (NB300-320, Novus Biologicals, 1:20000). Membranes were washed with 

PBS-T containing 1% milk three times for 5 min and then incubated with a secondary antibody, 

horseradish peroxidase-conjugated anti-mouse IgG, anti-rabbit IgG or anti-goat IgG antibody 

(Jackson) at a 1:5000 dilution in PBS-T containing 1% milk for 1 hour at room temperature. 

Membranes were then washed three times with PBST and developed using ECL substrate 

(PerkinElmer Life Sciences) on a Bio-Rad ChemiDoc imaging system. Densitometric 

quantification was performed using ImageJ. 

 

Results 

TMEM175 coding variants are associated with risk for PD and RBD. 
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The average coverage of TMEM175 was 318X with > 90% of nucleotides with >20X, the average 

coverage of GAK was 371X with > 96% of nucleotides with >20X, and the average coverage of 

DGKQ was 178X with > 88% of nucleotides with >20X. After applying a genotype cut-off of 80% 

for samples and variants, coverage depth of >15X and removing variants with Hardy-Weinberg 

equilibrium p<0.001, a total of 295 coding variants in PD and 191 in RBD were detected in GAK, 

TMEM175, and DGKQ (Table S2). None of the coding variants in GAK or DGKQ were associated 

with risk of PD or RBD. Burden analysis using the optimized sequence Kernel association test 

(SKAT-O) did not identify a significant burden of multiple rare variants in any of the three genes. 

The nonsynonymous TMEM175 p.M393T variant was associated with increased risk for both PD 

(meta-analysis OR=1.37, 95% CI 1.15-1.61, p=0.0003, Table 1, Fig 2) and RBD (OR=1.59, 95% 

CI 1.20-2.11, p=0.001). In a meta-analysis including the PD and RBD cohorts the OR was 1.42 

(95% CI 1.23-1.64, p<0.0001, Fig 2). The nonsynonymous TMEM175 p.Q65P variant was 

associated with a decreased risk for PD (meta-analysis OR=0.72, 95% CI 0.57-0.91, p=0.005), but 

not with RBD, despite similar directionality of effect (OR=0.88, 95% CI 0.63-1.23, p=0.45). A 

meta-analysis combining both PD and RBD had an OR of 0.77 (95% CI 0.63-0.93, p=0.0063, Fig. 

2). In all meta-analyses, the heterogeneity test had a p>0.68 with and without including RBD, 

supporting the validity of these models. The variant frequencies and odds ratios for both variants 

in the PD cohorts were similar with previous results detailed on PDgene (www.pdgene.org, 

p.M393T OR=1.26, 95%CI 1.22-1.31, p<5x10-8, p.Q65P OR=0.74, 95% CI 0.69-0.81, p<5x10-8).  

 

TMEM175 p.M393T is associated with reduced GCase activity, and may affect the AAO of 

GBA variant carriers. 
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Since TMEM175 encodes a lysosomal transmembrane channel that was previously suggested to 

affect GCase activity in cell models,8 we set to examine whether the risk variants in TMEM175 

may affect GCase activity in humans. Data on GCase activity was available for the NY cohort, 

and since GBA variants and the LRRK2 p.G2019S mutations also affect GCase activity,21 they 

were included as covariates in the model. The p.Q65P variant did not significantly affect GCase 

activity, however, the p.M393T was associated with decreased GCase activity (p=0.035, beta=-

0.72). Overall, the total contribution of GBA, LRRK2 and TMEM175 to the GCase variance, as 

measured by r2 in the model, was 0.23.  

Due to the effect of TMEM175 p.M393T on GCase activity, we examined this variant effect 

on AAO of GBA-associated PD across the three PD cohorts (n=236). Interestingly, the average 

AAO among GBA mutation carriers with PD was 59.44 years among non-carriers of p.M393T, 

compared to 57.59 and 56.95 years among heterozygous and homozygous carriers of p.M393T, 

respectively. However, the association only showed a trend toward statistical significance (p=0.08, 

linear regression, adjusted for the severity of the GBA mutation and the presence of LRRK2 

p.G2019S).  

