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WDR41 supports lysosomal response to changes 
in amino acid availability

ABSTRACT C9orf72 mutations are a major cause of amyotrophic lateral sclerosis and fronto-
temporal dementia. The C9orf72 protein undergoes regulated recruitment to lysosomes and 
has been broadly implicated in control of lysosome homeostasis. However, although evidence 
strongly supports an important function for C9orf72 at lysosomes, little is known about the 
lysosome recruitment mechanism. In this study, we identify an essential role for WDR41, a 
prominent C9orf72 interacting protein, in C9orf72 lysosome recruitment. Analysis of human 
WDR41 knockout cells revealed that WDR41 is required for localization of the protein com-
plex containing C9orf72 and SMCR8 to lysosomes. Such lysosome localization increases in 
response to amino acid starvation but is not dependent on either mTORC1 inhibition or au-
tophagy induction. Furthermore, WDR41 itself exhibits a parallel pattern of regulated 
association with lysosomes. This WDR41-dependent recruitment of C9orf72 to lysosomes is 
critical for the ability of lysosomes to support mTORC1 signaling as constitutive targeting of 
C9orf72 to lysosomes relieves the requirement for WDR41 in mTORC1 activation. Collectively, 
this study reveals an essential role for WDR41 in supporting the regulated binding of C9orf72 
to lysosomes and solidifies the requirement for a larger C9orf72 containing protein complex 
in coordinating lysosomal responses to changes in amino acid availability.

INTRODUCTION
Expansions of a hexonucleotide repeat within a noncoding region of 
the C9orf72 gene are a major cause of amyotrophic lateral sclerosis 
(ALS) and frontotemporal dementia (FTD) (DeJesus-Hernandez et al., 
2011; Renton et al., 2011; Gijselinck et al., 2012). Multiple mecha-
nisms have been proposed to explain how these C9orf72 mutations 

cause neurodegenerative disease. One possible contributing factor 
is C9orf72 protein haploinsufficiency as the hexanucleotide repeat 
expansions are accompanied by a reduction in C9orf72 mRNA and 
protein levels (DeJesus-Hernandez et al., 2011; Gijselinck et al., 
2012; Belzil et al., 2013; van Blitterswijk et al., 2015; Amick and Fer-
guson, 2017; Shi et al., 2018). The potential disease implications of 
reduced C9orf72 expression have motivated efforts to elucidate the 
direct cellular functions of the C9orf72 protein. From a cell biology 
perspective, we previously discovered that C9orf72 is recruited to 
lysosomes in response to amino acid deprivation (Amick et al., 2016). 
The physiological relevance of C9orf72 lysosome localization is sup-
ported by multiple lysosome defects that have been observed in 
mammalian C9orf72 knockouts (Amick et al., 2016; O’Rourke et al., 
2016; Sullivan et al., 2016; Ugolino et al., 2016). Most recently, func-
tions in the endo-lysosomal pathway were also established for the 
Caenorhabditis elegans C9orf72 ortholog (Corrionero and Horvitz, 
2018). The evolutionarily conservation of a role for C9orf72 in the 
regulation of lysosome homeostasis combined with human C9orf72 
mutations as a cause of neurodegenerative disease indicates that 
elucidation of C9orf72 functions and regulatory mechanisms has 
broad cell biological relevance with the added potential of shedding 
light on neurodegenerative disease pathogenesis.

An important insight into potential functions for the C9orf72 pro-
tein came from bioinformatic analyses that predicted that it contains 
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a differentially expressed in normal and neoplastic cells (DENN) do-
main and is most similar to a branch of the DENN domain family 
containing folliculin (FLCN), FLCN-interacting proteins (FNIPs), and 
the Smith-Magenis Chromosome Region 8 (SMCR8) protein (Zhang 
et al., 2012; Levine et al., 2013). Subsequent studies revealed a 
strong physical interaction between C9orf72 and SMCR8 (Amick 
et al., 2016; Sellier et al., 2016; Sullivan et al., 2016; Ugolino et al., 
2016; Xiao et al., 2016; Yang et al., 2016; Jung et al., 2017) that 
parallels the interaction between FLCN and FNIPs (Baba et al., 
2006; Hasumi et al., 2008; Takagi et al., 2008; Amick and Ferguson, 
2017). Interestingly, both the FLCN-FNIP and C9orf72-SMCR8 com-
plexes localize to lysosomes (Petit et al., 2013; Amick et al., 2016). 
The FLCN–FNIP complex interacts with the lysosome-localized Rag 
GTPases (Petit et al., 2013; Meng and Ferguson, 2018) and pro-
motes mTORC1 signaling when amino acids are abundant by acting 
as a GTPase-activating protein (GAP) for RagC/D (Tsun et al., 2013; 
Peli-Gulli et al., 2015). While it is reasonable to speculate that the 
FLCN–FNIP and C9orf72–SMCR8 complexes may have similar func-
tions at lysosomes, understanding of C9orf72 and SMCR8 functions 
and regulatory mechanisms remains more limited.

WDR41 was recently identified as a high-stoichiometry C9orf72–
SMCR8 interacting protein through proteomic analyses of anti-
C9orf72 immunoprecipitates (Sellier et al., 2016; Sullivan et al., 
2016; Xiao et al., 2016; Yang et al., 2016). WDR41 belongs to a large 
family of WD-repeat-containing proteins that often function as scaf-
folds through their ability to interact with multiple proteins and/or 
lipids (Dove et al., 2004; Jeffries et al., 2004; Stirnimann et al., 2010) 
and could thus play a role in regulating the stability and/or subcel-
lular localization of C9orf72 and SMCR8. In contrast to the C9orf72–
SMCR8–WDR41 complex, the better-understood FLCN–FNIP 
complex is not known to contain WDR41 or an equivalent WD-re-
peat-containing protein and thus does not provide clues concerning 
potential WDR41 functions. Thus, although the physical interaction 
between C9orf72 and WDR41 is well established, the functional 
relevance of this interaction and its relationship (if any) to C9orf72 
functions at lysosomes was not previously determined.

In the present work, we show that WDR41 is required for the 
recruitment of C9orf72 and SMCR8 to lysosomes and that WDR41 
itself localizes to lysosomes. This recruitment of the C9orf72–
SMCR8–WDR41 complex to lysosomes occurs most prominently in 
starved cells but is independent of changes in mTORC1 or Unc-51-
like kinase (ULK) complex signaling that occur under such condi-
tions. Likewise, the association of the C9orf72–SMCR8–WDR41 
complex with lysosomes does not depend on autophagy. Analysis 
of WDR41 knockout cells revealed a defect in the acute activation of 
mTORC1 by amino acids; this requirement for WDR41 could be by-
passed by expression of a lysosome-targeted version of C9orf72. 
Taken together, our data indicate a major function of WDR41 is the 
recruitment of C9orf72 and SMCR8 to lysosomes.

