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Loss of the HOPS complex disrupts early-to-late 
endosome transition, impairs endosomal 
recycling and induces accumulation of 
amphisomes

ABSTRACT The multisubunit HOPS tethering complex is a well-established regulator of lyso-
some fusion with late endosomes and autophagosomes. However, the role of the HOPS 
complex in other stages of endo-lysosomal trafficking is not well understood. To address this, 
we made HeLa cells knocked out for the HOPS-specific subunits Vps39 or Vps41, or the 
HOPS-CORVET-core subunits Vps18 or Vps11. In all four knockout cells, we found that endo-
cytosed cargos were trapped in enlarged endosomes that clustered in the perinuclear area. 
By correlative light-electron microscopy, these endosomes showed a complex ultrastructure 
and hybrid molecular composition, displaying markers for early (Rab5, PtdIns3P, EEA1) as 
well as late (Rab7, CD63, LAMP1) endosomes. These “HOPS bodies” were not acidified, con-
tained enzymatically inactive cathepsins and accumulated endocytosed cargo and cation-in-
dependent mannose-6-phosphate receptor (CI-MPR). Consequently, CI-MPR was depleted 
from the TGN, and secretion of lysosomal enzymes to the extracellular space was enhanced. 
Strikingly, HOPS bodies also contained the autophagy proteins p62 and LC3, defining them 
as amphisomes. Together, these findings show that depletion of the lysosomal HOPS com-
plex has a profound impact on the functional organization of the entire endosomal system 
and suggest the existence of a HOPS-independent mechanism for amphisome formation.
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IF, immunofluorescence; ILVs, intraluminal vesicles; KO, knock-out; LAMP1, lyso-
some-associated membrane protein 1; LC3, microtubule-associated proteins 
1A/1B light chain 3B; M6P, mannose-6-phosphate; PtdIns3P, phosphatidylinositol 
3-phosphate; SNARE, soluble N-ethylmaleimide-sensitive factor attachment pro-
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TGN, trans-golgi network; Vps, vacuolar protein sorting; WB, western blot. 
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SIGNIFICANCE STATEMENT

• The HOPS tethering complex is a well-established regulator of lysosomal fusion. Additionally, it has 
proposed, but unclear roles in other pathways like endosomal maturation. By knock-out of HOPS 
subunits, we find an overall disorganization of the endosomal compartment..

• Specifically, we find enlarged compartments with hybrid early (Rab5, EEA1, PI3P) and late (Rab7, 
cathepsin D, LAMP1) endosomal markers, which we call HOPS bodies. HOPS bodies also fail to 
recycle CI-MPR, are not acidified (pH 5.9) and contain autophagic cargo.

• Our results suggest a broader role for HOPS in endo-lysosomal organization and a HOPS-indepen-
dent mechanism by which autophagosomes fuse with endosomes.
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INTRODUCTION
Membrane-bound organelles are a defining trait of eukaryotic cells. 
The endo-lysosomal system regulates the turnover of external and 
internal molecules and plays a key role in nutrient sensing and cel-
lular homeostasis (Ballabio and Bonifacino, 2020). Disruption of the 
endo-lysosomal system underlies many genetic and acquired dis-
eases, including lysosomal storage disorders, neurodegenerative 
diseases, and cancer (Hämälistö and Jäättelä, 2016; Lie and Nixon, 
2019; Marques and Saftig, 2019).

To carry out its various tasks, the endo-lysosomal system is orga-
nized as an intricate network of distinct compartments with special-
ized functions. Small endocytic vesicles form by budding from the 
plasma membrane and fuse with early endosomes, which sort cargo 
for recycling back to the plasma membrane or degradation. Early 
endosomes mature into late endosomes (Saftig and Klumperman, 
2009; Huotari and Helenius, 2011), which package membrane pro-
teins destined for degradation into intraluminal vesicles (ILVs), or 
sort proteins for retrograde transport to the trans-Golgi network 
(TGN). Late endosomes fuse with lysosomes containing active hy-
drolases, after which cargo is degraded and surplus membranes 
retrieved for endo-lysosomal reformation (Yang and Wang, 2021). In 
addition, cells target intracellular cytoplasmic cargo like proteins, 
aggregates, and organelles for degradation by incorporation into 
autophagosomes (Hu and Reggiori, 2022). The forming, double 
membranous autophagosomes select cytoplasmic cargoes through 
interaction of autophagy adaptors as p62/SQSTM1 with Atg8-family 
proteins, such as LC3. Autophagosomes fuse with late endosomes 
or lysosomes, forming amphisomes or autolysosomes respectively, 
both eventually resulting in lysosomal degradation of the autopha-
gic cargo (Lőrincz and Juhász, 2020). Finally, endo-lysosomal organ-
elles play a key role in various signaling pathways (Ballabio and 
Bonifacino, 2020), cell-type−specific transport steps (Delevoye 
et al., 2019) and processes such as cell division and migration (Pu 
et al., 2016; Hämälistö et al., 2020). As a whole, the endo-lysosomal 
system is a key regulatory system for cellular metabolism and 
homeostasis.

The formation of the distinct endo-lysosomal compartments re-
quires several membrane fusion steps, which are orchestrated by 
specific combinations of Rab GTPases, SNAREs, and tethers. Rab 
GTPases are central regulators of membrane trafficking (Stenmark, 
2009). After switching from a GDP-bound inactive state to a GTP-
bound active state, which is promoted by Guanine Exchange Factors 
(GEFs), activated Rabs associate with explicit membranes and recruit 
various effector proteins that control protein sorting, membrane 
composition, organelle positioning, and fusion. Rab5 is the defining 
GTPase on endocytic vesicles and early endosomes, and is replaced 
by Rab7 on late endosomes and lysosomes (Rink et al., 2005). The 
switch from Rab5 to Rab7 occurs during early-to-late endosomal 
maturation and is mediated by the Mon1−Ccz1 complex, which acts 
as an inhibitor of Rab5 and GEF for Rab7 (Poteryaev et al., 2010; 
Huotari and Helenius, 2011; Langemeyer et  al., 2020; van den 
Boomen et al., 2020; Herrmann et al., 2023). To enact early endo-
some fusion events, Rab5 recruits the multisubunit tethering com-
plex (MTC) “class C core vacuole-endosome tethering” (CORVET) 
(Peplowska et al., 2007; Perini et al., 2014; Gillingham et al., 2019). 
Similarly, on late endosomes Rab7, possibly via or in addition to 
Rab2, recruits the related “homotypic fusion and vacuole protein 
sorting” (HOPS) complex that governs lysosomal fusion events 
(Rieder and Emr, 1997; Seals et al., 2000; Lin et al., 2014; Lőrincz 
et al., 2017; Jongsma et al., 2020; Schleinitz et al., 2023;).

The HOPS complex is well characterized in yeast and mamma-
lian cells (Seals et al., 2000; Wurmser et al., 2000; Balderhaar and 

Ungermann, 2013; Van Der Kant et al., 2015;), with extensive in 
vitro work on its structure (Brocker et al., 2012; Chou et al., 2016; 
Shvarev et  al., 2022) and fusogenic activity (Zick and Wickner, 
2013; Schwartz et al., 2017; Song et al., 2020). The HOPS complex 
consists of six subunits; the core units Vps11, Vps18, Vps16, and 
Vps33A that are shared with CORVET, and Vps39 and Vps41 that 
are HOPS-specific (Seals et al., 2000; Van Der Kant et al., 2015; van 
der Beek et al., 2019; Shvarev et al., 2022) (Figure 1A). Multiple 
HOPS subunits interact with Rab7 and its effectors RILP and 
PLEKHM1 (McEwan et  al., 2015; Van Der Kant et  al., 2015; 
Jongsma et al., 2020; Zhang et al., 2023). Additionally, Vps39 in-
teracts with Rab2 (Kajiho et al., 2016; Schleinitz et al., 2023) and 
Vps41 with the lysosomal GTPase Arl8b (Khatter et al., 2015). By 
acting as a tether between these GTPases, HOPS brings specific 
membranes in close proximity (Shvarev et al., 2022). Furthermore, 
the core components Vps33A and Vps16 promote assembly of 
soluble N-ethylmaleimide-sensitive fusion protein (NSF) attach-
ment protein receptor (SNARE) complexes (Graham et al., 2013; 
Baker et  al., 2015; D’Agostino et  al., 2017; Song et  al., 2020). 
Complex formation of cognate SNAREs on opposing membranes 
drives membrane fusion. Both endo-lysosomal (VAMP7, VAMP8, 
Vti1b, Stx7, Stx8) (Sato et al., 2000; Kim et al., 2001; Collins et al., 
2005; Stroupe et al., 2006; Collins and Wickner, 2007; Luzio et al., 
2009) and autophagosomal (Stx17, SNAP29) (Jiang et al., 2014; 
Takáts et  al., 2014) SNAREs interact with the HOPS complex. 
Hence, through various interactions, the HOPS complex promotes 
multiple fusion events between lysosomes, late endosomes, and 
autophagosomes (Pols et al., 2013a; Jiang et al., 2014; Wartosch 
et al., 2015).