 

Structural and molecular dynamics experiments suggest that TMEM175 variants may affect 

its structure and function. 

To determine the potential structural impact of the p.M393T and p.Q65P mutations, we prepared 

a homology model of the human TMEM175 using the crystal structure of an ortholog from the 

bacterium Chamaesiphon minutus as a template26. HsTMEM175 is characterized by two 

transmembrane (TM) domains in tandem, each showing sequence homology to the single TM 

domain of CmTMEM175 (Fig 1A, 1B). Since CmTMEM175 forms a K+ channel as a tetramer26, 
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HsTMEM175 can adopt two possible pseudo-tetrameric configurations where the two N-terminal 

domains are either on adjacent or opposite sides (Fig 3). However, the former configuration is 

unlikely to occur, as its topologies would imply that the linker between the two domains would 

cross-over the entrance of the channel on the cytoslic side. Thus, two chains of human TMEM175 

assemble into a pseudo-tetramer, with the first TM helix from each domain forming the ion 

conducting pore (Fig 1C, D).  Met393 is located in TM4 and its side-chain faces inside the TM 

domain (Fig 1E). The p.M393T mutation would cause a mild steric clash with an adjacent side-

chain, but would also introduce a polar side-chain in the hydrophobic core of the domain, which 

could destabilize the domain and thus impair either its assembly, maturation, or trafficking.  

On the other hand, the protective variant p.Q65P occurs in a loop located after a short helix 

on the lumenal side of the domain (Fig 1F). This loop contains Glu59, an acidic residue at the 

entrance of the channel that, together with Asp279 and Glu282, might contribute to ion selectivity. 

Normal mode analysis of the mutation p.Q65P induces a minor global destabilization (ΔΔG: -0.315 

kcal/mol) and a local rigidification around the mutation site (Fig 4). However, it is unclear how the 

backone conformation and ion selectivity would be affected. To address this, we have performed 

a molecular dynamics (MD) simulation on both the WT and p.Q65P variants for a total of 450 

nsec. The simulation was performed in a standard POPC membrane in the presence of K+ ions and 

water molecules on either side of the membrane. Near the mutation site, one noticeable feature of 

the simulation is the smaller range of backbone dihedral angles adopted by the p.Q65P variant (Fig 

5A). Inspection of MD trajectories shows that the backbone angles of a.a. Gln64/Gln65 undergo 

“flips” between different allowed configurations (Fig 5B). These flips occured more frequently in 

the WT than in the p.Q65P variant (Fig 5B). An emergent property from the simulation is that K+ 

ions reach deeper into the channel in the p.Q65P variant (Fig 5C,D). This could be a consequence 
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of the p.Q65P variant showing more backbone rigidity, thus presenting ion-guiding side-chains in 

a more concerted fashion (Fig 6).  

 

TMEM175 deficiency leads to α-synuclein accumulation in cell model.  

TMEM175 deficiency has previously been proposed to lead to increased α-synuclein aggregation 

through decreased autophagic levels in rat primary hippocampal neurons8. To study whether 

TMEM175 is associated with α-synuclein pathology in human cells, we generated TMEM175 

knock-out Hela cells using CRISPR/Cas9. Western blot confirmed the complete loss of all 

TMEM175-antibody reactive bands in two distinct KO clones (KO-1 and KO-2, Fig 7A), and this 

was accompanied by a robust and significant ~4-fold increase in endogenous α-synuclein levels 

(Fig 7A, B), possibly due to decreased lysosomal activity. 

 

Discussion 

Our results suggest that within the TMEM175/GAK/DGKQ locus, the coding TMEM175 variants 

p.M393T and p.Q65P may be responsible for the genetic association with PD risk at this locus. 