RESULTS
WDR41 interacts with C9orf72
As a first step toward elucidating WDR41 function, we used CRISPR-
Cas9 to generate WDR41 knockout (KO) cell lines (Supplemental 
Figure S1A). These efforts were successfully carried out in both HeLa 
cells as well as in a HEK293FT cell line that we previously engineered 
to express 2xhemagglutinin (HA) tagged-C9orf72 from its endoge-
nous locus (Amick et al., 2016). DNA sequencing (Supplemental 
Figure S1B) as well as anti-WDR41 immunoblots (Figure 1, A and B) 
confirmed that the WDR41 KO strategy was successful. Additional 
immunoblotting for C9orf72 and SMCR8 did not reveal changes in 
their levels following loss of WDR41 (Figure 1, A and B). This stands 

in contrast to the previously observed reciprocal dependence of 
C9orf72 and SMCR8 on one another for their stability (Amick et al., 
2016). In addition to the maintained stability of C9orf72 and SMCR8 
in the absence of WDR41, the interaction between C9orf72 and 
SMCR8 was also not impaired in WDR41 KO cells (Figure 1C). The 
interaction of WDR41 is specific to the C9orf72 complex, as WDR41 
did not coimmunoprecipitate with the structurally related FLCN–
FNIP complex (Figure 1D). To gain further insight into interactions 
among WDR41, C9orf72, and SMCR8, C9orf72+SMCR8 double KO 
cells (Amick et al., 2016) were transfected with GFP-tagged forms of 
C9orf72 or SMCR8 and subjected to anti-GFP immunoprecipitations. 
Although WDR41 copurified with GFP-C9orf72 in the absence of 
SMCR8 (Figure 1E), we did not detect a similar interaction between 
SMCR8-GFP and WDR41 in the absence of C9orf72. This selective 
interaction of C9orf72 with WDR41 in cells lacking SMCR8 supports 
a model wherein C9orf72 is the major determinant of WDR41 incor-
poration into this heterotrimeric protein complex (Figure 1F).

WDR41 is required for C9orf72 and SMCR8 recruitment 
to lysosomes
To investigate WDR41 function, we next used the WDR41 KO; 
2xHA-C9orf72 HEK293FT cells to investigate the contribution of 
WDR41 to regulation of C9orf72 subcellular localization. We fo-
cused in particular on the localization of C9orf72 in starved cells, as 
we previously established that C9orf72 is recruited to lysosomes 
under such conditions (Amick et al., 2016). The loss of lysosome-lo-
calized C9orf72 in WDR41 KO cells revealed that WDR41 is essen-
tial for the recruitment of C9orf72 to lysosomes (Figure 2, A and B). 
Transduction of WDR41 KO cells with a lentivirus encoding WDR41 
rescued starvation triggered localization of C9orf72 to lysosomes, 
establishing the specificity of the WDR41 KO phenotype (Figure 2, 
A–C). Thus, while WDR41 is not critical for C9orf72 stability, it is es-
sential for the regulated recruitment of C9orf72 to lysosomes when 
cells are deprived of amino acids. Although WDR41 is strikingly re-
quired for C9orf72 localization to lysosomes in starved cells, immu-
noprecipitation experiments revealed that the interaction among 
WDR41, C9orf72, and SMCR8 is constitutive and not changed in 
response to starvation (Supplemental Figure S1C).

As a complementary approach for testing the role for WDR41 in 
controlling both C9orf72 and SMCR8 abundance at lysosomes, we 
analyzed lysosomes that were purified from wild-type and WDR41 
KO HeLa cells. To this end, lysosomes were magnetically isolated 
from cells that had been endocytically preloaded with iron dextran 
nanoparticles (Walker and Lloyd-Evans, 2015). This purification strat-
egy resulted in the selective enrichment of lysosomal proteins by 
∼40 fold (Figure 3, A and B). We then measured the levels of C9orf72 
and SMCR8 on lysosomes purified from wild-type and WDR41 KO 
cells under both fed and starved conditions. Although both C9orf72 
and SMCR8 were robustly enriched on the lysosomes from starved 
wild-type cells, this effect was abolished in the WDR41 KO cells 
(Figure 3, C–E). Interestingly, there was also a low level of lysosomal 
C9orf72 and SMCR8 under fed conditions that was lost in the 
WDR41 KO cells (Figure 3, C–E). WDR41 is thus essential for recruit-
ment of C9orf72 and SMCR8 to lysosomes. Evidence supporting 
the recruitment of SMCR8 to lysosomes is also noteworthy as this 
property was previously predicted (Amick et al., 2016) but not di-
rectly demonstrated.

The discovery that WDR41 plays a critical role in the regulated 
recruitment of C9orf72 and SMCR8 to lysosomes raised questions 
concerning the specific mechanisms that allow WDR41 to perform 
such a function. The strong interaction between WDR41 and C9orf72 
(Sellier et al., 2016; Sullivan et al., 2016; Ugolino et al., 2016; 
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Xiao et al., 2016; Yang et al., 2016; Jung et al., 2017) combined with 
the important role for WDR41 in supporting C9orf72 and SMCR8 
localization to lysosomes suggested the presence of WDR41 itself at 
lysosomes. This prediction is supported by our observation that the 
interaction among WDR41, C9orf72, and SMCR8 is constitutive and 
not modulated by changes in amino acid availability (Supplemental 

Figure S1C). However, overexpressed GFP-tagged WDR41 was 
previously observed at the cis-Golgi rather than lysosomes (Sullivan 
et al., 2016). Such a subcellular localization does not fit with a direct 
role for WDR41 in the recruitment of C9orf72 and SMCR8 to lyso-
somes and could reflect either an additional role for WDR41 at the 
Golgi or an artifact arising from the tagging and/or overexpression.