An increasing number of studies report mutations in HOPS sub-
units as the cause of rare neurological disorders, often associated 
with dystonia (Steel et al., 2020; Monfrini et al., 2021a; Monfrini 
et al., 2021b; van der Welle et al., 2021; van der Beek et al., 2019). 
On a cellular level, depletion or disruption of the HOPS complex 
invariably impairs endocytic progression to lysosomes and de-
creases autophagic flux (Pols et  al., 2013a; Jiang et  al., 2014; 
Wartosch et al., 2015). We previously also found that small inter-
fering RNA (siRNA)-mediated knockdown of Vps41 or Vps39 re-
sulted in an accumulation of late endosomes (Pols et al., 2013a). 
Additionally, depletion of HOPS components leads to phenotypes 
that are not straightforwardly explained by a defect in endo-lyso-
somal fusion. In Drosophila, Vps18 (dor) and Vps33A (car) mutant 
flies are defective in delivery of biosynthetic cathepsin D to endo-
somes (Sriram et al., 2003) and Vps18 conditional knock-out (KO) 
mice accumulate the proform of cathepsin D in affected tissues 
(Peng et  al., 2012). However, Vps41 patient cells or HOPS-de-
pleted cells still contain lysosomes with active cathepsins (Wartosch 
et al., 2015; van der Welle et al., 2021). Furthermore, the HOPS 
complex has been implicated in Rab GTPase switching on endo-
somes and lysosomes. Loss of Vps39 delays the Rab5 to Rab7 
switch (Rink et  al., 2005) and the HOPS complex interacts with 
Mon1−Ccz1 (Poteryaev et al., 2010). It also cooperates with SKIP, 
an Arl8b effector, for switch of Rab7 to Arl8b (Jongsma et  al., 
2020). However, the precise role of the HOPS complex in Rab con-
version remains elusive.

The better understand the role of the HOPS complex in vesicular 
trafficking pathways other than lysosomal fusion, we here investi-
gated the effect of HOPS depletion on early−late endosome forma-
tion and function. We find that deletion of distinct HOPS subunits 
invariably results in the accumulation of enlarged endosomes with 
mixed early and late characteristics. These “HOPS bodies” are 
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enzymatically inactive, fail to recycle the cation-independent man-
nose-6-phosphate receptor (CI-MPR) and accumulate endocytic and 
autophagic cargo. Overall, our data show that loss of the HOPS 
complex leads to a general disruption of endosomal identity and 

function, highlighting a central role for HOPS in endo-lysosomal or-
ganization. Strikingly, our data also indicate that endosomes can 
incorporate macroautophagic material in a HOPS-independent 
manner.

FIGURE 1: Depletion of HOPS increases Rab5 and Rab7 colocalization. (A) Schematic representation of the HOPS 
complex structure based on yeast (Shvarev et al., 2022). (B) Western blot of HeLa cell lines knocked-out (KO) for HOPS 
subunits Vps11, Vps18, Vps39 or Vps41 by CRISPR/Cas9. KO of one subunit generally leads to a decrease in others. 
Vps39 KO was confirmed using DNA sequencing (van der Welle et al., 2021). (C) HeLa WT and KO cells incubated with 
SiRlysosome, which marks active cathepsin D, and Dextran-AF488 for 2 h, fixed, and analyzed by widefield microscopy. 
(D) Quantification of the percentage of active cathepsin D compartments reached by endocytosed Dextran-AF488 after 
2-h uptake. All HOPS Kos showed reduced colocalization, indicating that active lysosomes are poorly reached by 
endocytosed material, a key readout for HOPS inactivation. N ≥ 55 for each condition. (E) IF of Rab5 and Rab7 
Vps11 KO cells. Enlarged Rab5 endosomes are also positive for Rab7 (arrows). (F) Quantification of Rab5-positive 
compartments colocalizing with Rab7 in WT cells and after KO of indicated HOPS subunits (representative images 
shown in Fig. S1A). Rab5 and Rab7 colocalization increases upon HOPS subunit depletion. n = 45, 32, 21, 49 and 17 for 
WT, 11KO, 18KO, 39KO, and 41KO from two independent replicates, respectively. Changes from WT are significant at 
p < 0.01 (**) or p < 0.001 (***), by Kruskal–Wallis multiple comparison test. Dots in dot plots represent individual cells. 
Scale bars 20 µm in overview images, 5 µm in insets.
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RESULTS
Knockout of individual HOPS subunits invariably impairs 
endocytic traffic to active lysosomes
To investigate the role of the HOPS complex on the endo-lysosomal 
system, we generated knockout (KO) HeLa cell lines of Vps11, 
Vps18, Vps39, and Vps41 using CRISPR/Cas9 (van der Welle et al., 
2021). This selection encompassed core subunits forming the 
backbone of the CORVET/HOPS complex (Vps11, Vps18), as well as 
the HOPS-specific subunits Vps39 and Vps41 (Figure 1A). We as-
sessed the loss of Vps11, Vps18, and Vps41 by Western blot analy-
sis (Figure 1B) and, due to a lack of suitable antibodies, of Vps39 
through genomic sequencing (van der Welle et al., 2021). The West-
ern blots confirmed deletion of Vps18 and Vps41 and showed an 
almost complete removal of Vps11 (>95%) in the respective KO 
lines. The phenotypical similarity of the Vps11 KO cell line to other 
HOPS KO lines in all subsequent assays indicated that the remaining 
band is either background, nonfunctional, or too little protein to 
establish fusogenic activity. The Western blot additionally revealed 
that upon KO of one subunit, others were also partially depleted, 
suggesting that subunit stability in part relies on their incorporation 
into the HOPS complex.

Depletion of the HOPS complex impairs delivery of endocytic 
cargo to active lysosomes (Pols et al., 2013a; Wartosch et al., 2015). 
Therefore, to functionally validate the different HOPS KO cell lines, 
we assessed in each cell line the delivery of endocytosed (2 h) Dex-
tran conjugated to AlexaFluor (AF)-488 to enzymatically active lyso-
somes marked with SiRlysosome (Figure 1C) (Wartosch et al., 2015; 
van der Welle et al., 2021). Dextran-AF488 fluorescence is visible in 
each compartment reached by endocytosis. SiRlysosome only binds 
to cathepsin D in its active form, which is restricted to the acidified 
milieu of the lysosome. In agreement with previous studies, the 
percentage of SiRlysosome-positive compartments reached by 
Dextran-AF488 was significantly reduced in all 4 HOPS KO cells 
(Figure 1D). This indicated that all HOPS KO cell lines were defective 
in the delivery of endocytosed cargo to active lysosomes. Moreover, 
the data showed that the HOPS KO phenotype was not overcome 
by compensatory mechanisms.

HOPS subunit depletion impairs early to late endosome 
maturation resulting in enlarged hybrid endosomes that 
cluster in the perinuclear area
Previous studies have shown that HOPS depletion delays conver-
sion of Rab5 to Rab7, suggesting a role for HOPS in the maturation 
of early to late endosomes (Rink et al., 2005). To assess Rab conver-
sion in our HOPS KO cell lines, we stained for endogenous Rab5 
and Rab7 by immunofluorescence (IF) and compared HeLa wild 
type (WT) to Vps11, Vps18, Vps39, or Vps41 KO cells. In HeLa WT 
cells, 25−30% of Rab5-positive endosomes was also positive for 
Rab7. This overlap increased to ∼50% in all HOPS KO lines, in agree-
ment with a delay in Rab5 to Rab7 conversion (Figure 1E and F; 
Supplementary Figure S1A). In addition, we found that hybrid Rab5-
Rab7 endosomes were enlarged and clustered in the perinuclear 
area (Figure 1E, arrows; Supplementary Figure 2, A and B). Of note, 
both these phenomena were reminiscent of the phenotype seen 
upon expression of a constitutively active form of Rab5 (Rab5QL) 
(Wegener et al., 2010), albeit less pronounced.

