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Figure 1. A flow cytometry- based, genome- wide CRISPR screen in NIH- 3T3- Cas9 cells to reveal modifiers of the LRRK2- phosphoRab10 pathway. (A) 
Phosphorylated Rab10 was detected by flow cytometry after staining cells using anti- phosphoRab10 antibody, either at steady state (control, blue) or 
in the presence of 4 µM nigericin for 3 hr (red) or 200 nM MLi- 2 for 2 hr (green). 10,000 cells were analyzed under each of the indicated conditions. (B) 
Statistical analysis of the genome- wide screen. After infection with a lentiviral genome- wide CRISPR- Cas9 sgRNA library, genes when knocked out that 
reduced (left) or increased (right) phosphoRab10 intensity are indicated on the volcano plot where the X- axis is log2- fold change and Y- axis shows the 
false discovery rate (FDR)- corrected confidence scores. Genes highlighted are the top positive and negative regulators. (C, D) Validation of hits in NIH- 
3T3- Cas9 cells by immunofluorescence microscopy. (C) PhosphoRab10 was detected by immunofluorescence microscopy in early passage NIH- 3T3- Cas9 
cells that express lentivirus transduced sgRNAs against the indicated gene after 3 d of puromycin selection. Scale bar = 10 µm. (D, E) Quantitation 
of phosphoRab10 fluorescence in cells in which the indicated genes are knocked out. p- values: ****<0.0001; **0.0088; n > 100 cells counted in two 
independent experiments.
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Figure 1—figure supplement 1. Guide RNA enrichment for CRISPR screen. Log fold change (LFC) in representation of individual guides that target 
negative regulators (A) or positive regulators (B). Each dot represents a single guide; blue and red dots indicate enrichment or de- enrichment in the 
screen. (C) Volcano plot from the MAGeCK MLE analysis; beta score is shown as effect size.

https://doi.org/10.7554/eLife.87098
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Figure 1—figure supplement 2. Validation of hits in NIH- 3T3- Cas9 cells by microscopy. PhosphoRab10 was 
detected by immunofluorescence microscopy in early passage NIH- 3T3- Cas9 cells. These cells express lentivirus- 
transduced sgRNAs against individual genes that were top hits. Three days after puromycin selection cells were 
stained with rabbit anti- phosphoRab10 antibody. Genes targeted are indicated. Dotted lines indicate the outline of 
the cells. Scale bar = 10 µm.

https://doi.org/10.7554/eLife.87098
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Figure 2. Loss of Rab12 decreases phosphoRab10. (A, B) Loss of Rab12 decreases phosphoRab10. (A) Immunoblot analysis of NIH- 3T3- Cas9 cells 
expressing Rab12 sgRNA (Rab12 KO) or parental cells, +/-MLi2 (200 nM for 2 hr) as indicated. (B) Quantitation of phosphoRab10 normalized to total 
Rab10 from immunoblots in (A). Error bars indicate SEM from two experiments carried out in duplicate. **p=0.002 by Student’s t- test. (C–H) Effect of 
Rab12 knockout on endogenous LRRK2 activity in mouse embryonic fibroblasts (MEFs) (C–E) and tissues (F- H) derived from Rab12 knockout mice as 

Figure 2 continued on next page
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assessed by immunoblot analysis. The quantitation of phosphorylated Rab10 from immunoblots shown in Figure 2—figure supplements 1 and 2 
normalized to respective total Rab10 levels is shown. Quantitation of the phosphorylated Rab7A normalized to respective total Rab7A levels, and total 
levels of Rab12 are also shown. MLi- 2 was administered to MEFs at 100 nM for 1 hr and to mice at 30 mg/kg for 2 hr.

Figure 2 continued
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Figure 2—figure supplement 1. Immunoblots of mouse embryonic fibroblast (MEF) samples in support of Figure 2.

https://doi.org/10.7554/eLife.87098
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Figure 2—figure supplement 2. Immunoblots of tissue samples in support of Figure 2.

https://doi.org/10.7554/eLife.87098
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Figure 3. Exogenous Rab12 expression increases phosphoRab10 levels in A549 cells. (A) Immunoblot analyses 
of A549 cells stably overexpressing GFP- Rab12; +/-MLi- 2 (200 nM for 2 hr) as indicated. (B) Quantitation of 
phosphorylated Rab10 from immunoblots as in (A) normalized to total Rab10 levels; error bars indicate SEM 
from two experiments (***p=0.0003 by Student’s t- test). (C) Immunoblot analysis of 293T cells transfected with 

