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PARKINSON’S DISEASE

Commander complex regulates lysosomal function
and is implicated in Parkinson’s disease risk

Georgia Minakakit, Nathaniel Safrent, Bernabe I. Bustos, Steven J. Lubbe,

Niccolo E. Mencacci, Dimitri Krainc*

Variants in GBAI resulting in decreased lysosomal glucocerebrosidase (GCase) activity are a
common risk factor for Parkinson’s disease (PD) and dementia with Lewy bodies (DLB).
Incomplete penetrance of GBAI variants suggests that additional genes contribute to PD and
DLB manifestation. By using a pooled genome-wide CRISPR interference screen, we identified
copper metabolism MURR1 domain—containing 3 (COMMD3) protein, a component of the
COMMD/ coiled-coil domain—containing protein 22 (CCDC22)/CCDC93 (CCC) and Commander
complexes, as a modifier of GCase and lysosomal activity. Loss of COMMD3 increased the release
of lysosomal proteins through extracellular vesicles, leading to their impaired delivery to
endolysosomes and consequent lysosomal dysfunction. Rare variants in the Commander gene
family were associated with increased PD risk. Thus, COMMD genes and related complexes
regulate lysosomal homeostasis and may represent modifiers in PD and other neurodegenerative

diseases associated with lysosomal dysfunction.

eterozygous pathogenic variants in GBAI

represent a common risk factor for the

development of Parkinson’s disease (PD)

and dementia with Lewy bodies (DLB)

(1-8). Carriers of biallelic GBA1 patho-
genic variants develop the autosomal recessive
lysosomal storage disorder Gaucher disease
and are also at risk of developing PD (4, 5). GBAI
encodes for the lysosomal enzyme glucocerebro-
sidase (GCase) that hydrolyzes glucosylceramide.
Pathogenic GBAI variants lead to decreased
lysosomal GCase activity, resulting in the accu-
mulation of lipid substrates including glucosyl-
ceramide and glucosylsphingosine. Moreover,
decreased lysosomal GCase activity has been
reported in the absence of GBAI pathogenic
variants, concomitant with mitochondrial dys-
function and increased o-synuclein levels (6, 7).
Pathogenic variants causing a more severe def-
icit in enzymatic GCase activity are associated
with a higher PD risk and earlier age at onset
(4, 8). Because the penetrance of pathogenic
GBAI variants in PD and DLB is incomplete
(9, 10), it is likely that additional genetic fac-
tors are modifying disease risk in carriers of
GBAI variants. A genome-wide association
study (GWAS) showed that variants nearby
the SNCA and CTSB loci were associated with
GBAI penetrance in GBAI-PD carriers (11). Loss
of the lysosomal membrane protein TMEM175
reduces GCase activity in cell models, and the
TMEM]175 p.Met***Thr variant was associated
with reduced GCase activity in human samples
from patients with PD (72, 13). Smaller-scale
analyses have reported an increased overall
burden of rare, likely damaging variants in lyso-
somal storage disorder-related genes in patients
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with GBAI-PD and PD (14, 15). To gain a better
understanding of how specific genes and
cellular pathways impact GCase activity and
lysosomal homeostasis, we performed a genome-
wide pooled CRISPR interference (CRISPRi)
screen to identify genetic modifiers of GCase
activity and lysosomal function.