EEA1 is a tethering factor on early endosomes and effector of 
Rab5 (Mu et al., 1995; Murray et al., 2016). By double IF labeling of 
EEA1 and Rab5, we found that in HOPS KO cells the majority of 
EEA1 redistributed to the perinuclear, enlarged endosomes 
(Figure 2A). This redistribution was also illustrated by an overall in-
crease in size of EEA1 compartments in HOPS KO versus WT cells 

(Figure 2B; Supplementary Figure S1B). We previously reported that 
EEA1 marks Rab5 and Phosphatidylinositol 3-phosphate (PtdIns3P)-
positive endosomes, but is absent from Rab7-positive endosomes 
(van der Beek et al., 2022). Here, in HOPS KO cells, we found that 
the enlarged, perinuclear Rab5 endosomes were also positive for 
Rab7 (Figure 1E and F; Supplementary Figure S1A). Double labeling 
showed that in HOPS KO cells EEA1−Rab7 colocalization was sig-
nificantly increased (18−32% in KO cells) compared with WT cells 
(10%; Supplementary Figure S1, C and D), with both proteins 
strongly enriched on the enlarged, perinuclear endosomes. Because 
EEA1 IF distinctively highlighted the population of hybrid Rab5-
Rab7−positive endosomes, we used EEA1 as marker for these or-
ganelles in our subsequent microscopy studies.

PtdIns3P is an interactor of EEA1 and important for endosomal 
maturation (Huotari and Helenius, 2011). Recently, we showed by 
correlative light-electron microscopy (CLEM) the existence of a sub-
population of EEA1 and PtdIns3P-positive endosomes that by mor-
phology was classified as late endosomal (van der Beek et al., 2022). 
To investigate whether the enlarged, perinuclear Rab5-Rab7-EEA1 
endosomes in HOPS KO cells also contained PtdIns3P, we trans-
fected these with a 2xFYVE-mCherry construct, a genetic reporter 
that specifically binds PtdIns3P (Gillooly et al., 2003) (Figure 2C). By 
fluorescence microscopy, we indeed found PtdIns3P on the typical, 
EEA1-positive enlarged endosomes in HOPS KO cells. To establish 
whether these Rab5-Rab7-EEA1-PtdIns3P endosomes still formed 
recycling tubules, we performed IF of Vps35, a component of the 
Retromer complex. Retromer controls the recycling of a variety of 
cargos to either the TGN or plasma membrane (Burd and Cullen, 
2014). Both in WT and Vps11 KO cells, we readily found Vps35-
positive structures associated with EEA1-positive endosomes (Sup-
plementary Figure S2A), suggesting that the hybrid endosomes 
were still capable of forming recycling tubules. To further assess the 
recycling capacity in HOPS KO cells, we performed a pulse chase 
experiment with Transferrin-AlexaFluor488 (Tf-488), a general 
marker for endosome to plasma membrane recycling (Supplemen-
tary Figure S2, B and C). After 5-min uptake, in both WT and HOPS 
KO cells Tf-488 was found in EEA1-positive compartments (at 
30−50% colocalization). We then chased with normal medium for 
10 or 30 min, which is known to deplete cells from Tf-488 by recy-
cling and release into the medium. Correspondingly, a 10-min chase 
in HeLa WT cells decreased the colocalization of Tf-488 with EEA1 
to only 7% and after 30 min Tf-488 was barely detectable (colocal-
ization with EEA1 <1%). Strikingly, the HOPS KO cells showed a very 
similar pattern, with after 10-min chase only 3−12% colocalization 
and less than 1% colocalization after 30-min chase. These results 
indicated that recycling from endosomes to the plasma membrane 
remained unaffected in HOPS KO cells.

Together, these results showed that HOPS KO induced the ac-
cumulation of enlarged EEA1-Rab5-PtdIns3P-Rab7-Vps35−positive 
endosomes in the perinuclear area. The hybrid early−late molecular 
composition of these endosomes suggested a block or delay in the 
Rab5-Rab7 switch. The data also showed that HOPS was not re-
quired to establish PtdIns3P levels on endosomes or to recycle Tf to 
the plasma membrane.

HOPS KO−induced hybrid endosomes contain inactive 
lysosomal enzymes
Whereas the role of HOPS complex in lysosomal fusion is well es-
tablished, studies on the role of HOPS in the delivery of lysosomal 
enzymes are conflicting (Sriram et  al., 2003; Swetha et  al., 2011; 
Peng et al., 2012). To investigate a putative effect of HOPS KO on 
lysosomal enzyme transport, we used a pan-cathepsin D antibody 
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to label both active and inactive forms of the enzyme. In HeLa WT 
cells, the percentage of EEA1 compartments that contained ca-
thepsin D was only ∼12%, reflecting its predominantly late endo-
lysosomal steady-state distribution. In contrast, in HOPS KO cells 
cathepsin D was found in 25−40% of the EEA1-positive hybrid com-
partments (Figure 2D and E; Supplementary Figure S3A), indicating 
that HOPS KO caused the accumulation of lysosomal enzymes in 
these enlarged endosomes. Moreover, labeling for CD63 and 
LAMP1 also showed a significant overlap with EEA1, indicating that 
the enlarged endosomes also contained late endosomal−lysosomal 

membrane proteins (Supplementary Figure S3, B−E). Because wide-
field microscopy has a limited resolution especially in the z-axis, we 
then performed fluorescence labeling of 150 nm−thick thawed 
cryosections. With the improved z-resolution, we found striking 
examples of colocalization for EEA1, LAMP1, and cathepsin D in 
HOPS KO cells (Supplementary Figure S3, F and G). Together, these 
data unequivocally showed that the enlarged endosomes induced 
by HOPS KO contained a mixed set of early endosomal proteins, 
late endo-lysosomal regulators, lysosomal enzymes, and membrane 
proteins.

FIGURE 2: HOPS KO cells accumulate enlarged endosomal compartments with mixed early and late endosomal 
proteins. (A) Enlarged, perinuclear Rab5-positive compartments in HOPS KO cells specifically accumulate EEA1 label. 
(B) Quantification of EEA1 compartment size. Based on thresholded pixel counts in confocal images (shown in 
Supplementary Figure S1B), n ≥ 27 from two independent replicates for each condition. (C) IF staining for EEA1 in cells 
transfected with the 2xFYVE-mCherry probe for PtdIns3P. Strong colocalization is observed in both HeLa WT and Vps11 
KO cells. (D) IF staining for cathepsin D and EEA1 reveals striking colocalization in Vps11 KO cells, whereas 
colocalization in HeLa WT cells is minimal. (E) Quantification of the percentage of EEA1-positive compartments 
colocalized with cathepsin D, including other KOs (IF examples shown in Fig. S3A). n ≥ 41 from two independent 
replicates for each condition. Changes from WT are significant at p < 0.001 (***), by Kruskal−Wallis multiple comparison 
test. Dots in dot plots represent cell averages (B) or individual cell values (E). Scale bars 20 µm in overview images, 5 µm 
in insets.
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FIGURE 3: HOPS KO impairs cathepsin B and D processing to their active forms. (A) Western blot of cathepsin B and 
cathepsin D showing relative enrichment of pro-forms in HOPS KO cells. (B) Quantification of the ratio active over 
inactive cathepsin D as shown in A. Based on three independent replicates, dots represent individual replicate values. 
(C) Combined staining for pan-cathepsin D and active cathepsin D using antibody and SiRlysosome, respectively. 
Additional IF of EEA1 showed colocalization with pan-cathepsin D but not SiRlysosome signal. Inset is enlargement of 
outlined area. (D) IF staining as in B, but with Golgi marker GM130 instead of EEA1. Pan-cathepsin D staining is 
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To extend these observations to other cell types, we next gener-
ated A549 cell lines KO for Vps18 and Vps41, and HT1080 cells KO 
for Vps18 and Vps39. We validated these lines using Western blot 
(Supplementary Figure S4, A and B) or, in the case of the HT1080 
Vps39 KO, genomic sequencing (Supplementary Figure S4C; and 
Materials and Methods). As a key defining experiment for the HOPS 
KO phenotype found in HeLa cells, we performed Rab7-EEA1 and 
cathepsin D-EEA1 colocalization by IF. Although the base level of 
colocalization differed between the respective WT lines, HOPS de-
pletion invariably increased the level of colocalization between 
these early and late endosomal markers (Supplementary Figure S4, 
D−I). These data showed the formation of hybrid early−late endo-
somes by HOPS KO was a consistent phenotype, found in multiple 
cell types.