Figure 3 continued on next page
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LRRK2 R1441C and GFP, GFP- Rab8, GFP- Rab10, GFP- Rab12, or GFP- Rab29 for 36 hr; +/-MLi2 (200 nM for 2 hr) 
as indicated. (D) Quantitation of phosphorylated Rab10 from immunoblots as in (C) normalized to total Rab10 
levels. Error bars indicate SEM from two independent experiments; ***p=0.0004 for GFP and GFP- Rab12, *p=0.04 
for GFP and GFP- Rab29 with Student’s t- test. (E) Immunoblot analysis of 293T cells transfected with LRRK2 WT, 
R1441C or G2019S and GFP or GFP- Rab12 for 36 hr, +/-MLi2 (200 nM for 2 hr) as indicated. (F) Quantitation 
of phosphorylated Rab10 from immunoblots as in (E) normalized to respective total Rab10 levels. Error bars 
indicate SEM from two independent experiments; ***p=0.0004 for LRRK2 WT GFP and GFP- Rab12, **p=0.005 
for LRRK2 R1441C GFP and GFP- Rab12, **p=0.005 for LRRK2 G2019S GFP and GFP- Rab12 by Student’s t- test. 
(G) Immunoblot analysis of HEK293 cells expressing wild type FLAG- tagged LRRK2 and the indicated HA- tagged 
Rab12 constructs. (H) Quantitation of phosphorylated Rab10 from immunoblots as in (G) normalized to total Rab10; 
Error bars indicate mean with SD from three independent replicate experiments; ****p<0.0001 for Rab12 WT and 
Rab12 S106A, ***p=0.0007 for Rab12 S106E by one- way ANOVA relative to LRRK2.

Figure 3 continued
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Figure 4. PPM1H phosphatase counters phosphoRab10 generated upon Rab12 activation. (A) A549 cells stably expressing GFP- Rab12 and PPM1H- 
mApple (wild type and H153D catalytically inactive mutant) were co- cultured with parental wild type A549 cells on coverslips. PhosphoRab10 was 
detected by immunofluorescence using rabbit anti- phosphoRab10. Red arrowheads indicate a cell with both GFP- Rab12 and wtPPM1H- mApple or 
PPM1H H153D. Scale bar = 10µm. (B) Quantitation of mean phosphoRab10 fluorescence intensity per cell (Arbitrary units, AU) is shown in the violin 
plot. Error bars indicate SEM from two independent experiments. At least 10 cells per condition were counted. ****p<0.0001 for GFP- Rab12 and 
GFP- Rab12+wtPPM1H, ns p=0.9944 for GFP- Rab12 and GFP- Rab12+H153D PPM1H by Student’s t- test. (C) Immunoblot analysis of parental A549 cells 
or A549 cells stably expressing GFP- Rab12 together with either wtPPM1H, H153D- PPM1H or D288A- PPM1H; +/-MLi2 (200 nM for 2 hr) as indicated. 
(D) Quantitation of phosphorylated Rab10 from immunoblots as in (A) normalized to respective total Rab10 levels. Error bars indicate SEM from two 
independent experiments; **p=0.007 for GFP- Rab12 and GFP- Rab12+wtPPM1H, ns p=0.5510 for GFP- Rab12 and GFP- Rab12+H153D- PPM1H by 
Student’s t- test.

https://doi.org/10.7554/eLife.87098
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Figure 5. Roles of LRRK2 and PPM1H in Rab12 activation of LRRK2. (A) Immunoblot analysis of WT and LRRK2 KO A549 cells stably expressing GFP 
or GFP- Rab12;+/-MLi- 2 (200 nM for 2 hr) as indicated. (B) Quantitation of phosphorylated Rab10 from immunoblots as in (A) normalized to respective 
total Rab10 levels. (C) Immunoblot analysis of WT and PPM1H KO A549 parental cells or cells stably expressing GFP- Rab12;+/-MLi- 2 (200 nM for 2 hr) as 
indicated. (D) Quantitation of phosphorylated Rab10 from immunoblots as in (C) normalized to respective total Rab10, normalized to WT parental. Error 
bars indicate SEM from four independent experiments; ***p=0.0002 for both WT and PPM1H KO parental and GFP- Rab12 by Student’s t- test. (E) RPE 

Figure 5 continued on next page
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cells stably overexpressing either GFP or GFP- Rab12 were serum starved for 24 hr to trigger ciliation. Cilia were detected using anti- Arl13b antibody and 
ciliation percentage was calculated by the number of cilia (by Arl13b) per cell (by DAPI). Error bars represent SEM from two independent experiments, 
>500 cells counted each. ****p<0.0001 by Student’s t- test. (F) WT or Rab12 KO A549 were plated at full confluency and serum starved for 24 hr to 
trigger ciliation. Percentage of ciliated cells was determined as in (E). ****p<0.0001 by Student’s t- test. Error bars represent SEM from two independent 
experiments, >500 cells counted each.

Figure 5 continued
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Figure 6. Models for Rab interactions with the LRRK2 Armadillo domain. (A) Domain organization of LRRK2 with Rab binding sites #1–3 indicated. (B) 
AlphaFold model for LRRK2 Armadillo domain (blue) interaction with Rab12 (yellow) and Rab29 (gray). The Rab12 was docked onto Armadillo using 
Colabfold in ChimeraX; Rab29 was positioned manually. Site #1 binds Rab29, Site #2 binds phosphorylated Rabs (Vides et al., 2022), and Site #3 binds 
Rab12. The key residues for Rab12 binding are circled in red. (C) Full- length AlphaFold model of LRRK2 indicating localization of Rab binding sites; the 
kinase catalytic domain is highlighted in light blue.