A genome-wide CRISPRi screen
revealed modulators of lysosomal
GCase activity

Lysosomal GCase activity was measured by flow
cytometry using 5-(Pentafluorobenzoylamino)
Fluorescein Di-B-D-Glucopyranoside (PFB-
FDGIu). The intensity of fluorescence emitted
upon PFB-FDGIlu hydrolysis within the lyso-
some increased linearly within 10 to 40 min
(Fig. 1A). As a positive control, we used CRISPR-
Cas9 to knock out SCARB2, which encodes
for the lysosome integral membrane protein 2
(LIMP-2) that transports GCase to the lyso-
some (I6). SCARB2-knockout (KO) human
embryonic kidney (HEK) cells showed 95%
less signal intensity compared with that of
isogenic controls (Fig. 1, B and C, and fig. S1A),
thus establishing the face validity and sensitivity
of the assay. We then performed a genome-
wide CRISPRI screen to identify genes modu-
lating lysosomal GCase activity (Fig. 1D). HEK
cells stably expressing KRAB-dCas9 were trans-
duced with a genome-scale human CRISPRi
version 2 lentiviral library (17) (Fig. 1D). En-
zymatic activity was assessed 13 days after
transduction, and the lowest and highest 30%
fluorescence intensity fractions were isolated
by fluorescence-activated cell sorting (FACS),
followed by sequencing (Fig. 1D). We nomi-
nated 338 hit genes as potential modifiers of
lysosomal GCase activity using criteria that
accounted for both effect size and statistical
significance of single guide RNA (sgRNA) en-
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richment in the low fraction compared with
that in the high fraction relative to the distri-
bution of nontargeting sgRNAs (Fig. 1, E and
F, and table S1). The 190 low-fraction hits were
genes with a knockdown phenotype of reduced
activity, whereas the 148 high-fraction hits
comprised genes with a knockdown pheno-
type of increased activity. Both GBAI and
SCARB2 were identified as low-fraction hits,
thus validating the ability of the screen to ap-
propriately nominate genes. The top two low-
fraction hits were copper metabolism MURR1
domain-containing 3 (COMMD3) and COMMDS3-
BMII, the latter representing a transcriptional
read-through product resulting from COMMD3
and its downstream gene on chromosome 10,
the transcription repressor BMI1. The COMMD
genes constitute a highly conserved family,
with 10 members implicated in nuclear factor
kB (NF-xB) signaling and endosomal sorting
(18-20). Additional low-fraction genes included
COMMD9, encoding for a second COMMD
family member, as well as RAB7A and the Ho-
motypic fusion and protein sorting (HOPS)
complex subunits VPS16, VPS39, and VPS41
(Fig. 1F). REL and insulin-like growth factor
1 receptor (/GFIR) were amongst the top 10
high-fraction hits (Fig. 1F).

We conducted a secondary small interfering
RNA (siRNA) screen for a subset of 37 nominated
hit genes, including GBA and SCARB2, as posi-
tive controls. Knockdown was confirmed for
SCARB2 and VPS16, showing an 80 and 60%
reduction in the encoded proteins LIMP-2 and
VPSI16, respectively (fig. S1, B and C). GBAI
knockdown for 48 hours reduced activity by
30%, whereas SCARB2 knockdown resulted in
50% lower activity. Furthermore, siRNA against
RAB7A, VPSI6, VPS39, and VPS4I reduced en-
zymatic activity by 30 to 60% (fig. SID). To further
investigate the role of VPS16 deficiency in GCase
homeostasis, we used fibroblasts from a pa-
tient carrying a heterozygous pathogenic IV/PS16
variant in exon 18 (¢.1813C>T, NM_022575.4).
Relative to two control lines, this line had a
50% reduction in VPS16 protein and a 40%
reduction in GCase activity, an effect that could
not be attributed to impaired substrate up-
take through endocytosis (pinocytosis), as as-
sessed by dextran uptake (fig. S1, E to G).
Collectively, the data validate HOPS complex-
related genes as lysosomal GCase activity mod-
ifiers. It is possible that some of the hits not
validated by siRNA represent false negatives
due to inefficient knockdown during two days
of silencing.