Activation of cathepsins requires processing into their mature 
forms, which generally involves an acidified environment and cleav-
age by other proteases (Laurent-Matha et al., 2006; Yadati et al., 
2020). To investigate the activity of lysosomal hydrolases in HOPS 
KO cells, we analyzed the ratio of the active mature forms over the 
inactive proforms by Western blot. This showed a striking decrease 
for cathepsin D in HOPS KO compared with HeLa WT cells, indicat-
ing a relative enrichment in the profrom (Figure 3A and B). A less 
striking but similar effect was seen for cathepsin B (Figure 3A). Next, 
to determine the subcellular localization of inactive versus active 
cathepsin D, we combined the pan-cathepsin D antibody with the 
SiRlysosome probe in fluorescent microscopy. In this setup, organ-
elles labeled for pan-cathepsin D but not SiRlysosome will only con-
tain inactive cathepsin D. In HeLa WT cells, pan-cathepsin D and 
SiRlysosome signals largely overlapped and showed little colocal-
ization with EEA1, indicating that the vast majority of cathepsin D 
was active and localized in late endo-lysosomal compartments 
(Figure 3C). Strikingly, in HOPS KO cells the pan-cathepsin D label 
colocalized less with SiRlysosome (Figure 3C; Supplementary Figure 
S5A) and significantly colocalized with the enlarged, EEA1-positive 
endosomes where the SiRlysosome signal was generally absent 
(Figure 3C and E). Thus, the cathepsin D present in the hybrid endo-
somes induced in HOPS KO cells was predominantly inactive. 
Further examination of the pan-cathepsin D labeling in HOPS KO 
cells revealed an additional pool of cathepsin D in the perinuclear 
area that was not labeled for EEA1 (Figure 3C). Combining pan-
cathepsin D and SiRlysosome staining with the Golgi or TGN mark-
ers GM130 or TGN46 (Figure 3D and F; Supplementary Figure S5B), 
showed a clear increase in this Golgi/TGN pool of inactive cathepsin 
D in the HOPS KO cells. Together, these experiments showed that 
HOPS KO cells accumulated inactive cathepsin D in the Golgi/TGN 
area as well as in the hybrid early−late endosomes marked by EEA1.

The altered distribution and activity of cathepsin D in HOPS KO 
cells indicated a defect in lysosomal enzyme trafficking. In case lyso-
somal enzymes lack a mannose-6-phosphate tag, they are in the 
TGN incorporated in the default secretory pathway and released 
into the culture medium (Reitman et al., 1981). To assess if this was 
also the case in HOPS KO cells, we concentrated proteins of serum-
free culture medium from HeLa WT and HOPS KO cells by TCA 
precipitation. The resulting culture medium concentrates were ana-

lyzed by Western blot. This revealed an increase in secreted pro-
forms of cathepsins B, D, and L in all HOPS KO cells (Supplementary 
Figure S5C).

Combined, our data demonstrated that HOPS KO resulted in the 
peri-nuclear accumulation of enlarged endosomal compartments 
that acquired late endo-lysosomal proteins (LAMP1, inactive ca-
thepsin D, CD63, Rab7; Figure 2D; Supplementary Figures S1C and 
S3, B and D), while early endosomal markers (Rab5, EEA1, PtdIns3P, 
Vps35; Figure 2A and C; Supplementary Figures S1C and S2A) were 
still present. The data imply that HOPS KO led to an impairment in 
early to late endosomal maturation and decreased activation of ly-
sosomal enzymes. For clarity, we will further refer to the hybrid en-
dosomal compartments as “HOPS bodies.”

HOPS depletion impairs retrograde recycling of CI-MPR
Most lysosomal enzymes, including cathepsin D, depend on the CI-
MPR for trafficking to lysosomes. Lysosomal enzymes are tagged 
with a mannose-6-phosphate (M6P) group in the Golgi complex that 
is recognized by the CI-MPR in the TGN (Hille-Rehfeld, 1995; 
Braulke and Bonifacino, 2009). CI-MPR and its bound ligands exit 
the TGN in clathrin-coated vesicles that traffic to early endosomes 
(Klumperman et al., 1993; Waguri et al., 2003). After substrate re-
lease in the acidified milieu of late endosomes, CI-MPR travels back 
to the TGN by a retrograde pathway dependent on ESCPE, a com-
plex formed by SNX1/2 and 5/6 (Mari et al., 2008; Evans et al., 2020; 
Simonetti et al., 2023). Our findings that HOPS KO led to the accu-
mulation of inactive cathepsin D in the Golgi/TGN (Figure 3D and F; 
and Supplementary Figure S3) raised the question whether CI-MPR 
trafficking was disrupted in these cells.

To address this, we performed IF staining of CI-MPR in combina-
tion with TGN46, SNX1, and/or EEA1 in HeLa WT and HOPS KO 
cells. In HeLa WT cells, the majority of CI-MPR was present in the 
TGN (Figure 4A, white outlines), which is in agreement with many 
previous studies (Brown and Farquhar, 1984; Brown et  al., 1984; 
Seaman, 2004; Styers et al., 2004). The CI-MPR signal outside the 
TGN partially colocalized with EEA1 (WT in Figure 4C and D) and 
more strikingly with SNX1 (WT in Figure 4A and B), indicative for the 
retrograde pathway from endosomes to TGN. Strikingly, in HOPS 
KO cells, the majority of CI-MPR signal localized to the EEA1-posi-
tive HOPS bodies (Figure 4C and D), outside the Golgi area 
(Figure 4A and B). Since by Western blot the overall levels of CI-MPR 
were not higher in the HOPS KO cells (Figure 4E), this altered 
staining pattern indicated a redistribution of CI-MPR rather than in-
creased levels in endosomes due to decreased degradation. In 
addition, the overall colocalization of CI-MPR with SNX1 had de-
creased in all HOPS KO cells (Figure 4A and B), suggesting a block-
ade in retrograde transport.

To reveal the association of CI-MPR with SNX1 in ultrastructural 
detail, we performed immuno-electron microscopy (immuno-EM) of 
WT and HOPS KO cells using immunogold labeling of cryosections 
(Figure 5A–D; Supplementary Figure S6). HOPS KO cells contained 
a characteristic population of enlarged endosomes with mixed early 
and late morphological features which we identified as HOPS bod-
ies (see below and Figures 7 and 8). Quantitation of the relative 

enriched in the Golgi area, which lacks SiRlysosome. (E) Quantification of C based on spot detection. Percentage of 
EEA1-positive compartments colocalized with pan-cathepsin D without SiRlysosome signal, n ≥ 17 for each condition. 
(F) Quantification as in E. The percentage of GM130 compartments positive for pan-cathepsin D but not SiRlysosome 
increased in HOPS KO cells. n ≥ 22 per condition. Changes from WT are significant at p < 0.05 (*), p < 0.01 (**) or 
p < 0.001 (***) or not significant (n.s.), by Kruskal−Wallis multiple comparison test. Dots in the dot plots represent 
individual cells. Scale bars 20 µm in overview images, 5 µm in insets.
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FIGURE 4: HOPS depletion impairs CI-MPR retrograde transport. (A) IF of SNX1, CI-MPR and TGN46 reveals reduced 
colocalization of SNX1 and CI-MPR. Outlines in insets represent TGN46 signal. (B) Quantification of CI-MPR 
colocalization with SNX1. n ≥ 48 from 2 independent replicates for each condition. (C) IF of CI-MPR and EEA1 in HeLa 
WT and HOPS KO cells. CI-MPR redistributes to EEA1-positive compartments in HOPS KO cells. (D) Quantification of C 
as the percentage of thresholded EEA1 signal overlapping thresholded CI-MPR signal. n ≥ 43 per condition from two 
independent replicates. (E) Western blot of CI-MPR shows no significant increase in HOPS KO cells. Changes from WT 
are significant at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) by Kruskal−Wallis multiple comparison test. Dots in dot plots 
represent individual cells. Scale bars 20 µm in overviews, 5 µm in insets.
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distribution of CI-MPR (Figure 5E) showed that the fraction of CI-
MPR in endosomes strikingly increased in Vps18 KO (59%) com-
pared with WT (17%) cells, whereas the percentage in the TGN was 
strikingly decreased (39% in WT to 18% in Vps18 KO, Figure 5E). 
Double labeling of CI-MPR with SNX1 showed that in HeLa WT cells 
58% of the SNX1 endosomal tubules were also positive for CI-MPR 
(Figure 5A and C, arrowheads, F). In HOPS KO cells, SNX1-positive 
vesicles and tubules were still readily found near endosomes/HOPS 
bodies (Figure 5D; Supplementary Figure S6, blue pseudocolor), 
but the percentage that also contained CI-MPR had decreased to 
38% (Figure 5D and F; Supplementary Figure S6).

The findings in Figures 4 and 5 and Supplementary Figure S6 
altogether demonstrated that CI-MPR was depleted from the TGN 
and redistributed to endosomes upon HOPS KO. We still found 
SNX1-positive recycling tubules on endosomes in HOPS KO cells, 
but CI-MPR failed to efficiently enter these. Impairment of retro-
grade transport to the TGN explained the relative shift in CI-MPR 
localization from TGN toward endosomes.