https://doi.org/10.7554/eLife.87098


  Research advance     Cell Biology

Dhekne, Tonelli, Yeshaw et al. eLife 2023;12:e87098. DOI: https://doi.org/10.7554/eLife.87098  15 of 21

Figure 6—figure supplement 1. Overlay of the top 5 AlphaFold models for Rab12 interaction with the LRRK2 
Armadillo domain residues 1–552. The complete overlap is consistent with high confidence in the structure 
prediction. A pdb file for these models is available at https://zenodo.org/deposit/8039572.

https://doi.org/10.7554/eLife.87098
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Figure 7. Rab binding Site 3 is needed for Rab12- but not Rab29- mediated LRRK2 activation. (A) Immunoblot 
analysis of HEK293 cells transfected with the indicated LRRK2 Site #3 mutants. Shown is quantitation of the fraction 
of phosphorylated Rab10 from immunoblots as in Figure 6—figure supplement 1 normalized to respective 
total Rab10 levels. Shown at right is the structure model for Rab12- ARM domain interaction as in Figure 6. (B) 

Figure 7 continued on next page
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Immunoblot analysis of Site #3 mutants with HA- empty or HA- Rab12 as in (A). (C) Immunoblot analysis of Site #3 
mutants with HA- empty or HA- Rab29 as in (A). (D) Immunoblot analysis of Site #1 mutants with HA- empty, HA- 
Rab12, or HA- Rab29 as in (A). For all panels, the results from duplicate, independent replicate experiments are 
shown.

Figure 7 continued
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Figure 7—figure supplement 1. Immunoblots of samples quantified in Figure 7.

https://doi.org/10.7554/eLife.87098
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Figure 8. Rab12 binds directly to Site #3 and Site #2 is dispensable for Rab12- mediated LRRK2 activation. (A–D) Microscale thermophoresis of Rab12 
binding to fluorescently labeled LRRK2 Armadillo domain (residues 1–552) wild type (A) or bearing the indicated mutations at Site #1: K439E (B) or Site 
#3: E240R (C) and F283A (D). Purified Rab12 was serially diluted and then NHS- RED- labeled- LRRK2 Armadillo (final concentration 100 nM) was added. 
Graphs show mean and SEM from two independent measurements, each the average of two replicate runs. (E) Immunoblot of anti- FLAG antibody 
immunoprecipitation of FLAG- LRRK2 wild type or indicated Site #3 mutants with endogenous or co- expressed HA- Rab12 protein in HEK293 cells. Lysate 
inputs (1.5%) are shown at left; membranes were probed with anti- FLAG or anti- Rab12 antibodies. (F) Quantitation of two independent experiments 
carried out in duplicate as in (E). ****p<0.0001 for LRRK2 E240R and S244R relative to LRRK2 WT by one- way ANOVA. (G) Immunoblot analysis of 293T 
cells transfected with LRRK2 R1441C or K17/18A R1441G and GFP, GFP- Rab8, or GFP- Rab12 for 36 hr; +/-MLi2 (200 nM for 2 hr). (H) Quantitation of the 
fraction of phosphorylated Rab10 from immunoblots as in (G) normalized to respective total Rab10 levels, normalized to LRRK2 R1441C+GFP- Rab12. 
Error bars indicate SEM from two independent experiments; **p=0.003 for LRRK2 R1441C GFP and GFP- Rab12, **p=0.0044 for LRRK2 K17/18A R1441G 
GFP and GFP- Rab12, ns = 0.6 by Student’s t- test.

https://doi.org/10.7554/eLife.87098
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Figure 9. Rab12 contributes to LRRK2 activation by LLOME and nigericin. (A) Immunoblot analysis of WT and Rab12 KO NIH- 3T3 cells treated with 
1 mM LLOME for 2 hr,+/-MLi- 2 (200 nM for 2 hr) as indicated. (B) Quantitation of phosphorylated Rab10 from immunoblots as in (A) normalized to 
total Rab10; Error bars indicate SEM from three experiments. (C) Quantitation of phosphorylated Rab12 as in (A) normalized to total Rab12; Error bars 
indicate SEM from three experiments (***p=0.0002 by Student’s t- test). (D) Immunoblot analysis of WT and Rab12 KO MEFs treated with 1 mM LLOME 

Figure 9 continued on next page
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for the indicated times, +/-MLi- 2 (100 nM for 4 hr) as indicated. (E) Quantitation of phosphorylated Rab10 from immunoblots as in (D) normalized 
to total Rab10 levels; error bars indicate mean with SD from two independent replicate experiments. (F) Immunoblot analysis of WT and Rab12 KO 
NIH- 3T3 cells treated with 2 µM nigericin for 2 hr, +/-MLi- 2 (200 nM for 2 hr) as indicated. (G) Quantitation of phosphorylated Rab10 from immunoblots 
as in (F) normalized to total Rab10; error bars indicate SEM from three independent experiments; **p=0.0022 by Student’s t- test. (H) Quantitation of 
phosphorylated Rab12 from immunoblots as in (F) normalized to total Rab12; error bars indicate SEM from three independent experiments; **p=0.0092 
by Student’s t- test.

Figure 9 continued

https://doi.org/10.7554/eLife.87098