FIGURE 1: WDR41 interacts with C9orf72 but is not required for the stability of C9orf72 and SMCR8. (A) Immunoblot 
analysis of WDR41 KO in HEK293FT cells that express 2xHA-tagged C9orf72 from the endogenous locus. 
(B) Immunoblot analysis of control and WDR41 KO HeLa cells. (C) Endogenously expressed 2x-HA C9orf72 was 
immunoprecipitated from the parental and WDR41 knockout cell line, followed by immunoblotting for the indicated 
proteins. (D) Anti-HA immunoprecipitation of control and WDR41-HA-transfected HeLa cells followed by 
immunoblotting for the indicated proteins. (E) C9orf72/SMCR8 double knockout cells were transfected with GFP, 
GFP-C9orf72, or SMCR8-GFP followed by anti-GFP immunoprecipitation and immunoblotting for the indicated proteins. 
(F) Immunoprecipitation results in E support a model wherein WDR41 associates with the C9orf72:SMCR8 complex 
primarily via an interaction with C9orf72.
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WDR41 localizes to lysosomes
To directly visualize the subcellular localization of the endogenously 
expressed WDR41, we next sought to perform immunofluorescence 

experiments. Owing to the lack of validated WDR41 antibodies for 
immunofluorescence studies, we used CRISPR/Cas9-mediated ge-
nome editing to insert a 2xHA tag into the C-terminus of the WDR41 

FIGURE 2: WDR41 is required for the recruitment of C9orf72 to lysosomes. (A) Immunofluorescence images of C9orf72 
localization (endogenously expressed 2xHA-C9orf72) in starved wild-type, WDR41 knockout, and WDR41 KO cells that 
were rescued by stable expression of a WDR41 transgene. Localization of C9orf72 to lysosomes (LAMP1 signal) is lost in 
WDR41 knockout cells. Scale bar, 10 μm. (B) For the indicated cell lines, the percentage of cells in starved conditions 
containing C9orf72 puncta that colocalize with LAMP1 are indicated. (C) Immunoblot analysis of WDR41 levels in 
wild-type, knockout, and rescue cell lines.
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gene in HEK293FT cells. DNA sequencing and anti-HA immunoflu-
orescence established the success of this strategy (Figure 4, A and 
B). We also confirmed that the addition of the 2xHA tag did not in-
terfere with the ability of WDR41 to interact with C9orf72 and 
SMCR8 (Figure 4C). While immunofluorescence analysis of WDR41-
2xHA cells under basal growth conditions (fed) revealed a diffuse 
staining pattern without obvious enrichment on lysosomes, WDR41 
colocalized with LAMP1, an abundant integral membrane protein of 
lysosomes, in response to starvation (Figure 4D). The enhanced lys-
osome localization of WDR41 in starved cells was independently 
confirmed by immunoblot analysis of magnetically purified lyso-
somes (Figure 4, E and F). Thus, while WDR41 was previously re-

ported to localize to the Golgi based on analysis of cells that over-
expressed GFP-tagged WDR41 (Sullivan et al., 2016), we now 
provide new data based on analysis of the endogenously expressed 
protein via two independent methods that instead establishes lyso-
somes as a major site of enrichment for WDR41.

Lysosome localization of WDR41 is independent of 
autophagy and the ULK complex
In contrast to the robust lysosome localization for WDR41 in starved 
cells, we did not observe enrichment of WDR41 on the LC3-positive 
autophagosomes that form under starvation conditions (Figure 5, A 
and B). This selectivity of WDR41 for localization to lysosomes rather 

FIGURE 3: WDR41 is required for C9orf72 and SMCR8 enrichment on purified lysosomes. (A) Immunoblots of the 
indicated proteins in the total cell lysate (input) and in magnetically isolated lysosomes (lysosomes). Equal amounts of 
protein were loaded in each lane. LAMP1, Rab7a, Cathepsin D (mature form), and LAMTOR1 were used as markers of 
late endosomes/lysosomes; EEA, early endosomes; tubulin, actin, cytoskeleton; Lamin A/C, nucleus; Calnexin, ER; 
GM130, –Golgi. (B) Quantification of immunoblots for the indicated proteins expressed as a fold increase in the 
lysosome fraction relative to the input (mean ± SEM, n = 3). (C) Immunoblots of C9orf72, SMCR8, and LAMP1 in the 
total cell lysate (input) and in magnetically isolated lysosomes under fed and starved conditions in wild-type and WDR41 
KO HeLa cells. Quantification of the levels of C9orf72 (D) and SMCR8 (E) on magnetically isolated lysosomes (mean ± 
SEM, n = 3, ****p < 0.0001, ***p ≤ 0.001 two-way analysis of variance [ANOVA] with Tukey’s multiple comparisons test).
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FIGURE 4: WDR41 localizes to lysosomes in starved cells. (A) Sequencing result from the genomic DNA PCR product 
from HEK293FT cells that have a 2xHA epitope tag inserted at the endogenous WDR41 locus. The positions of the 
WDR41 C-terminal sequence, 2xHA epitope tag, and stop codon are indicated. (B) The specificity of the anti-HA 
immunofluorescence signal in WDR41-2xHA cells is supported by the absence of this signal in parental, non-gene-edited 
cells. Scale bar, 10 μm. (C) Anti-HA immunoprecipitations from WDR41-2xHA cells followed by immunoblotting for the 
indicated proteins. WDR41-2xHA retains the ability to interact with C9orf72 and SMCR8. Non-gene-edited HEK293FT 
cells served as a negative control. (D) Immunofluorescence images showing the localization of WDR41-2xHA (expressed 
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FIGURE 5: WDR41 is selectively recruited to lysosomes in response to starvation. Immunofluorescence images showing 
the localization of endogenously expressed WDR41-2xHA in (A) fed, (B) starved (1.5-h serum and amino-acid-free 
conditions), (C) torin1-treated (2 μM, 2 h), and (D) concanamycin A-treated (1 μM, 2 h). Scale bar, 10 μm.

from the endogenous locus) and LAMP1 in fed and starved (1.5-h serum and amino-acid-free) conditions. 
(E) Immunoblot analysis of WDR41 levels on magnetically-isolated lysosomes from HeLa cells in fed and starved 
conditions. (F) Quantification of WDR41 immunoblots expressed as a fold increase in the lysosome fraction relative to 
the input (mean ± SEM, n = 3, unpaired t test, ****p < 0.0001).
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FIGURE 6: LC3 lipidation and autophagic flux is unimpaired in WDR41 KO cells. (A) Immunoblot 
analysis of LC3 levels in wild-type and WDR41 knockout cells under fed, starved, and starved 
cells treated with the v-ATPase inhibitor concanamycin A (ConA). (B) Quantification of LC3-II/
tubulin levels (mean ± SEM, n = 4, Sidak’s multiple comparisons test).

than autophagosomes parallels previous observations for C9orf72 
(Amick et al., 2016). Further supporting the conclusion that WDR41 
recruitment to lysosomes in starved cells is not dependent on au-
tophagy are observations that WDR41 subcellular localization does 
not change in cells where autophagosomes accumulate due to ei-
ther mTOR inhibition with torin 1 (Figure 5C) or V-ATPase inhibition 
with concanamycin A (Figure 5D). Collectively, these results demon-
strate that WDR41 is selectively recruited to lysosomes in response 
to starvation but does not reflect a general response to increased 
autophagosome abundance.