HOPS bodies are not acidified
What could prevent the CI-MPR from entering SNX1 recycling tu-
bules? Retrograde transport of CI-MPR presumably depends on li-
gand dissociation, which allows CI-MPR to engage in further rounds 
of hydrolase sorting at the TGN (Brown et al., 1984; Brown et al., 
1986; Braulke and Bonifacino, 2009). Dissociation between acid 
hydrolases and CI-MPR is induced by acidification of maturing 
endosomes (Brown et al., 1986; Olson et al., 2020). To test if the 
impairment of CI-MPR recycling could be caused by an acidification 
defect of HOPS bodies, we treated HeLa WT and Vps18 KO cells 
for 3 h with Chloroquine or Bafilomycin A1. Chloroquine is a weak 
base that accumulates and neutralizes acidified compartments 
(Homewood et al., 1972), while Bafilomycin A1 blocks the V-ATPase, 
preventing endo-lysosomal acidification (Bowman et  al., 1988; 
Yoshimori et  al., 1991). In HeLa WT cells, both drugs caused a 
statistically significant redistribution of CI-MPR to EEA1-positive en-
dosomes (Figure 6A-B), which is in agreement with previous studies 
(Brown et al., 1984; Brown et al., 1986; van Weert et al., 1995). In 
contrast, in Vps18 KO cells we found no additional effect of the 
drugs on CI-MPR redistribution. These data implied that impaired 
retrograde recycling of CI-MPR in HOPS KO cells could be due to a 
lack of acidification of HOPS bodies.

To assess the pH of HOPS bodies, we performed live-cell imaging 
of cells incubated for 3 h with Dextran-fluorescein. Fluorescein fluo-
rescence is pH-sensitive under excitation with 480 nm but not 440 nm 
light, making it a robust ratiometric pH sensor (Canton and Grinstein, 
2015). To address HOPS bodies specifically, and not all endocytic 
compartments, we imaged HeLa WT, Vps18, and Vps39 KO cells 
stably expressing EEA1-mCherry. We first calibrated our fluores-
cence readout by imaging pH-clamped HeLa WT cells (see Materials 
and Methods; Supplementary Figure S7) and then imaged the EEA1-
mCherry−expressing lines in normal culture medium. We found that 
the ratio of fluorescein 440/480 intensity in the EEA1-positive com-
partments corresponded to an average pH of 5.7 in WT cells and 5.9 
in both Vps18 and Vps39 KO cells (Figure 6C and D). This demon-
strated that the HOPS bodies, though they acquire late endosomal 
characteristics, undergo only mild acidification typical for early stages 
of the endo-lysosomal system (Huotari and Helenius, 2011).

Overall, these data indicated that a key aspect of late endosomal 
maturation – that is, acidification – is impaired in HOPS bodies. 
Because a lack of acidification prevents CI-MPR–ligand dissociation, 
the near neutral pH in HOPS bodies is a likely explanation for the 
observed accumulation of CI-MPR.

HOPS bodies have a mixed early and late morphology and 
receive endocytic cargo
EM is the method of choice to link molecular composition to cellular 
ultrastructure and has been exceptionally insightful in characteriza-
tion of the endo-lysosomal system (Klumperman and Raposo, 2014). 
The immuno-EM of CI-MPR and SNX1 (Figure 5; Supplementary 
Figure S6) already revealed endo-lysosomal organelles of peculiar 
morphology, presumably representing the HOPS bodies. Unfortu-
nately, our marker to label HOPS bodies by IF, EEA1, labels poorly 
in immuno-EM (van der Beek et al., 2022), hampering correlation 
between our IF and EM data. To overcome this, we used our re-
cently developed on-section CLEM method to localize proteins in 
EM based on their IF staining (van der Beek et al., 2022).

HeLa WT and Vps18 KO cells were incubated with the endocytic 
tracer bovine serum albumin conjugated to 5-nm gold particles 
(BSA5) for 3 h, fixed with 4% formaldehyde, and prepared for cryo-
sectioning. Ultrathin cryosections were fluorescently labeled and 
scanned by fluorescence microscopy for EEA1-positive compart-
ments. Then the same sections were transferred to EM and corre-
lated to the IF signal. In EM, distinct types of endo-lysosomal com-
partments were defined by their morphology (see Materials and 
Methods for detailed definitions). Consistent with our previous find-
ings (van der Beek et al., 2022), in HeLa WT cells EEA1 was present 
on early endosomes (electron lucent vacuoles partially coated with 
clathrin and displaying associated tubules) (Figure 7A), as well as 
late endosomes (rounded to oval shaped organelles with ≥6 ILVs) 
(Figure 7A). Lysosomes (small-sized compartments with amorphous 
electron-dense content and sometimes “onion-like” concentric 
membranes) generally lacked EEA1. In HOPS KO cells, EEA1 also 
localized to “classical” early and late endosomes, but additionally 
associated with numerous enlarged compartments of complex ul-
trastructure, the HOPS bodies (Figure 7B and D−F; Supplementary 
Figure S8, A−E). Quantitation of the relative distribution of EEA1 in 
HeLa WT versus Vps18 KO cells showed a significant redistribution 
of EEA1 label to the HOPS bodies (Figure 7C), in line with the IF 
data (Figure 2). The EEA1-positive HOPS bodies were identical to 
the compartments in which we found accumulation of CI-MPR 
(Figure 5; Supplementary Figure S6)

EM analysis of the HOPS bodies disclosed them as large vacu-
oles that regularly displayed clathrin coats at the cytosolic face of 
their limiting membrane and associated tubules that extended from 
the vacuolar part. The clathrin coat is indicative for the presence of 
ESCRT and ongoing ILV formation, whereas the tubules mediate 
recycling, which are both features of early endosomes (Raiborg 
et al., 2002; Klumperman and Raposo, 2014). In addition, the lumen 
of the HOPS bodies exhibited numerous ILVs, membrane whorls, 
and electron-dense material, which are characteristic of late endo-
somes-lysosomes. Furthermore, HOPS bodies regularly contained 
endocytosed BSA5 and amorphous, granular material indicative of 
lipid accumulation. This is consistent with previous findings from 
(Anderson et al., 2022), who found an endo-lysosomal accumulation 
of cholesterol upon KO of Vps41 and Vps39.