We further investigated /IGFIR and REL,
genes with a CRISPRi phenotype of increasing
lysosomal GCase activity. After 24 hours of treat-
ment with the dual IGFIR and insulin receptor
(IR) inhibitor, Linsitinib (OSI-906), as well as the
c-REL inhibitor, IT-603, lysosomal GCase activity
in HEK cells was increased by 50% without af-
fecting substrate uptake (fig. S2A). IT-603 also
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Fig. 1. Identification of
candidate modifiers of
lysosomal GCase activity
through a genome-wide
CRISPRi screen. (A) Flow
cytometry of fluorescence
intensity (A.U., arbitrary units),
representing lysosomal GCase
activity, upon incubation

with the substrate PFB-FDGIu
for the indicated times
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increased GCase activity by 25% in induced
pluripotent stem cell (iPSC)-derived forebrain
neurons (iNeurons) from an individual with
PD carrying GBAI p.N409S+/- (fig. S2B).

Loss of COMMD3 reduced lysosomal
GCase activity in iPSC-derived microglia
and neurons

The top low-fraction hit gene COMMD3 is part
of a 12-protein complex consisting of COMMD1
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to COMMDI0, coiled-coil domain-containing
protein 22 (CCDC22), and CCDC93; thus, it is
named the CCC complex (21-23). The Com-
mander complex is formed through functional
interaction of CCC with DENND10 and Re-
triever and, together with the WASH complex,
participates in retromer-independent endo-
somal recycling (21-24). Two independent
HEK COMMD3-KO clones showed 50 to 60%
lower lysosomal GCase activity, independent
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of substrate uptake (Fig. 2, A and B). In addi-
tion, we knocked out COMMD3 in a control
iPSC line and differentiated these cells to mi-
croglia (iIMGs) and iNeurons (25, 26). COMMD3
deficiency lowered lysosomal GCase activity
in both cell types (Fig. 2, C and D). To address
whether reintroducing COMMD3 would be
sufficient to rescue lysosomal GCase activity in
COMMD3-KO cells, we generated HEK cell lines
stably expressing COMMD3-red fluorescent
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Fig. 2. COMMD3 knockout reduced lysosomal GCase activity. (A) Western blot
analysis of COMMD3 protein in two clones (cl and c2) of CRISPR-Cas9 COMMD3-KO
HEK cells and one clone of iMGs. a-tubulin (a-TUB) or GAPDH were the loading
controls. (B) Flow cytometry examination of lysosomal GCase activity (250-uM
PFB-FDGIu for 30 min; 20,000 single cells recorded) and dextran uptake in HEK cells
(200-ug/mL 3-kDa dextran for 30 min). Data represent mean + SEM; N = 5 inde-
pendent experiments. One-way ANOVA with Dunnett's post hoc test: Fiysoacase223) =
68.81, P < 0.0001; Fdextran uptake(2,12) = 2.326,P = 014, **%%p < 0.000L. (C) Flow
cytometry of lysosomal GCase activity (188-uM PFB-FDGIu for 20 min; 10,000

to 20,000 single cells recorded) or dextran uptake (100-ug/mL 10-kDa dextran)

in iIMGs. Data represent mean + SEM; N = 4 independent experiments. One-sample
t test; *P = 0.025. (D) Automated imaging analysis of lysosomal GCase activity
(LysoFQ-GBA fluorescence, green) in iNeurons labeled with calcein (magenta).

Minakaki et al., Science 388, 204-211 (2025) 11 April 2025

% lysoGCase-FL
3kDa Dextran uptake

Data represent mean + SEM; N = 3 independent experiments. One-sample t test;
*P =0.0173; **P = 0.0037. (E) Lentiviral constructs used to generate stable

HEK cell rescue lines. (F) Immunocytochemistry examination of COMMDI puncta (deep
yellow), reflecting CCC and Commander complex formation, in HEK cells under
baseline or upon transduction with the indicated HA-tagged constructs (magenta).
(G) (Left) Flow cytometry of lysosomal GCase activity (250-uM PFB-FDGlu for
30 min; 20,000 to 50,000 single cells recorded) in HEK cells. Data represent
mean + SEM; WT and KO, N = 6; KO + RFP and KO + COMMD3, N = 9 independent
experiments. One-way ANOVA with Dunnett’s post hoc test: Fysogcase(s, 70) =
33.53, P < 0.0001; ****P < 0.0001. (Right) Flow cytometry of dextran uptake
(200-ug/mL 3-kDa dextran). Data represent mean + SEM; WT and KO, N =