Furthermore, we show that the TMEM175 p.M393T variant is also associated with risk for 

idiopathic RBD, and that it is associated with reduced GCase activity. We further provide 

structural data that may explain how these variants affect the structure and function of the 

TMEM175 transmembrane channel. As the p.M393T variant may disturb the function of 

TMEM175, and since it is associated with reduced GCase activity, which is known to be associated 

with a-synuclein accumulation,39 we further examined how knockdown of TMEM175 affects a-

synuclein levels, and observed an accumulation of a-synuclein in the cell models. These findings 

support that within this locus, it is TMEM175 that is associated with risk for PD, potentially by 
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affecting GCase activity and a-synuclein accumulation. This hypothesis needs to be further 

explored in follow-up studies. 

In the most recent and largest GWAS to date, the index risk variant in the 

TMEM175/GAK/DGKQ region was in strong linkage to the p.M393T variant, associated with an 

increased PD risk.1 A secondary hit in the same locus, associated with a reduced PD risk 2, is in 

linkage with the protective p.Q65P variant (www.pdgene.org). These observations provide further 

support our findings and conclusions as to the potential role of TMEM175 in PD. However, we 

cannot rule out that other, non-coding variants in this locus contribute to PD risk through the 

involvement of the other genes in this locus. For example, the two reported variants, TMEM175 

p.M393T (rs34311866) and p.Q65P (rs34884217), are strongly associated with differential 

expression of the DGKQ gene in the GTEx database, albeit not in nerve tissues 

(www.gtexportal.org). Furthermore, it was demonstrated that GAK may interact with LRRK240, 

suggesting that this gene may also be involved in PD. Therefore, although the current evidence 

supporting TMEM175 as the risk-associated gene in this locus, further studies are required to 

examine the potential role of DGKQ and GAK in PD.  

Previous genetic studies in RBD suggested that while some of the genes that are associated 

with PD and DLB, such as GBA41 and the protective LRRK2 haplotype,42 are also associated with 

RBD, other genes such as MAPT43 and APOE44 are not associated with RBD. The current findings 

demonstrating that the TMEM175 p.M393T variant is also associated with RBD add to our 

understanding of the genetic background of RBD. As RBD may represent a specific subtype of 

synucleinopathies,10 and since it provides us with a unique opportunity to identify 

synucleinopathies at a much earlier stage towards future clinical trials,45 understanding its genetic 

background and identifying new targets for therapeutics development may be crucial. As an ion 
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channel, TMEM175 could be highly druggable. Ion channels have long been a focus for 

therapeutic targets due to their involvement in a wide range of pathologies across all major disease 

types.46 Drug treatments targeting membrane proteins are already in use by diseases such as 

epilepsy, diabetes, and angina, and have established success.47 As a K+ ion channel with both 

protective (p.Q65P) and risk increasing (p.M393T) genetic implications in PD, TMEM175 could 

be a promising target for such therapies, especially if it can be targeted in RBD patients to modify 

disease course before the major dopaminergic neuron loss seen at the time of PD diagnosis. 

However, since the function of TMEM175 in the lysosomes is still not completely understood, 

further functional research is needed.  

One of the intriguing findings of the current study is the effect of the TMEM175 p.M393T risk 

variant on GCase activity in humans. It has been shown that PD patients both with and without 

GBA mutations show decreased GCase activity21, suggesting loss of GCase function may 

contribute to PD pathogenesis. However, the factors that lead to reduced GCase activity in 

individuals without GBA mutation are not known, and the current study suggests that TMEM175 

variants may be one of these factors. This is further supported by previous findings in animal 

neuronal model where TMEM175 deficiency was associated with reduced GCase activity.8  Since 

we show in the current study that GBA mutations, the LRRK2 p.G2019S mutation and the 