We next fixed HeLa WT and various HOPS KO cells by high-
pressure freezing (HPF) for resin EM. HPF fixation is less appropriate 
for immuno-EM, but the prime approach for purely ultrastructural 
studies. Moreover, the high contrast and large size of resin EM sec-
tions makes them optimal for systematic morphological analyses. 
After HPF fixation, HOPS bodies were readily recognized as enlarged 
vacuoles containing a mix of membranes, amorphous content and 
ILVs and displaying clathrin coats and associated tubules (Figure 
8D−G). Strikingly, in low magnification overviews we found in all 
HOPS KO cells an accumulation of HOPS bodies as well as an overall 
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FIGURE 5: CI-MPR does not enter SNX1-positive tubules in HOPS KO cells. Immuno-EM of SNX1 (15 nm gold) and 
CI-MPR (10 nm gold) in HeLa WT (A, C) and Vps18 KO (B, D) cells. In (A) and (D), endocytic tracer BSA5 was added to 
cells 3 h before fixation. SNX1-positive tubules are highlighted in blue. In WT cells SNX1-positive tubules contain 
CI-MPR (arrows). In Vps18 KO cells CI-MPR accumulates in the lumen of the HOPS bodies (B, asterisks), despite the 
presence of associated SNX1-positive tubules (D, highlighted blue). See Supplementary Figure S6 for additional pictures 
and other HOPS KO cells. (E) Quantification of CI-MPR immunogold labeling. CI-MPR is depleted from TGN in Vps18 
KO cells. Within endosomes, CI-MPR is enriched in both the limiting membrane and lumen. n > 300 gold particles per 
condition. (F) Quantification of the percentage of SNX1-positive tubules also positive for CI-MPR labeling, n = 58 and 
105 SNX1-positive tubules for WT and Vps18 KO, respectively. *, HOPS body; G, Golgi; M, mitochondrion; LE, late 
endosome; Ly, lysosome. Scale bars 200 nm.
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FIGURE 6: Elevated pH inhibits retrograde CI-MPR transport from HOPS bodies. (A) IF of CI-MPR and EEA1 in HeLa WT 
and Vps18 KO cells, untreated or treated with Bafilomycin A1 (Baf) or Chloroquine (CQ) for 3 h. (B) Quantification of the 
percentage of thresholded EEA1 signal overlapping with CI-MPR signal. n ≥ 24 for each condition. In Baf- or CQ-treated 
HeLa WT cells CI-MPR disperses to EEA1-positive compartments to the same level as in nontreated Vps18 KO cells. In 
Vps18 KO cells treatment has no additional effect. (C) Live-cell fluorescence imaging of WT, Vps18 and Vps39 KO cells 
expressing EEA1-mCherry, incubated for 3 h with Dextran-fluorescein. The ratio of 440/480 excitation of fluorescein 
serves as a pH sensor. This ratio is translated to actual pH using calibration samples described in Supplementary Figure 
S7. Several examples of individual pH measurements on compartments are shown. (D) Quantification of the 440/480 
ratios found in EEA1 compartments of HeLa WT, Vps18, and Vps39 KO cells. n = 324, 310, and 68 EEA1 compartments 
from ≥ 10 cells from WT, Vps18, and Vps39 KO, respectively. Changes between conditions are significant at p < 0.01 (**) 
or p < 0.001 (***) or not significant (n.s.), by Kruskal−Wallis multiple comparison test. Dots in dot plots represent 
individual cells (B) or single EEA1 compartments (D). Scale bars 20 µm (overviews), 5 µm (insets).
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FIGURE 7: HOPS bodies display early and late ultrastructural characteristics. (A) CLEM of EEA1 in HeLa WT cells. EEA1 
localizes to early (A1, A3) and late (A2) endosomes. Early endosomes were defined by their electron-lucent lumen, 
sorting tubules (closed arrows) and clathrin coats (open arrows). Late endosomes by numerous ILVs and dense content. 
(B) CLEM of EEA1 in Vps18 KO cells. EEA1 localizes to early endosomes (B1) and large, hybrid early-late endosomal 
compartments with heterogeneous content and clathrin coats (open arrow, B2, B3), that is, HOPS bodies (asterisks). 
(C) Classification of EEA1-positive organelles based on ultrastructure. In Vps18 KO cells, EEA1 label is highly enriched 
over HOPS bodies with hybrid early-late ultrastructure. n = 25 and 48 organelles for WT and Vps18 KO, respectively. 
(D−F) CLEM of EEA1 in HeLa Vps11 (D), Vps39 (E), and Vps41 (F) KO cells invariantly localizes EEA1 to HOPS bodies. 
*, HOPS bodies; EE, early endosome; M, mitochondrion; N, nucleus; LE, late endosome. 1 µm scale bars in CLEM 
overview, 200 nm in EM insets.
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increase in endo-lysosomal organelles (Figure 8;Supplementary 
Figure S9). This prompted us to analyze the relative composition of 
the endo-lysosomal system for each condition. We randomly 
screened for ∼200 endosomal compartments and classified these by 
morphology (Figure 8H). This revealed a minor relative decrease of 
early endosomes (39% in WT, 12−28% in HOPS KO cells) and lyso-
somes (49% in WT, 33−47% in HOPS KO cells) and a relative in-
crease in late endosomes (4% in WT, 10−12% in HOPS KO cells). The 
fraction of HOPS bodies drastically increased in all HOPS KO cells 
(8% in WT, 29−41% in HOPS KO cells), confirming that accumulation 
of these organelles is specific for HOPS dysfunction (Figure 8H).

We also analyzed the distribution of endocytosed BSA5. In WT 
cells, endocytosed BSA5 was found in early and late endosomes as 
well as lysosomes. In HOPS KO cells, early and late endosomes and 
HOPS bodies were positive for BSA5, but lysosomes were consis-
tently negative (Figure 8I). The presence of endocytosed BSA5 in 
HOPS bodies was consistent with the fluorescent data on internal-
ized Dextran-AF488 (Figure 1C and D). The absence of BSA5 from 
“classical” lysosomes confirmed previous EM studies in chemically 
fixed Vps41-silenced or -KO cells (Pols et al., 2013a; van der Welle 
et al., 2021).

Together, these EM data showed that all HOPS KO cells showed 
a striking increase in HOPS bodies, indicating that these organelles 
specifically accumulate upon HOPS dysfunction. HOPS bodies dis-
played a typical hybrid early−late endosomal morphology, which is 
in agreement with their hybrid early−late molecular composition 
(Figures 1 and 2). Interestingly, the BSA5 uptake studies positioned 
early endosomes, late endosomes and HOPS bodies upstream of 
the HOPS dependent fusion step and lysosomes downstream. 
These data highlighted the role of HOPS as a determining factor for 
the transfer of endocytosed cargo from endosomes to lysosomes, 
while upstream of this transport step HOPS KO causes the accumu-
lation of endosomes of hybrid early−late morphology.

HOPS bodies contain p62/LC3-positive autophagic content
The current model of macroautophagy is that autophagosomes 
fuse directly with lysosomes to form autolysosomes, or with endo-
somes resulting in amphisomes that subsequently fuse with lyso-
somes (Yu et al., 2018; Hu and Reggiori, 2022). These fusions have 
been reported to depend on the HOPS complex (Jiang et al., 2014; 
Takáts et al., 2014). Consistent with this, previous studies in HOPS 
depleted cells (van der Welle et al., 2021; Terawaki et al., 2023) 
showed increased levels of lipidated LC3 (LC3-II), the form of LC3 
that is conjugated onto the autophagosomal membrane during 
macroautophagy. Higher levels of LC3-II are often interpreted as an 
increase in early autophagic compartments that are not (yet) fused 
with lysosomes. By Western blot, we confirmed the accumulation 
of LC3-II in all our HOPS KO cells, including those in A549 and 
HT1080 lines (Supplementary Fig. S10A). However, EM of HOPS 
KO cells did not reveal a marked increase in typical autophago-
somes (Figure 8). Instead, we observed granules inside the HOPS 
bodies that were morphologically reminiscent to autophagic con-
tent accumulating in endo-lysosomes when cells are starved in the 
presence of the V-ATPase inhibitor Bafilomycin A1 (De Mazière 
et al., 2022). These 100−250 nm sized, amorphous dense granules 
were frequently membrane-bound (Figures 7 and 8) and observed 
in all HOPS KO cells, both after HPF and chemical fixation. To es-
tablish or disprove the presence of autophagic content in HOPS 
bodies, we applied our recently optimized labeling protocol for 
LC3 and p62 immuno-EM (De Mazière et al., 2022). This unequivo-
cally localized p62 and LC3 in the lumen of HOPS bodies, in which 
they associated with the typical dense granules (Figure 9A and B, 

arrows). Of note, p62 and LC3 labeling was consistently absent 
from lysosomes, which – as shown above –also lacked internalized 
BSA5 (Figure 8I).

We then performed immuno-EM of p62 combined with BSA5 
uptake (3 h), screened randomly for BSA5-positive endosomes and 
established the percentage also labeled for p62. In WT control 
cells p62 is rapidly degraded in endo-lysosomal compartments 
and indeed <5% of BSA5-positive endo-lysosomes contained p62 
label. In contrast, in Vps41 KO cells most (60%, Figure 9D) BSA5-
positive compartments contained p62 and virtually all of these 
double-positive compartments were HOPS bodies. These data 
indicated that incorporation of autophagic cargo into HOPS bod-
ies proceeded in the absence of HOPS. To investigate if this was 
dependent on macroautophagy we induced silencing of ATG7, a 
key protein for early stage autophagosome formation (Mizushima, 
2020). By siRNA, we reached a depletion of ≥80% as measured by 
QPCR. This caused a striking increase in cytoplasmic patches of 
p62 in both HeLa WT and Vps41 KO cells (Figure 9C). Interest-
ingly, despite the increase pf cytosolic p62, incorporation into 
HOPS bodies of Vps41 KO cells was strikingly reduced by deple-
tion of ATG7 (from 60% in control siRNA to 41% in ATG7 siRNA, 
Figure 9C and D). These data indicated that the autophagic mate-
rial in Vps41 KO endosomes at least in part derived from macroau-
tophagy and implied that autophagosome-endosome fusion, that 
is, formation of amphisomes, proceeded in the absence of HOPS. 
To further investigate this, we depleted the autophagosomal 
SNAREs Syntaxin 17 or Ykt6, which are part of the same fusion 
machinery as the HOPS complex (Jiang et al., 2014; Takáts et al., 
2014; ; Bas et al., 2018; Takáts et al., 2018). Depletion of these 
SNAREs in Vps41 KO cells did not decrease incorporation of p62 
in BSA5-positive compartments (Figure 9D; Supplementary 
Figure S10B). This further supported that macroautophagy of p62 
into HOPS bodies could occur independent of the HOPS-Syntaxin 
17-Ykt6 fusion complex.