3 independent experiments; KO + RFP and KO + COMMD3, N = 5 independent
experiments. One-way ANOVA: Fextran uptake(3, 28) = 2.720, P = 0.0633.
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protein (RFP)-3xhemagglutinin (HA) or RFP-
3xHA as a control (Fig. 2E). We validated that
the exogenous COMMD3-RFP-3xHA puncta
colocalized with endogenous COMMDI1, con-
firming that exogenous COMMD3 could func-
tionally interact with CCC and Commander
complex constituents (fig. S2C). COMMD3 knock-
out abolished the formation of COMMDI puncta
and led to the cellular depletion of CCDC22 in
HEK cells and iNeurons (Fig. 2F and fig. S2, D
and E). However, COMMDI and CCDC22 ex-
pression was not affected in COMMD3-KO
HEK cells (fig. S2D), suggesting that the en-
coded proteins were unstable in the cytoplasm.
These findings are in accordance with previous
reports that knockout of individual COMMD
proteins can disrupt Commander complex for-
mation (27). In COMMD3-KO cells stably
expressing COMMD3-RFP-3xHA, COMMD1
puncta formation, CCDC22 expression, and
GCase activity were restored (Fig. 2, F and G,
and fig. S2D). Because COMMD3 add-back was
sufficient to restore GCase activity in COMMD3-
KO cells, it is very unlikely that the decrease in
enzymatic activity observed upon COMMD3-
BMI1 CRISPRi was mediated by BMI1.

Deficiency of COMMD3 impaired the
delivery of lysosomal proteins leading to
lysosomal dysfunction

To investigate the mechanism by which COMMD3
knockout reduces lysosomal GCase activity, we
examined the abundance of lysosomal pro-
teins (fig. S3, A and B). In total cell lysates
from COMMD3-KO and wild-type (WT) HEK
cells, no differences were found in the amounts
of GCase, LIMP-2, hexosaminidase B (HEXB),
or lysosome-associated membrane protein 2
(LAMP2), nor in the amounts of prosaposin,
progranulin, and cathepsin B, which have been
reported to modulate GCase activity (28-30) (fig.
S3, A and B). By using transmission electron mi-
croscopy, we observed similar amounts of indi-
vidual organelles in WT and COMMD3-KO
cells (fig. S4A), and automated image analysis
showed comparable LAMP1 puncta per cyto-
plasmic area (fig. S4B). Similarly, GCase and
LIMP-2 amounts were not altered in total ly-
sate from COMMD3-KO iPSC-derived dopa-
minergic (DAergic) neurons (fig. S3C), and gene
expression of GBAI and SCARB2 was not altered
either (fig. S5, A and B). We also did not detect
an enrichment of differentially expressed genes
in the transcription factor EB transcriptional
network (fig. S5C).

Although total cell lysates did not reveal ma-
jor changes in endolysosomal protein abun-
dance, lysosomal degradation efficiency, assessed
by the DQ bovine serum albumin (BSA) assay,
was reduced in COMMD3-KO cells in the ab-
sence of alterations in lysosomal acidity (Fig. 3A).
To examine the mechanisms mediating de-
creased lysosomal degradation capacity, endo-
lysosomes were immunopurified (Lyso-IP) by
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generating HEK lines stably expressing LAMP1-
RFP-3xHA (31, 32). COMMD3-KO endolysosomes
from two independent clones showed 30 to 40%
reduction in LAMP2 protein, 40% lower LIMP-2,
30 to 40% lower GCase amounts, and 30 to 40%
reduced cathepsin B compared with WT endo-
lysosomes (Fig. 3, B and C). Levels of GCase,
LIMP-2, and cathepsin B were also decreased
in endolysosomes purified from COMMD3-KO
iPSC-derived DAergic neurons (Fig. 3D), suggest-
ing that COMMDS3 depletion impedes the deliv-
ery of LIMP-2 and GCase to the endolysosomal
compartment.