The distinction between autophagosome versus lysosome- 
localized actions of WDR41, C9orf72, and SMCR8 is important in 
light of previous studies that have implicated these proteins in the 
process of autophagy (Sellier et al., 2016; Sullivan et al., 2016; 
Ugolino et al., 2016; Webster et al., 2016; Yang et al., 2016; Jung 
et al., 2017). To further investigate the relationship between WDR41 
and autophagy induction, we examined LC3 lipidation (a key step 
in the induction of autophagy) via immunoblotting of cells that were 
starved in the absence and presence of concanamycin A to dis-
criminate between autophagy and subsequent lysosome-mediated 
clearance (Figure 6A). LC3 lipidation was increased to a similar ex-
tent in both wild type (WT) and WDR41 KO cells in response to 
starvation. Likewise, the measurement of autophagic flux via analy-
sis of cells that were starved in the presence of concanamycin A 
also revealed no significant defect in the WDR41 KO cells (Figure 6, 
A and B). These results demonstrate that WDR41 is not essential for 
autophagy.

Aside from WDR41, the other major known interactor of C9orf72 
and SMCR8 is the ULK complex that contains the ULK, RB1CC1, 
ATG13, and ATG101 proteins (Sullivan et al., 2016; Webster et al., 
2016; Yang et al., 2016; Jung et al., 2017). ULK phosphorylates sub-
strates to promote autophagy induction (Russell et al., 2013). Inter-
actions between the C9orf72 and ULK complexes suggested that, 
like WDR41, the ULK complex could also be required for C9orf72 
recruitment to lysosomes. Therefore, we next investigated the con-
tribution of the ULK complex to lysosome recruitment of C9orf72 via 
depletion of RC1CC1 (also known as FIP200, an essential subunit of 
the ULK complex) (Hara et al., 2008). These experiments were per-
formed in the 2xHA-C9orf72 293FT cell line to take advantage of 
robust assays that we have developed for imaging C9orf72 subcel-
lular localization in these cells (Amick et al., 2016). CRISPR-Cas9-
mediated targeting of the RB1CC1 locus resulted in RB1CC1 protein 
depletion (Figure 7A) and severely impaired autophagic flux (Figure 
7, B and C). However, in contrast to the loss of C9orf72 recruit-
ment to lysosomes that we observed in WDR41 KO cells (Figure 2), 

C9orf72 still accumulated on lysosomes in 
response to starvation in the RB1CC1 mu-
tant cells (Figure 7D). Conversely, double 
labeling for C9orf72 and LC3 confirmed that 
starvation-induced C9orf72 puncta occurred 
even in the absence of detectable LC3-pos-
itive autophagosome formation (Figure 7E). 
These results indicate that recruitment of 
the C9orf72 complex to lysosomes is not 
dependent on autophagy or ULK complex 
function and that it is also unlikely that 
C9orf72 transits to lysosomes via autopha-
gosomes. In addition, these data concern-
ing RB1CC1 further emphasize the specific-
ity of WDR41 contributions to the lysosome 
localization of the C9orf72 complex.

WDR41 supports mTORC1 activation by amino acids
We and others have documented a role for C9orf72 and SMCR8 in 
the regulation of mTORC1 signaling (Amick et al., 2016; Ugolino 
et al., 2016; Yang et al., 2016; Amick and Ferguson, 2017; Jung et al., 
2017). As the loss of C9orf72 lysosome localization in WDR41 KO 
cells suggested a requirement for WDR41 in supporting normal 
mTORC1 signaling, we next tested whether WDR41 KO cells are able 
to efficiently activate mTORC1 in response to an acute amino acid 
stimulus. In contrast to control cells that robustly activate mTORC1 
upon stimulation with amino acids (as read out by phosphorylation of 
threonine 389 on ribosomal protein S6 kinase [S6K]), this response 
was severely impaired in WDR41 KO cells (Figure 8, A and B). The 
specificity of the mTORC1 signaling defect in WDR41 KO cells is 
supported by the rescue of this phenotype following the lentivirus-
mediated reexpression of HA-tagged WDR41 (Figure 8, A and B). 
This result also confirms that C-terminal HA-tags do not inhibit 
WDR41 function and thereby provides additional validation for our 
interpretation of localization results for the WDR41-2xHA protein.

Constitutive targeting of C9orf72 to lysosomes overcomes 
the need for WDR41
The C9orf72-SMCR8 localization and mTORC1 regulation defects in 
WDR41 KO cells raised questions about the function of WDR41 at 
lysosomes. Is WDR41 simply required for the efficient recruitment of 
C9orf72 and SCMR8 to lysosomes? Or does WDR41 itself also con-
tribute to the activation of mTORC1? To answer these questions, we 
constitutively targeted C9orf72-GFP to lysosomes by fusing it to the 
first 39 amino acids of LAMTOR1 (we refer to this fusion protein as 
Lyso-C9orf72-GFP, Figure 8C). This region of LAMTOR1 is lipidated 
and has been previously demonstrated to support the targeting of 
fusion proteins to lysosomes (Nada et al., 2009; Sancak et al., 2010; 
Menon et al., 2014). We tested the lysosome localization of lyso-
C9orf72-GFP in WDR41 KO cells and found that it robustly localized 
to lysosomes that were visualized with cresyl violet (Figure 8D), a 
dye that selectively labels lysosomes based on the acidic pH of their 
lumen (Ostrowski et al., 2016). Lyso-C9orf72-GFP also retains the 
ability to interact with SMCR8 (Supplemental Figure S2).