Invagination of the endosomal membrane relies on the ESCRT 
complex (Vietri et al., 2020). ESCRT-III has a major role in conven-
tional ILV formation, but can also internalize cytosolic content marked 
by p62 for degradation in endo-lysosomes (Mejlvang et al., 2018). 
This process is called microautophagy and relies on ESCRT compo-
nents CHMP4B, Vps4A and Vps4B. Because HOPS bodies displayed 
typical bi-layered clathrin coats known to contain ESCRT compo-
nents, we asked if microautophagy could contribute to the HOPS-
independent uptake of p62 in HOPS bodies. In Vps41 KO cells de-
pleted for CHMP4B or Vps4A/B; however, the HOPS bodies 
contained similar levels of p62 as in nondepleted cells (63% and 66% 
of BSA5-positive organelles, Figure 9C and D). These data indicated 
that p62/autophagic content did not enter HOPS bodies through 
microautophagy (Figure 9C and D; Supplementary Figure S10B). 
Strikingly, Vps4A/B depletion led to an increase of p62 at the limiting 
membrane of HOPS bodies, indicative of lysophagy. Vps4A/B deple-
tion also led to a dramatic cell death in Vps41 KO but not WT cells.

These data identified HOPS bodies as amphisomes. Incorpora-
tion of p62 and LC3 in HOPS bodies required ATG7-dependent 
autophagosome formation, but was independent of the HOPS-Syn-
taxin 17-Ykt6 complex for subsequent autophagosome−endosome 
fusion. In short, our results implied that amphisome formation, but 
not autolysosome formation, is independent of HOPS.

DISCUSSION
In this paper, we addressed the role of the HOPS complex in the 
functional organization of the endo-lysosomal system. By generat-
ing HeLa KO cell lines for 4 different HOPS subunits, the class C core 



14 | J. van der Beek et al. Molecular Biology of the Cell

Relative counts of endo-lysosomal organelles Percentage of organelles reached by BSA5

WT 11KO 18KO 39KO 41KO
0%

20%

40%

60%

80%

100%

Early endosomes Late endosomes
Lysosomes HOPS bodies

Early 
endosomes

Late 
endosomes

HOPS 
bodies

Lysosomes
0%

20%

40%

60%

80%

100%

WT 11KO 18KO 39KO 41KO

A
HeLa WT

C

B

D

E

H I

F G

HeLa Vps18KO

HeLa WT BSA5 3h

BSA5 3h

BSA5 3hBSA5 3hBSA5 3h

HeLa Vps18KO

HeLa Vps11KO HeLa Vps39KO HeLa Vps41KO

N

N

N

EE

G

G

Ly

Ly

Ly
LE

Ly

Ly

EE

*
*

*
*

*
*

*

*
*

*

* *

*



Volume 35 March 1, 2024 HOPS KO disrupts endosomal organization | 15 

Vps11 and Vps18 and the HOPS-specific Vps39 and Vps41, we 
monitored the general defects of HOPS depletion. In all KO cell 
lines, we found a profound effect on prelysosomal compartments, 
as illustrated by increased colocalization of early (Rab5, PtdIns3P, 
EEA1) and late (Rab7, CD63, LAMP1, cathepsin D) endosomal mark-
ers (Figures 1 and 2; Supplementary Figures S1 and S2). By EM, 
HOPS KO cells showed an accumulation of morphologically hybrid 
compartments with ultrastructural characteristics of early (clathrin 
coats, recycling tubules) and late (ILVs, heterogenous content) en-
dosomes (Figures 7 and 8; Supplementary Figures S8 and S9), to 
which we referred to as HOPS bodies. HOPS bodies were only 
mildly acidic (Figure 6C and D), were reached by endocytosed cargo 
(Figure 8) and unexpectedly also by autophagic proteins (Figure 9), 
which defined them as amphisomes. HOPS bodies also accumu-
lated CI-MPR, the receptor for lysosomal enzymes that normally cy-
cles between TGN and endosomes. CI-MPR failed to enter SNX1-
positive retrograde recycling tubules originating from HOPS bodies, 
leading to receptor depletion from the TGN. Concomitantly, the 
levels of inactive pro-cathepsin D, a lysosomal hydrolase and sub-
strate for CI-MPR, increased in the Golgi/TGN and in the medium 
(Figure 3; Supplementary Figures S3 and S5C). Cathepsin D that did 
reach HOPS bodies was not processed to its mature form and re-
mained inactive. Together, these data show that loss of HOPS com-
plex blocks or delays the transition of early to late endosomes, af-
fects endosomal recycling properties and alters lysosomal enzyme 
trafficking and activation. Further, they suggest the existence of a 
HOPS-independent pathway for endosome-autophagosome fu-
sion. Our findings are summarized in a model (Figure 10).

A striking phenotype of all HOPS KO cells was the accumulation 
of large, Rab5-Rab7−positive hybrid endosomes, the HOPS bodies 
(Figure 1, and E and F). The hybrid molecular make-up, increase 
in size, perinuclear localization, as well as the overall ultrastructure 
of these HOPS bodies resembled the endo-lysosomal phenotype 
of cells overexpressing constitutively active Rab5 (Rab5Q79L) 
(Wegener et al., 2010), suggesting that lack of HOPS induced a de-
fect in Rab5 to Rab7 conversion. Likewise, early studies in live cells 
have shown that depletion of the HOPS complex delays Rab5-to-
Rab7 conversion (Rink et al., 2005) and more recently others found 
that HOPS interacts with Rab5, Rab7, several of their effectors 
(Gillingham et al., 2014; Van Der Kant et al., 2015; Jongsma et al., 
2020) and the Mon1−Ccz1 complex, the Rab7 GEF required for 
Rab5 to Rab7 transition (Wang et al., 2003; Poteryaev et al., 2010). 
Based on these findings, it was suggested that subunits of the HOPS 
complex could act as a molecular platform for the Rab5-Rab7 con-
version process. However, contradicting in vitro data showed that 
the HOPS complex is dispensable for Rab5 to Rab7 conversion 
(Langemeyer et al., 2020). In our study, knock-out of any single sub-

unit resulted in increased Rab5-Rab7 colocalization. This indirect 
readout for Rab5 to Rab7 conversion did not reveal the precise role 
of HOPS in this process. Nonetheless, it indicated that all subunits 
are required for normal Rab5 to Rab7 transition. If HOPS would act 
as a molecular platform for this conversion, we would have expected 
to see differences between the loss of specific subunits, with stron-
ger effects for depletion of those subunits that facilitate key interac-
tions. Based on our data, we consider it more probable that the role 
of HOPS in Rab5 to Rab7 conversion depends on membrane fusion 
activity of the full complex.

A surprising finding was the presence of p62 and LC3 in HOPS 
bodies (Figure 9), which defined them as amphisomes. Of note, ex-
pression of Orf3A, a protein encoded by SARS-CoV-2 that binds 
Vps39 and inactivates HOPS, also causes the accumulation of 
amphisomes (Miao et al., 2021). Furthermore, accumulation of p62 
in cells was noted after downregulation of Vps41 by exposure to 
Cadmium (Wang et  al., 2023). The accumulation of p62 in HOPS 
bodies is potentially relevant with respect to HOPS disease develop-
ment (van der Beek et al., 2019; Monfrini et al., 2021b), since defects 
in p62-mediated proteostasis are linked to several types of neurode-
generative diseases (Kumar et al., 2022). Both p62 and LC3 were, by 
immuno-EM, associated with typical dense granules indicative for 
the presence of autophagic cargo, as previously observed in cells 
treated with Bafilomycin A1 (De Mazière et al., 2022). Because HOPS 
bodies were not or mildly acidic and only contained inactive pro-ca-
thepsin D, the accumulation of p62- and LC3-marked autophagic 
cargo in their lumens is explained by this lack of degradative capac-
ity. p62 and endocytosed BSA5 were both found in HOPS bodies, 
but absent from lysosomes. Hence, in the absence of HOPS both 
endocytic and autophagic cargo reached endosomal compartments, 
but transfer to lysosomes was inhibited. Previously, using the same 
definitions for endosomes and lysosomes as here, we found that ly-
sosomes are the major sites for hydrolase activity (Liv et al., 2023). 
Altogether this suggests that HOPS is required for the transfer of 
endocytic and autophagic cargo from predominantly non-active en-
dosomes to actively degrading lysosomes, signifying HOPS as an 
important gate keeper for lysosomal entry and cargo degradation.