Furthermore, COMMD3-KO endolysosomes
had 2.7-fold-higher prosaposin than WT endo-
lysosomes (fig. S6, A and B). By using an anti-
body specific for saposin C (fig. S6C), a prosaposin
fragment that is an endogenous GCase activa-
tor (28, 29), we found that the fraction of saposin
C to full-length prosaposin was 60% reduced in
COMMDB3-KO endolysosomes (Fig. 3E), sug-
gesting deficient cleavage. We extended the
analysis to progranulin, which interacts with
prosaposin and is reported to modulate GCase
activity through its cleavage products gran-
ulins (30, 33-35). Similarly to prosaposin, we
found three-fold-higher full-length progranulin
amounts in COMMD3-deficient cells (fig. S6D)
and a 70% decrease in the ratio of a 7-kDa frag-
ment (36, 37) to full-length progranulin, thus
revealing deficient progranulin processing (fig.
S6, D and E). These data suggest that CCC and
Commander complex deficiency can reduce
GCase activity owing to defective processing
of prosaposin and progranulin, which is ex-
pected to have a broader impact on lysosomal
homeostasis.

Lysosomal proteins are released through
extracellular vesicles upon loss of COMMD3

Considering the role of CCC and Commander
complexes in endosomal recycling, we investi-
gated whether COMMD3 deficiency may im-
pact the cotrafficking of LIMP-2 and GCase
through endosomes with the retention using
selective hooks (RUSH) assay (38, 39). mCherry-
LIMP-2 and enhanced green fluorescent pro-
tein (eGFP)-GCase were fused to streptavidin
binding protein (SBP) and retained in the en-
doplasmic reticulum (ER) owing to coexpres-
sion of a Streptavidin-KDEL fragment (Fig. 4,
A and B). Upon addition of biotin, exogenous
LIMP-2 and GCase moved through the ER
and Golgi with similar kinetics in WT and
COMMD3-KO HEK cells (Fig. 4C). However,
upon exiting the Golgi at 45 to 60 min, LIMP-2
and GCase accumulated in post-Golgi vesicles
in COMMD3-KO cells, some of which were pos-
itive for the early endosome marker EEA1 (Fig.
4C). The phenotype of LIMP-2"/GCase”/EEA1"
vesicle accumulation was most prominent at
1.5 to 2 hours after biotin treatment (Fig. 4, C
and D). We hypothesized that protein reten-
tion in early endosomes may promote their in-
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ternalization into intralumenal vesicles within
late endosomes (multivesicular bodies) and
their subsequent release in association with
exosomes/extracellular vesicles (EVs) (40).
Examination of EV fractions isolated by ul-
tracentrifugation from conditioned medium
showed that LAMP1 and LIMP-2 were prom-
inently detected in COMMDB3-KO EVs, where-
as they were marginally detectable in WT and
COMMD3 rescue fractions (Fig. 4, E and F,
and fig. S6F). The association of LIMP-2 with
COMMD3-KO EVs was further validated by
using magnetic CD9/63/81" EV immunoisola-
tion (fig. S6F). Moreover, HEXB was increased
fourfold in COMMD3-KO EVs compared with
those of WT and COMMD3 rescue lines (fig.
S6QG). All fractions were positive for the EV mark-
ers flotillin-1 (FLOT1) and ALG-2-interacting
protein X (ALIX), with FLOT1 increased by
2.4-fold in COMMDS3-KO EVs, whereas ALIX
abundance was similar amongst the EV frac-
tions (Fig. 4, E and F, and fig. S6G). Further-
more, COMMDB3-KO EVs from d90 iPSC-derived
DAergic neurons exhibited 12-fold-higher LAMP1
and threefold-higher HEXB protein (Fig. 4F).
These data suggest that loss of COMMD3 pro-
motes the release of certain lysosomal proteins
in lieu of their lysosomal delivery, partly be-
cause of their increased retention in the early
endocytic compartment (fig. S9).