Having validated the successful WDR41-independent targeting 
of C9orf72 to lysosomes, we next tested the ability of this fusion 
protein to support mTORC1 signaling and observed that lyso-
some-targeted C9orf72 partially restored amino acid responsive-
ness of mTORC1 activity in WDR41 KO cells (Figure 8, E and F). 
These results indicate that a major function for WDR41 is to sup-
port the recruitment of C9orf72 and SMCR8 to lysosomes. Further-
more, although constitutive targeting of C9orf72 to lysosomes 
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rescues mTORC1 signaling in WDR41 KO cells, such signaling re-
mains responsive to starvation and amino acid refeeding. The Rag 
GTPases are well characterized as targets of multiple amino acid 
sensing pathways and in turn recruit mTORC1 to lysosomes when 
amino acids are plentiful (Saxton and Sabatini, 2017). We did not 
observe any impact of WDR41 on the lysosomal localization of 
RagC under either starved or fed conditions (Supplemental Figure 
S3, A and B). Likewise, mTOR also showed a normal pattern of 
amino acid regulated lysosome recruitment in WDR41 KO cells 
(Supplemental Figure S4, A and B). This matches what we previ-
ously observed for regulation of mTOR localization in C9orf72 and 
SMCR8 KO cells (Amick et al., 2016). Thus, the complex of C9orf72-
SMCR8-WDR41 is critical for making lysosomes permissive for 
supporting the activation of mTORC1 by amino acids but does not 
overcome the requirement for amino acids in supporting mTORC1 
signaling.

DISCUSSION
WDR41 functions at lysosomes
Although data from several labs previously identified WDR41 as an 
interacting partner of C9orf72 (Sellier et al., 2016; Sullivan et al., 
2016; Xiao et al., 2016; Yang et al., 2016; Jung et al., 2017), its role 
in the larger C9orf72 complex was not defined. In this study, we 
show that WDR41 is a constitutive member of this heterotrimeric 
complex and is essential for the regulated recruitment of C9orf72 
and SMCR8 to lysosomes. The absence of C9orf72 and SMCR8 lo-
calization to lysosomes during starvation and impaired mTORC1 
activation by amino acids in WDR41 KO cells establishes an impor-
tant role for WDR41 in this larger protein complex. The specific con-
tribution of WDR41 to the function of the complex was further 
dissected by developing a strategy to restore targeting of C9orf72-
SMCR8 localization to lysosomes in WDR41 KO cells. In such cells, 
mTORC1-responsiveness to amino acids was improved. We thus 
conclude that WDR41 plays an essential role in the regulated lyso-
somal targeting of C9orf72-SMCR8 but is not required for their sub-
sequent ability to support mTORC1 signaling.

The subcellular localization of a protein is a critical determinant 
of its function. We now provide multiple lines of evidence that iden-
tify lysosomes as a major site of WDR41 enrichment and function. 
Key data include immunofluorescence localization of endogenously 
expressed HA-tagged WDR41, immunoblot analysis of purified ly-
sosomes, and the impact of WDR41 KO on the lysosome recruit-
ment of both C9orf72 and SMCR8. Further support for the conclu-
sion that WDR41 undergoes regulated recruitment to lysosomes as 
part of a complex with C9orf72 and SMCR8 is provided by a recent 
proteomic analysis that detected enhanced lysosome abundance of 
C9orf72, SMCR8, and WDR41 as part of a large-scale proteomic 
analysis of subcellular fractions from the livers of fed versus starved 
rats (Jadot et al., 2017). These in vivo observations indicate that our 
observations concerning C9orf72, SMCR8, and WDR41 lysosome 
localization in cultured cells can be generalized to a broader range 
of physiological contexts.

Role of WDR41 in the lysosomal recruitment of the C9orf72 
complex
With the discovery that WDR41 is required for the regulated recruit-
ment of C9orf72 and SMCR8 to lysosomes, questions arise concern-
ing the specific mechanisms that allow WDR41 to perform such a  
function. WDR41 is predicted to contain between six and eight WD 
repeats spanning the bulk of its primary sequence (Wang et al., 
2015; Amick and Ferguson, 2017). Aside from these WD repeats, 
WDR41 contains only short regions that are predicted to lack 

secondary structure (Wang et al., 2015; Amick and Ferguson, 2017). 
Structural studies of other WD repeat proteins showed that they 
typically form seven-bladed β-propellers (Wall et al., 1995; Bajagic 
et al., 2017). These β-propellers function as scaffolds that often pro-
vide multiple interaction surfaces for the assembly of larger protein 
complexes and that can also support protein–membrane interac-
tions (Dove et al., 2004; Jeffries et al., 2004; Stirnimann et al., 2010). 
As our data did not reveal an essential role for WDR41 in supporting 
the interaction between C9orf72 and SMCR8, we instead predict a 
possible interaction between WDR41 and a protein or lipid on the 
surface of lysosomes that could contribute to the regulated recruit-
ment of C9orf72 and SMCR8 to lysosomes. An interesting example 
that has some parallels to the combination of DENN domains 
and WD repeat motifs in the C9orf72-SMCR8-WR41 complex is 
the Rab12 guanine nucleotide exchange factor (GEF) known as 
DENND3 that contains both a DENN domain as well as WD repeats 
(Xu and McPherson, 2017). This raises the possibility of a more 
broadly conserved functional interplay between DENN domains 
and WD-repeat β-propellers. While our study identifies a function 
for WDR41, the specific contributions of C9orf72 and SMCR8 to 
overall complex function remain to be elucidated. Double depletion 
of both C9orf72 and SMCR8 ameliorates the defects in mTORC1 
signaling that were observed in single C9orf72-depleted cells, sug-
gesting SMCR8 gain-of-function could be responsible for some 
C9orf72 knockout phenotypes (Amick et al., 2016; Yang et al., 2016). 
Indeed, independent functions of SMCR8 were recently reported 
(Jung et al., 2017).