TMEM175 p.M393T variant explain only 23% of the variance in GCase activity, it is clear that 

other genetic or environmental factors also affect GCase activity. Reduction of GCase activity has 

been shown to increase α-synuclein levels 48, and in the current study we show that TMEM175 

deficiency is associated with α-synuclein accumulation in cell models, as was previously shown 

in primary rat hippocampal neurons, potentially through its effect on GCase activity.8 TMEM175 

is a potassium ion channel located in late endosomes and lysosomes. It has been shown to regulate 
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lysosomal membrane potential, pH stability, and organelle fusion via potassium conductance on 

lysosomal and endosomal membranes3. Therefore, the effect on GCase activity in TMEM175 

deficiency could be mediated by the altered lysosomal pH, which is required for proper GCase 

activity.8 In addition, reduced GCase activity may increase cell-to-cell transmission of α-

synuclein49, as well as reduce chaperone-mediated autophagy,48 all potentially contributing to PD 

pathogenesis. The structural analysis of the two TMEM175 variants revealed possible mechanisms 

for involvement in PD pathology. The risk variant p.M393T likely destabilizes the transmembrane 

domain and thus impairs TMEM175 assembly, maturation, or trafficking. The protective variant 

p.Q65P potentially increases K+ conductance, thus potentially increasing lysosomal function.  

There are several limitations to the current study. First, in the individual PD and RBD cohorts 

that were used for the genetic analysis, age and sex were not always matched. To address this 

issue, we adjusted for age and sex in the statistical models, and our results were in line with 

previous findings in European ancestry cohorts.1, 2 Notably, there was no significant different 

between allele frequencies of young and old controls, further allowing us to use younger controls. 

In addition, although we used the world’s largest RBD genetic cohort, power was limited, 

especially for the protective variant, p.Q65P, which is less common than p.M393T. Of note, there 

was similar directionality and effect size for the p.Q65P variant in the RBD cohort to that of the 

PD cohort, albeit not statistically significant. Larger RBD cohort will be required to determine the 

role of this variant in risk for RBD. Another limitation is the availability of GCase activity only 

for the NY cohort, and future studies in other cohorts will be required to confirm the association 

between TMEM175 variants and GCase activity in humans.  

To conclude, the current study together with previous reports, suggest that TMEM175 coding 

variants are associated with risk for PD. It further raises the hypothesis that this effect is mediated 
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by the variants affecting the function of TMEM175, GCase activity and α-synuclein accumulation. 

These findings highlight TMEM175 as a potential target for therapeutics development, thus further 

studies on the function on this gene and transmembrane protein are needed. 
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Tables  

Table 1. TMEM175 coding variants associated with PD and RBD. 

p.M393T p.Q65P 
Cohort Freq. 

Cases 
Freq. 
Controls 

OR (95% CI) P value Freq. 
Cases 

Freq. 
Controls 

OR (95% CI) P value 

Parkinson Disease 
McGill 0.2104 0.1865 1.38 (1.07-1.79) 0.015 0.0971 0.1265 0.70 (0.51-0.97) 0.034 

Columbia 0.2919 0.2287 1.44 (1.10-1.87) 0.008 0.0881 0.1175 0.73 (0.49-1.07) 0.106 

Sheba 0.3433 0.2940 1.183 (0.80-1.76) 0.407 0.1114 0.1189 0.76 (0.4-1.44) 0.397 

Meta-Analysis 
(PD) 

- - 1.37 (1.15-1.61) 0.0003 - - 0.72 (0.57-0.91) 0. 005 

REM Sleep Behavior Disorder 
McGill 0.2308 0.1874 1.59 (1.20-2.11) 0.001 0.1135 0.1269 0.88 (0.63-1.23) 0.45 

Meta-Analysis 
(PD + RBD) 

- - 1.42 (1.23-1.64) <0.0001 - - 0.77 (0.63-0.93) 0. 0063 

Freq, frequency; OR, odds ratio; CI, confidence interval; PD, Parkinson disease; REM, rapid eye 
movement; RBD, REM sleep behavior disorder. 
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Figure 1.  
          

  



TMEM175 IN PD AND RBD 
 

27 

Figure 2  
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Figure 3.  
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Figure 4.  
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Figure 5 
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Figure 6 
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Figure 7. 
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Figure legends 

Figure 1. Homology model of human TMEM175. (A) Sequence alignment of TMEM175 

orthologs from Homo sapiens and Chamaesiphon minutus. Transmembrane (TM) and lumenal 

(LH) helices are indicated as bars. Conserved residues are highlighted in blue. (B) Domain 

structure of human TMEM175, which of two 6-transmembrane domains in tandem, each 

showing homology to the C. minutus TMEM175 ortholog. (C,D) Side (C) and top (D) views of a 

hTMEM175 model, with the N- and C-terminal domains colored in green and magenta, 

respectively. The channel adopts a pseudo-tetrameric structure, with chains A/B assembling via 

symmetric, reciprocal interactions. The side-chains of Gln65 and Met393 are shown as spheres. 