Loss of COMMD?9 reduced lysosomal GCase
activity in iPSC-derived neurons

COMMDS9 represents the second top hit gene
of the COMMD protein family (Fig. 1, E and F).
To determine the effects of COMMD9 loss,
COMMD9-KO iPSCs were generated and differ-
entiated into iNeurons. MAP2 and TUJ1 staining
demonstrated that differentiation into iNeurons
was not impacted by COMMD3 or COMMD9
knockout (fig. S5D). Loss of COMMD9 reduced
COMMDI1 and CCDC22 amounts (fig. S7A), as
expected (27), and led to lower lysosomal GCase
activity (fig. S7B), thus validating COMMD9 as
a GCase activity modifier.

Increased burden of loss-of-function variants
in CCC and Commander complex genes in PD

To explore whether CCC and Commander com-
plex dysfunction may be linked to increased
PD risk, we performed a case-control gene set
burden analysis of predicted rare loss-of-function
variants (LOF, frequency < 1%) in three gene
sets: (i) the COMMD ring (10 genes), (ii) the CCC
complex (13 genes), and (iii) the Commander
complex (17 genes) (see materials and methods).
By using the CMC-Wald test and a fixed-effect
meta-analysis between two analyzed PD co-
horts (the AMP-PD whole-genome sequencing
cohort and the UK Biobank whole-exome co-
hort, totaling 6166 PD cases and 109,467 con-
trols), we found an increased burden of rare
coding LOF variants in the COMMD ring [meta-
analysis P = 1.79 x 107, odds ratio (OR) = 2.43,
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Fig. 3. Loss of COMMD3
function led to lysosomal dys-
function. (A) Flow cytometry
assessment of lysosomal prote-
olysis (25-ug/mL DQ Green BSA
for 5 hours; 50,000 single cells
recorded). Data represent mean +
SEM; N = 4 independent experi-
ments. Flow cytometry assess-
ment of endolysosomal acidity
(100-nM Lysotracker Green for
30 min; 50,000 single cells).
Data represent mean + SEM; N =
4 independent experiments.
One-way ANOVA with Dunnett's
post hoc test: Fproteo\ysis(3,28) =
127.8, P < 0.0001; Lysotracker(328) =
8.919, P = 0.0003. **P = 0.001;
***p < 0,0008; ****P < 0,0001.
(B) Western blot examination

of Lyso-IP fractions from cells
expressing LAMP1-RFP-3xHA.
(C) Protein amounts were
normalized to total loaded pro-
tein (SimplyBlue stain on elec-
trophoresis gel) and expressed
over WT control, indicated by
dashed line. Data represent
mean + SEM, N = 6 to 8 inde-
pendent experiments. One-sample
ttest; **P = 0.001, ***P < 0.0007.
(D) Western blot analysis of
Lyso-IP from d104 iPSC-derived
DAergic neurons (DAns). Protein
amounts were normalized to
total loaded protein (SimplyBlue
stain on electrophoresis gel)

and expressed over WT control,
indicated by dashed line. Data
represent mean + SEM; N =3
independent experiments. One-
sample t test; *P < 0.05; **P =
0.0038. (E) Western blot analysis
of prosaposin (PSAP) in Lyso-IP
fractions using an antibody specific
for both the full-length and
15-kDa saposin C fragment (spec-
ificity shown in fig. S6C). Protein
amounts were normalized to
total loaded protein (SimplyBlue).
The graph shows saposin C to
full-length PSAP ratio, expressed
as fold change over WT control. Data
represent mean + SEM; N = 4 inde-
pendent experiments. One-sample
t test; *P = 0.014; **P = 0.0042.