Relationship between the C9orf72 complex and mTORC1 
signaling
The WDR41-dependent recruitment of C9orf72 and SMCR8 to lyso-
somes occurs most prominently when cells are starved of amino ac-
ids. This indicates the need for mechanisms that sense changes in 
nutrient availability and transduce this information into changes at 
lysosomes that can be read out by WDR41. The best characterized 
example of a lysosome-localized signaling pathway that is respon-
sive to changes in nutrient availability is mTORC1 (Saxton and Saba-
tini, 2017). The regulation of mTORC1 signaling by changes in 
amino acid availability occurs via regulation of the nucleotide status 
of the Rag GTPases. The Rags function as heterodimers composed 
of RagA or RagB bound to RagC or RagD that localize to the surface 
of late endosomes and lysosomes (Sancak et al., 2010). The active 
form of Rag heterodimers that recruits mTORC1 to the surface of 
lysosomes consists of GTP-bound RagA/B and GDP-bound RagC/D. 
The nucleotide status of the Rags is regulated by amino acid avail-
ability via several sensors that function within signal transduction 
cascades that control the nucleotide state of the Rags (Wolfson and 
Sabatini, 2017). Altogether, these mechanisms ensure that mTORC1 
recruitment to lysosomes and subsequent activation only efficiently 
occurs when amino acids are abundant. Interestingly, although the 
C9orf72-SCMR8-WDR41 complex is acutely recruited to lysosomes 
in response to amino acid depletion and is required for subsequent 
activation of mTORC1 on amino acid refeeding, these proteins do 
not bind to the Rags and are not required for the Rag-dependent 
enrichment of mTORC1 on lysosomes (Supplemental Figures S3 
and S4) (Amick et al., 2016; Amick and Ferguson, 2017). Likewise, 
constitutive targeting of C9orf72 to lysosomes restores amino acid 
stimulation of mTORC1 signaling to WDR41 KO cells but does obvi-
ate the need for amino acids activate mTORC1 signaling. Based on 
these factors, it is possible that the C9orf72 complex may function 
as part of a novel, lysosome-localized, pathway that contributes to 
cellular adaptation to changes in nutrient availability that functions 
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FIGURE 7: RB1CC1 and autophagy are not required for C9orf72 recruitment to lysosomes. (A) Immunoblot analysis of 
CRISPR-Cas9-mediated RB1CC1 depletion in the HEK293FT cell line that expresses 2xHA-C9orf72 from the 
endogenous locus. (B) Parental 2xHA-C9orf72 HEK293FT and RB1CC1-depleted cells were treated with and without 
concanamycin A (V-ATPase inhibitor) for 2 h and autophagic flux was assessed by immunoblotting. Although wild-type 
cells accumulate LC3-II when treated with concanamycin A, the RB1CC1-depleted cell line does not. (C) Quantification 
of the ratio of LC3-II to tubulin (mean ± SEM, n = 3, *p ≤ 0.05, two-way ANOVA with Tukey’s multiple comparisons test). 
(D) Immunofluorescence analysis of C9orf72 localization in starved wild-type and RB1CC1-depleted cells. Scale bar, 
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FIGURE 8: WDR41-dependent recruitment of C9orf72 to lysosomes is critical for the stimulation of mTORC1 activity by 
amino acids (A) Immunoblot analysis of phospho-S6 kinase (S6K-T389) levels during starvation (1.5 h) and subsequent 
amino acid (AA) refeeding (15 min) in WT, WDR41 knockout, and cells stably expressing WDR41-HA in the WDR41 
knockout background. (B) Summary of S6 kinase phosphorylation levels normalized to total S6K levels; WT refeed 
normalized to 1 (mean ± SEM, n = 4, ****p < 0.0001, **p ≤  0.01, ANOVA with Sidak’s multiple comparisons test). 
(C) Schematic diagram of the Lyso-C9orf72-GFP construct. The first 39 amino acids of LAMTOR1 were fused to the 
N-terminus of C9orf72 followed by a C-terminal GFP tag. (D) Live-cell imaging reveals the successful targeting of 
Lyso-C9orf72-GFP to lysosomes as illustrated by colocalization with cresyl violet, a fluorescent reporter of lysosome 
acidity. Scale bar = 10 μm. (E) Immunoblot analysis of phospho-S6K levels during starvation (1.5 h) and subsequent AA 
refeeding (15 min) in wild-type, WDR41 knockout, and cells stably expressing Lyso-C9orf72-GFP in the WDR41 knockout 
background. (F) Quantification of S6K phosphorylation levels normalized to total S6K levels (WT refeed normalized to 1; 
mean ± SEM, n = 4, ****p < 0.0001, **p ≤  0.01, ANOVA with Sidak’s multiple comparisons test).

10 μm. (E) Immunofluorescence analysis of C9orf72 and LC3 in starved wild-type and RB1CC1-depleted cells. Starved 
wild-type cells have distinct C9orf72 and LC3 puncta (predominantly autophagosomes), while RB1CC1-depleted cells 
maintain C9orf72 puncta but lack LC3 puncta. Scale bar, 10 μm.
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in parallel to the better characterized mechanisms that converge on 
the Rags.

ULK complex is not required for lysosome localization 
of C9orf72
The identification of interactions between the C9orf72 and ULK 
complexes previously gave rise to the concept that C9orf72, 
SMCR8, and WDR41 play a role in the process of autophagy due to 
the involvement of ULK in autophagy initiation (Sellier et al., 2016; 
Sullivan et al., 2016; Xiao et al., 2016; Yang et al., 2016; Jung et al., 
2017). The starvation conditions that stimulate C9orf72 complex re-
cruitment to lysosomes also induce autophagy. In this study, we 
have used genetic and pharmacological perturbations to distin-
guish between these processes. Our new data show that when au-
tophagosomes accumulate in response to mTOR and V-ATPase in-
hibition, there is no parallel change in the subcellular localization of 
WDR41. Furthermore, C9orf72 still builds up on lysosomes in re-
sponse to starvation even in cells where autophagy has been sup-
pressed by RB1CC1 depletion. This indicates that the recruitment of 
the C9orf72 complex to lysosomes is not a secondary consequence 
of either mTOR inhibition or autophagy induction. Instead, this 
complex appears to be responding more directly to changes in 
amino acid availability. Collectively, these results suggest the exis-
tence of a novel nutrient sensing mechanism that functions up-
stream of the C9orf72 complex but that does not require the Rag 
GTPases, mTORC1, or the ULK complex.

C9orf72 haploinsufficiency and ALS–FTD pathogenesis
Significant interest into the function of C9orf72 (and by extension 
SMCR8 and WDR41) has been stimulated by the potential role 
played by C9orf72 haploinsufficiency in ALS–FTD disease pathogen-
esis (Shi et al., 2018). Our new findings solidify the role played by 
lysosomes as a major subcellular site of action for the C9orf72-
SMCR8-WDR41 complex. They furthermore indicate that the lyso-
some dysfunction in macrophages and microglia from C9orf72 KO 
mice likely results from the direct loss of normal C9orf72 complex 
function at lysosomes (O’Rourke et al., 2016). Contributions of lyso-
some dysfunction to ALS–FTD risk are both plausible and interesting 
given human genetic studies that have implicated multiple genes 
related to endolysosome function such as GRN, SQSTM1, CHMP2B, 
OPTN, and TBK1 as risk factors for these diseases (Skibinski et al., 
2005; Baker et al., 2006; Cruts et al., 2006; Maruyama et al., 2010; 
Fecto et al., 2011; Rubino et al., 2012; Freischmidt et al., 2015). How-
ever, as important as it is to determine the putative relevance of 
C9orf72 deficiency to ALS–FTD disease mechanisms, the lysosome-
related functions of the C9orf72-SMCR8-WDR41 complex and its 
role in matching lysosome function to ongoing changes in nutrient 
availability are of broad cell biological interest that extends beyond 
putative neurodegenerative disease mechanisms.