(E) Close-up view of Met393, showing the impact of the p.M393T mutation in transmembrane 

helix 4 (TM4). The side-chain methyl of Thr393 (white) might clash with Leu330 in TM2, thus 

destabilizing the domain. (F) Close-up view of Gln65, showing the impact of the p.Q65P 

mutation. Pro65 (white) would introduce backbone clash in the loop following helix 1, forcing 

the backbone of this loop to adopt different dynamics. The side-chains of acidic residues along 

the pore that may contribute to K+ selectivity are shown as sticks. 

 

Figure 2. Fixed-effect meta-analysis for pooled odds ratios of TMEM175 variants in PD. (A) 

TMEM175 variant p.M393T in the three PD cohorts (p=0.0003). (B) TMEM175 variant p.Q65P in 

the three PD cohorts (p=0.005). (C) TMEM175 p.M393T in the three PD cohorts combined with 

RBD (p<0.0001). (D) TMEM175 p.Q65P in the three PD cohorts combined with RBD (p=0.0063). 
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Figure 3. Possible configurations for the pseudo-tetramer formed by human TMEM175. (A) Top 

view showing two possible configurations for the pseudo-tetramer formed by hTMEM175. (B) 

Cartoon showing how the linker between the N- and C-terminal domains crosses over the pore 

entrance in the model on the right. 

 

Figure 4. Analysis of TMEM175 stability with DynaMut. (A) Changes in vibrational entropy 

energy between wild-type and mutants. Amino acids colored according to the vibrational entropy 

change upon mutation. Blue represents a rigidification of the structure and red a gain in 

flexibility. The predicted change in free energy is shown for each mutation. (B) Analysis of 

contact mediated by residues around mutation sites. Wild-type and mutant residues are colored in 

light-green and are also represented as sticks alongside with the surrounding residues which are 

involved on any type of interactions. H-bonds are shown in red, VdW contacts in grey, 

Hydrophobic-VdW clashes in green, and polar-VdW clashes in orange. 

 

Figure 5. Molecular dynamics of human TMEM175 WT and Q65P variants. (A) Ramachandran 

plots of amino acids Gln64 and Gln/Pro65 in all models of the MD simulation for the WT and 

Q65P channels. (B) Trajectory of dihedral angles for one simulation of WT and Q65P models. 

Arrows indicate “flips” in the dihedral angle. (C,D) Top (C) and side (D) views of WT and 

Q65P channels, respectively. In both channels, subunits A (grey) and B (blue) are shown in 

cartoon representation. ASP 279 and GLU 282 residues enclosing the K+ binding pockets are 

shown as yellow licorice sticks. Red pockets indicate the regions in which high K+ density was 

observed. 
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Figure 6. Distance between K+ ions and the side-chains OD atoms of Asp279 in both WT and 

Q65P TMEM175 MD simulations. The number of dots in the x<4 & y<4 region (boxed in red) is 

108 for WT, and 316 for Q65P, implying the two-side chains comes simultaneously in contact 

with K+. 

Figure 7. TMEM175 knock-out cells display increased α-syn levels. (A) Representative western 

blot analysis of TMEM175 KO cells lysates (two clones are shown, KO-1 and KO-2) showing loss 

of TMEM175 antibody reactive bands, and increased levels of α-synuclein. The dotted line 

indicates that the KO-1 lane is from the same gel and membrane as WT and KO-2. (B) 

Densitometric quantification of α-synuclein signal normalized to GAPDH (% of WT, WT levels 

are indicated by the dotted line). Mean ±SEM is shown. * p<0.05 ; ** p<0.01 ; Student’s t-test ; 

n=4. 

 

 