95% confidence interval (CI) =1.62 to 3.64], the
CCC complex (meta-analysis P = 4.87 x 107,
OR = 256, 95% CI = 1.78 to 3.70), and the Com-
mander complex (meta-analysis P = 1.79 x 107>,
OR =2.13,95% CI = 1.53 t0 2.96) (Fig. 5 and table
S2). We also investigated burden of rare variants
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in gene sets, including the Retriever complex
(three genes) and the HOPS complex (six genes),
and found no evidence of enrichment in cases
versus controls (Fig. 5 and table S2).

When individual gene burden was assessed,
COMMD9 showed significance in the UK Bio-
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bank cohort [false discovery rate (FDR)-adjusted
P=224x10"% OR = 6.10,95% CI = 2.07 to 17.94]
and the same direction of the effect in the
AMP-PD cohort (FDR-adjusted P = 0.96, OR =
2.17, 95% CI = 0.04 to 108.79) (table S3). How-
ever, a larger sample size will be required to
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Fig. 4. Lysosomal proteins

ER hook

Bicistronic

expression ER entry

were retained in post-Golgi
vesicles and released through
EVs upon loss of COMMD3.
(A) Schematic representation
of GBA and LIMP-2 RUSH
constructs. IRES, internal ribo-
some entry site. (B) lllustration
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synchronized GCase and LIMP2 ]
following biotin addition and

ER exit. (C) Immunofluorescence
images of eGFP-GBA-SBP
(deep yellow) and SBP-mCherry-
LIMP2 (magenta) at the indicated
time points following treatment
with 40-uM biotin. GM130 (cyan)
was used as a Golgi marker

in 0- and 15-min panels, and EEAL
(cyan), as an early endosome
marker in 60-, 90-, and
120-min panels. Scale bar,

10 um. (D) Quantification of
the number of colocalized SBP-
mCherry-LIMP2 and eGFP-
GBA-SBP puncta per cell

90 min after biotin addition.
Each dot represents the

mean number of puncta in an
experimental replicate. Data
represent mean + SEM;

N = 4 independent experi-
ments. Two-sample t test;
**LIMP2*/GCase" P = 0.0043.
(E) Western blot of the EV
fraction obtained from identical
volumes of 24-hour conditioned
medium. (F) Graphs show
mean + SEM protein amounts
over WT, indicated by the
dashed line; N = 3 to 6 inde-
pendent experiments. One-way
ANOVA with Tukey's post hoc
test: FLAMP1(3,16) =23.70, P <
0.0001; FLIMP-2(3,16) = 3157,

P =0.0537; FALIX(3,8) =2.062,
P =0.1838. ***P = 0.0004;
***xp < 0.0001.

I WT

COMMD3 KO

validate this association. Detailed annotation
and allele count in cases and controls for the
variants included in all analyzed genes are
provided in table S4. Collectively, these results
show that there is a substantial burden of rare
LOF variants in the Commander complex and
its constituent CCC complex and COMMD ring
that contribute to risk of PD in two indepen-
dent case-control populations.

Expression of Commander complex proteins in
forebrain of PD or DLB patients

To address whether Commander complex con-
stituents are altered in patient brains, we ex-
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amined forebrain samples from seven DLB
cases and seven controls (fig. S8, A and B). The
amount of COMMD3, COMMD1, and CCDC22
protein was reduced in DLB samples relative
to controls (fig. S8B). However, owing to var-
iability within the groups, the assessment of
a larger number of samples will be important
for understanding the potential contribution of
WT CCC and Commander complex deficit in PD,
DLB, and other neurodegenerative diseases.