Conclusion
In summary, our new findings establish important lysosome-local-
ized functions for WDR41 and provide a foundation for future stud-
ies focused on the further elucidation of both the functions of the 
C9orf72–SMCR8–WDR41 protein complex as well as lysosome- 
localized mechanisms that support its regulation by changes in 
amino acid availability.

MATERIALS AND METHODS
Cell culture and transfection
HEK293FT (Life Technologies, Carlsbad, CA) and HeLa cells (pro-
vided by P. De Camilli, Yale University, New Haven, CT) were grown 

in high-glucose DMEM (+l-glutamine), 10% fetal bovine serum 
(FBS), and 1% penicillin/streptomycin supplement (Invitrogen, Carls-
bad, CA). Where indicated, cells were starved for 90 min by incuba-
tion with amino acid–free Roswell Park Memorial Institute (RPMI) 
media (US Biological, Swampscott, MA). Amino acid refeeding was 
performed with 1 × MEM amino acid supplement (Invitrogen) added 
to starvation medium for 15 min. For starvation/refeeding assays in 
Figure 5, 500,000 HeLa cells were seeded in 10-cm dishes for 24 h 
prior to the start of the experiment. Transfections were performed 
with 500 ng of DNA, 100 μl of OptiMEM (Invitrogen), and 1.5 μl of 
FuGENE 6 transfection reagent (Promega, Madison, WI) per 35-mm 
dish and scaled up proportionately for larger and smaller dishes. For 
transient transfections, cells were analyzed 2 d posttransfection.

CRISPR/Cas9 genome editing
Guide RNAs were designed using the CRISPR design tool (crispr.
mit.edu) or selected from predesigned guide RNA sequences 
(Wang et al., 2014). Guide RNA–encoding DNA oligonucleotides 
(IDT) were annealed and ligated into Bbs1-digested pX459 vector 
(acquired from Feng Zhang [Massachusetts Institute of Technology] 
via Addgene) and transformed into Stabl3-competent Escherichia 
coli cells (Ran et al., 2013). Oligonucleotide sequences used for this 
purpose are described in Supplemental Table 1. Successful insertion 
of the guide RNA–encoding DNA sequence was confirmed by se-
quencing. Plasmids (0.4 μg) were transfected with FuGENE 6 into 
35,000 HeLa or 250,000 HEK293FT cells per well of a six-well dish. 
The next day, transfected cells were selected with puromycin for 3 d 
(2 μg/ml for HeLa, 1.25 μg/ml for HEK293FT). Surviving cells were 
subsequently plated at clonal density. Following the selection and 
expansion of colonies, KOs were identified by immunoblotting and 
subsequently confirmed by sequencing of PCR-amplified genomic 
DNA. To sequence genomic DNA, it was extracted (QuickExtract 
DNA extraction solution; Epicentre Biotechnologies), and the re-
gion of interest was amplified by PCR (primers described in Supple-
mental Table 1), cloned into the pCR-Blunt TOPO vector (Zero Blunt 
TOPO PCR cloning kit; ThermoFisher Scientific), and transformed 
into TOP10-competent E. coli cells. Plasmid DNA was then isolated 
from multiple colonies and sequenced to define the genotype of 
the locus of interest. To generate RB1CC1-depleted cells, 2xHA-
C9orf72 HEK293FT cells were transfected with a pair of px459 
plasmids encoding guide RNAs targeting exons 1 and 2 of RB1CC1. 
Puromycin treatment and clonal selection was then performed as 
described above.

Our method for CRISPR/Cas9 genome editing for the insertion of 
epitope tags at endogenous loci was described previously (Petit 
et al., 2013). The single-strand DNA oligonucleotide (ssODN) homol-
ogy-directed repair donor template was designed with asymmetric 
homology arms on the PAM proximal and distal sides of the cut site 
to enhance the efficiency of tag insertion (Richardson et al., 2016). 
The specific guide RNA and ssODN repair template sequences (IDT) 
that were used to insert the 2xHA epitope tag into the WDR41 gene 
are provided in Supplemental Table 2. CRISPR ribonucleoprotein 
(RNP) complexes and the ssODN repair template were delivered to 
cells by nucleofection (Leonetti et al., 2016). To assemble the RNPs, 
crRNA and tracrRNA (IDT) were mixed at a 1:1 ratio (50 μM final 
concentration of each) and heated at 95°C for 5 min and then cooled 
to room temperature. This RNA duplex (150 pmol) was then added 
to 150 pmol Cas9 protein (IDT), and the volume was adjusted to 
10 μl with Opti-MEM. Three microliters of 100 μM ssODN repair do-
nor template was then added. The RNP complex+ssODN was added 
to nucleofection buffer and nucleofected into 1 million HEK293FT 
cells (Kit R, electroporation program A24; Lonza, Basel, Switzerland). 
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Clonal cell populations were subsequently isolated from these cells 
and screened for HA signal by immunoblotting and immunofluores-
cence. To confirm further the correct in-frame insertion of the 2xHA 
tag in these cells, genomic DNA surrounding the site of tag insertion 
was PCR amplified and sequenced as described above.

Immunoprecipitation and immunoblotting
Cells were washed with ice-cold phosphate-buffered saline (PBS), 
lysed in Tris-buffered saline (TBS) plus 1% Triton X-100 plus prote-
ase and phosphatase inhibitor cocktails (Roche Diagnostics, India-
napolis IN), and insoluble material was cleared by centrifugation for 
10 min at 20,000 × g. Immunoprecipitations were performed on the 
resulting lysates. For anti-GFP immunoprecipitations, GFP-Trap 
resin (ChromoTek, Planegg-Martinsried, Germany) was incubated 
with lysates for 2 h with rotation at 4°C, followed by five washes 
with lysis buffer and elution in 2× Laemmli buffer. For anti-HA im-
munoprecipitations, anti-HA Affinity Matrix (Roche Diagnostics) 
was used. Immunoblotting was performed with 4–15% gradient 
Mini-PROTEAN TGX precast polyacrylamide gels and nitrocellulose 
membranes (Bio-Rad, Hercules CA). Blots were blocked with 5% 
milk, and antibodies were incubated with 5% milk or bovine serum 
albumin in TBS with 0.1% Tween 20. Chemiluminescence detection 
of horseradish peroxidase signals from secondary antibodies was 
performed on a Versa Doc imaging station (Bio-Rad). Antibodies 
used in this study are listed in Supplemental Table 3.

Plasmids
GFP-tagged full-length C9orf72 (residues 1–481, Uniprot identifier 
Q96LT7-1) and SMCR8 (residues 1–937, Uniprot identifier 
Q8TEV9-1) were described previously (Amick et al., 2016). pCMV6 
WDR41-HA was a gift from Nicolas Charlet-Berguerand, Université 
de Strasbourg, Illkirch, France (Addgene plasmid #74159) (Sellier 
et al., 2016). Full-length WDR41 (residues 1–459) and WDR41-HA 
were PCR amplified from this vector. An upstream open reading 
frame was included prior to the start codon to reduce the extent 
of WDR41 overexpression (Ferreira et al., 2013). PCR products 
were then cloned into SmaI-digested pLVX-Puro vector (Clontech) 
by Gibson Assembly. To generate the LAMTOR1 (residues 
1–39)-C9orf72-GFP fusion construct (lyso-C9orf72-GFP), the rele-
vant fragments of LAMTOR1 and C9orf72 were amplified by PCR 
and joined by Gibson Assembly with the pEGFPN1 vector (Clon-
tech); the lyso-C9orf72-GFP sequence was then amplified by PCR 
and joined by Gibson Assembly with the pLVX-Puro vector. Expres-
sion of GFP alone was achieved by transfection of the pEGFPC2 
plasmid (Clontech). Oligonucleotide primer sequences used to 
generate these plasmids are listed in Supplemental Table 1.

Lentivirus packaging and transduction
To stably express WDR41 in the background of WDR41 knockout 
cell lines, HEK293FT cells were transfected using Fugene 6 and the 
psPAX2, pCMV-VSVG, and pLVX-Puro-WDR41 plasmids. psPAX2 
was a gift from Didier Trono, École polytechnique fédérale de Laus-
anne, Lausanne, Switzerland (Addgene plasmid # 12260); pCMV-
VSV-G was a gift from Bob Weinberg, Whitehead Institute for Bio-
medical Research, Cambridge, MA (Addgene plasmid # 8454) 
(Stewart et al., 2003). After 48 h, the viral supernatant was filtered 
through a 0.45-μm filter (Pall Corporation) onto the cells to be trans-
duced. Polybrene solution (8 μg/ml; EMD Millipore, Darmstadt, 
Germany) was added to increase uptake of virus. Puromycin (Life 
Technologies by Life Technologies, Grand Island, NY; 2 μg/ml for 
HeLa, 1.25 μg/ml for HEK293FT) was then used to select for stable 
transductants.

Immunofluorescence and microscopy
Spinning disk confocal microscopy was performed using equipment 
described previously (Roczniak-Ferguson et al., 2012). For immuno-
fluorescence staining, cells were grown on 12-mm No. 1.5 cover-
slips (Carolina Biological Supply, Burlington NC) coated with poly-d-
lysine (Sigma-Aldrich, Darmstadt, Germany) and fibronectin 
(EMD-Millipore). To fix cells, 8% paraformaldehyde (PFA) in 0.1 M 
sodium phosphate was added dropwise to cells in growth medium 
to achieve a final concentration of 4% PFA. Samples were fixed at 
room temperature for 30 min and then washed with PBS. Cells were 
permeabilized by immersing coverslips in ice-cold methanol for 3 s 
and then were blocked in 5% normal donkey serum (Jackson Im-
munoResearch, West Grove, PA)/PBS for 1 h at room temperature. 
Subsequent antibody incubations were performed in this buffer. 
For immunofluorescence detection of 2xHA-tagged endogenous 
C9orf72 and WDR41, cells were first incubated with a mouse anti-
HA antibody, followed by an unlabeled goat anti-mouse antibody, 
followed by an anti-goat fluorescent tertiary antibody. This approach 
was necessary to amplify the signal to detect these proteins at their 
low endogenous levels. Detection of other proteins by immunofluo-
rescence was achieved by a traditional primary + fluorescent sec-
ondary antibody approach. Antibodies used in this study are listed 
in Supplemental Table 3. For live-cell imaging experiments, cells 
were imaged at room temperature in 10 mM HEPES, pH 7.4, 136 
mM NaCl, 2.5 mM KCl, 2 mM CaCl2, and 1.3 mM MgCl2. Lysosomes 
were labeled with 1 μM cresyl violet (MP Biomedicals, LLC, Solon, 
OH) (Ostrowski et al., 2016) for 10 min followed by a 10-min wash-
out before imaging. Images were processed with ImageJ (National 
Institutes of Health). The percentage of starved cells with C9orf72 
puncta colocalized with LAMP1 in Figure 2 was made by visual 
inspection of images from three independent experiments with 
>130 cells per cell line in total.

Magnetic isolation of lysosomes
Magnetic isolation of lysosomes with colloidal iron dextran (FeDex) 
nanoparticles was performed based on previously described proto-
cols with several modifications (Walker and Lloyd-Evans, 2015; 
Tharkeshwar et al., 2017). Briefly, cells were incubated for 24 h at 
37°C with 10% FeDex nanoparticles that were synthesized by the 
coprecipitation method (Rodriguez-Paris et al., 1993). After rinsing 
with PBS, cells were incubated with regular culture medium for 24 
h. At the end of this chase period, the cells were rinsed and har-
vested in PBS, centrifuged (180 × g, 10 min), and homogenized in 
homogenizing buffer (HB; 250 mM sucrose, 5 mM Tris-HCl, and 
1 mM egtazic acid (EGTA), pH 7.4, supplemented with protease 
inhibitors) using a ball-bearing cell cracker (20 passages at 10 μm 
clearance, Isobiotec, Germany). Following centrifugation at 800 × g 
for 10 min, the postnuclear supernatant was passed over an HB-
equilibrated LS column (Miltenyi Biotec, Auburn, CA) placed inside 
a strong magnetic field (QuadroMACS Separator). Within the mag-
netic field, the nonmagnetic fraction was first removed by extensive 
washes with ice-cold HB. Next the LS column was removed from the 
magnetic field and the bound magnetic fraction containing the ly-
sosomes was eluted in HB. Following a high-speed ultracentrifuga-
tion (126,000 × g, 1 h), the resulting lysosomal pellet was resus-
pended in HB, and the protein concentration was determined using 
the Bradford assay.

Statistical analysis
Data were analyzed using Prism (GraphPad Software). Error bars and 
tests are specified in the figure legends. Data distribution was as-
sumed to be normal. However, this was not formally tested.
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