Discussion

The Commander complex consists of a het-
eropentameric ring of COMMD protein dimers,
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whose stable association with the Retriever
complex is mediated by extensive interactions
with CCDC22 and CCDC93 (24, 41, 42). Each
COMMD preferentially heterodimerizes with
one other COMMD protein, and the loss of one
component can potentially destabilize the entire
Commander complex (24, 27, 41-46). Consistent
with this notion, COMMD3 loss disrupted com-
plex formation, which was restored by exogenous
COMMD3. The CCC and Commander com-
plexes are indispensable for recycling of Re-
triever cargo from endosomes to the plasma
membrane (43, 45, 47, 48), and our data reveal
their expanded role in lysosomal function. We
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Fig. 5. Increased burden of LOF variants in COMMD-related genes in PD. Forest plots showing study-wise and fixed-effects meta-analysis ORs and P values from
the burden of rare coding LOF variants for CCC complex, Commander complex, COMMD ring, Retriever, and HOPS complex gene sets. Horizontal bars represent 95%
confidence intervals of the ORs, and I is the percentage of meta-analysis heterogeneity.

found that COMMD3 loss resulted in partial
retention of lysosomal proteins in endosomes,
followed by their release through EVs in lieu
of lysosomal delivery, ultimately leading to
lysosomal dysfunction.

Disruption of the Commander complex de-
creased GCase activity partly due to reduced
amounts of the enzyme and its transporter
LIMP-2 within lysosomes paralleled by GCase
or LIMP-2 retention in early endosomes. Fur-
thermore, loss of Commander function reduced
GCase activity through deficient prosaposin
processing to the endogenous GCase activator
saposin C and progranulin to granulin fragments.
Impaired progranulin processing can also impact
cathepsin D activity (30, 49-51) and general lyso-
somal homeostasis through its stabilizing inter-
action with bis(monoacylglycero)phosphate
(BMP), a lipid cofactor in lysosomal proteolysis
and lipolysis (52-54). Because cathepsin B me-
diates prosaposin and progranulin processing
(28, 37), deficient prosaposin or progranulin
processing may be partly attributed to the re-
duced amount of mature cathepsin B upon
COMMD?3 loss of function. A variant proximal to
the CTSB locus, expected to increase cathepsin
B amounts, was associated with decreased PD
risk in GBAI carriers (11). Therefore, decreased
amounts of cathepsin B owing to Commander
complex deficiency may represent an intrigu-
ing converging pathway that modulates GCase
activity and contributes to PD risk.

A subset of our high-fraction CRISPRi hit genes
encode for druggable proteins and may there-
fore inform future efforts to enhance lysosomal
GCase activity through small-molecule drugs.
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As a proof of concept, we demonstrated that
inhibition of REL with IT-603 increased lyso-
somal GCase activity. Nevertheless, the protein
product of REL, c-Rel, is an NF-xB subunit whose
diverse roles in inflammation, B cell prolifera-
tion, and cancer need careful consideration when
evaluating its translational potential (55).

We found an association of rare variants in
the COMMD gene family with increased risk
for PD. Although no common or rare variants
in COMMD genes have been previously asso-
ciated with PD risk (56-58), our detection of the
association was enabled by the genome-wide
CRISPRI screen and subsequent validation.
The low frequency of predicted COMMD LOF
variants in the population may be due to the key
role that these genes play in trafficking of
hundreds of plasma membrane proteins. For
example, COMMD9 knockout is embryonic
lethal in mice owing to cardiac abnormalities
due to deficient Notch2 trafficking (48).

Our findings suggest that CCC and Com-
mander complex deficiency impacts lysosomal
homeostasis and that COMMD variants may
represent disease risk modifier genes in PD,
DLB, and potentially other neurodegenera-
tive diseases that exhibit lysosomal dysfunc-
tion. It will be of interest to examine whether
therapeutic targeting of the COMMD path-
way may improve lysosomal function in these
disorders.
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