The formation of amphisomes in HOPS KO cells implied that 
endosomal delivery of autophagic cargo proceeded in the absence 
of HOPS. Likewise, depletion of the SNAREs Syntaxin 17 or Ykt6, 
both implicated in HOPS-dependent autophagosome – endo-lyso-
some fusion (Lürick et al., 2015; Matsui et al., 2018; Takáts et al., 
2018), did not block entry of p62 in HOPS bodies (Figure 9C-D). This 
was unexpected since it has been reported that autophagic flux de-
pends on the interaction between these autophagosomal SNAREs 
and the HOPS complex (Jiang et  al., 2014; Takáts et  al., 2014). 
Knockdowns of Vps4A/B or CHMP4B (Mejlvang et  al., 2018) in 

FIGURE 8: HOPS KO induces accumulation of hybrid early – late endosomes, that is, HOPS bodies. HeLa WT and KO 
cells incubated with BSA5 for 3 h were HPF fixed and embedded in EPON for EM imaging. (A, B) Overview of endocytic 
organelles in HeLa WT cells. Early endosomes (EE) show characteristic associated tubules and clathrin coats 
(arrowheads). Lysosomes (Ly) are small and dense and regularly positive for endocytosed BSA5. (C, D) Vps18 KO cells. 
(C) Note the high abundance of endocytic compartments. (D) HOPS bodies (asterisks) appear as enlarged, BSA5-positive 
endosomal organelles with hybrid early and late endo-lysosomal features: associated vesicles and tubules, clathrin coats 
(arrowheads), membrane whorls, dense content, numerous ILVs. (E−G) Examples of HOPS bodies (asterisks) in Vps11, 
Vps39 and Vps41 KO cells. Lysosomes are mostly negative for BSA5. For more examples see Supplementary Figure S9. 
(H) Classification of endosomal organelles in HeLa WT and KO cells. HOPS bodies are strongly enriched in HOPS KO 
cells. n ≥ 200 organelles per condition. (I) Percentage of organelles containing BSA5. BSA5 reaches 67% of lysosomes in 
WT cells and only ∼10% in HOPS KO cells. n ≥ 200 organelles per condition. *, Hybrid organelle; EE, early endosome; G, 
Golgi; N, nucleus; Ly, lysosome. Scale bars 2 µm (A, C), 200 nm (B, D−G).
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FIGURE 9: HOPS bodies contain autophagic materials. Cells were prepared for immuno-EM as in Figure 5. (A) Double 
immunogold labeling of LC3 (10 nm) and LAMP1 (15 nm). LC3 labels the typical dense structures (arrowheads) within 
LAMP1-positive HOPS bodies (asterisks). In WT cells, LC3 is sometimes seen on cytoplasmic granules (arrow), but not in 
endosomes. (B) Double labeling of p62 (10 nm) and LAMP1 (15 nm) in WT and HOPS KO cells. In WT cells, p62 label is 
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Vps41 KO cells excluded that uptake of p62 in HOPS bodies de-
pended on microautophagy (Figure 9C and D). In contrast, deple-
tion of ATG7–required for autophagosome formation–reduced the 
number of p62-positive endosomes from 60% to 41%. Together 
these data inferred that at least some of the autophagic cargo pres-
ent in HOPS bodies derived from macroautophagy (Figure 9C and 
D), implying the existence of an alternative, HOPS-Stx17-Ykt6 inde-
pendent mechanism of autophagosome –endosome fusion. The ac-
cumulation of HOPS bodies in HOPS KO cells is in line with the 
scenario that subsequent amphisome–lysosome fusion is HOPS de-
pendent. Interestingly, the high numbers of HOPS bodies raise the 
question if autophagosome–endosome fusion normally prevails 
over autophagosome–lysosome fusion. Formation of amphisomes 
in control conditions may be obscured by rapid turnover of the am-
phisomes. The current literature on amphisome and autolysosome 
formation is rather ambiguous and clearly more work is required to 
address these questions (Reggiori and Ungermann, 2017; Ganesan 
and Cai, 2021; Hu and Reggiori, 2022).

Another unexpected finding was that depletion of the HOPS 
complex caused a redistribution of CI-MPR from the TGN to HOPS 
bodies (Figure 4). Depletion of CI-MPR from the TGN is known to 
increase secretion of lysosomal enzyme precursors (Meel and 
Klumperman, 2014), which was indeed the case for HOPS KO cells 
(Supplementary Figure S5C). Likewise, Anderson et al. recently re-
ported a decrease in cellular CI-MPR levels in Vps39 or Vps41 KO 
cells and an increased secretion of CI-MPR ligand NPC2 (Anderson 
et al., 2022). Lack of NPC2 causes an accumulation of endo-lyso-
somal cholesterol (Anderson et al., 2022), this was supported by the 
lipid buildup we noticed in our EM studies (Figure 6) and was 
reported earlier (Swetha et al., 2011). These and our present studies 
all indicate a trafficking defect for CI-MPR in HOPS KO cells. 
Since we observed that CI-MPR accumulated in HOPS bodies, we 
investigated if the SNX1-positive tubules of the retrograde ESCPE 
pathway were still formed. All our HOPS KO cell lines readily dis-
played SNX1-positive tubules by both IF and by immuno-EM 
(Figures 4A and B, 5, A−D; Supplementary Figure S6). In HOPS KO 

only found in the cytoplasm (arrowhead). In HOPS KO cells, p62 is found in the HOPS bodies (asterisks) on similar 
structures as LC3 (arrowheads). (C) HeLa WT and Vps41 KO cells depleted for ATG7 (macroautophagy), Vps4A/B 
(microautophagy) or Stx17 (SNARE autophagosome−lysosome fusion) and labeled for p62 (10 n). Note accumulation of 
p62 on limiting membrane of HOPS bodies in Vps4A/B-depleted Vps41 KO cells, indicative of lysophagy. For more 
representative images and depletion conditions see Supplementary Figure S10B. (D) Quantification of the % BSA5-
positive organelles that contain p62 label. Only depletion of ATG7 reduces the amount of p62-positive HOPS bodies in 
Vps41 KO cells. >50 BSA5-positive organelles were scored in each condition. EE, early endosome; N, nucleus; LE, late 
endosome; Ly, lysosome. Scale bars, 200 nm.

FIGURE 10: Summarizing model on the effects of HOPS depletion on the functional organization of the endo-lysosomal 
system. Loss of the HOPS complex causes accumulation of HOPS bodies, organelles of hybrid molecular and 
morphological composition. HOPS bodies are reached by endocytic and autophagic cargoes but fail to fuse with 
lysosomes. They have low enzymatic activity and are of neutral pH, which prevents degradation of endocytic and 
autophagic content in HOPS bodies, as well as the retrograde transport of CI-MPR to the Trans-Golgi network. 
Depletion of CI-MPR from TGN leads to local accumulation of pro-cathepsin D and a general increase in secretion of 
lysosomal hydrolases and autophagic content from HOPS bodies.
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cells, however, these tubules were generally depleted from CI-MPR 
(Figure 5D), suggesting a block in the entry of CI-MPR into ESCPE 
tubules rather than a general block in recycling (Evans et al., 2020; 
Simonetti et al., 2023). In early studies it was shown that CI-MPR-li-
gand dissociation in acidifying endosomes is both necessary and 
sufficient to trigger recycling of CI-MPRs to the TGN (Brown et al., 
1986). Concomitantly, we found that inhibition of endosomal acidifi-
cation by Chloroquine or Bafilomycin A1 relocalized CI-MPR from 
TGN to endosomes in HeLa WT cells. Interestingly, the drugs had no 
additional effect on CI-MPR redistribution in HOPS KO cells (Figure 
6A and B). Moreover, by fluorescein pH measurements we found 
that HOPS bodies were not or only mildly acidified (Figure 6C and 
D). This lack of acidification is a plausible explanation for CI-MPR 
retention in the HOPS bodies and also explains why lysosomal en-
zymes in HOPS bodies are not processed to their active form 
(Figure 3). Of note, previous studies from our lab and others failed to 
find defects in CI-MPR and lysosomal enzyme transport after knock-
down of HOPS subunits (Swetha et  al., 2011; Pols et  al., 2013a). 
Also, the “HOPS bodies” were not reported before, although we 
previously characterized Vps39 or Vps41-depleted cells by EM (Pols 
et al., 2013a). The main difference between these and our present 
study is the use of genetic editing instead of siRNA-based silencing. 
From this we conclude that the accumulation of HOPS bodies and 
the endosomal trafficking defects occurs only after complete and 
long-term removal of HOPS complex activity. Altogether, we here 
showed that HOPS KO severely affected CI-MPR transport and 
thereby the trafficking and activation of lysosomal enzymes.

Interestingly, we did not find any obvious differences between 
the four different KO cell lines, even though Vps11 and Vps18 are 
also part of sister complex CORVET. This consistency in phenotypes 
was reported before (Wartosch et al., 2015). Similarly, in a recent 
overview of CORVET and HOPS related diseases, we noticed that 
most pathological lesions caused by mutations in core components 
were related to the later stages of the endo-lysosomal system (van 
der Beek et al., 2019). This makes it plausible that the phenotypes 
described in this study depend on assembly and activity of the full 
HOPS complex. We can, however, not rule out that depletion of in-
dividual subunits additionally affects specific subsets of endosomes 
or trafficking pathways, such as APPL1 endosomes or specific recy-
cling pathways (Perini et al., 2014; Jonker et al., 2018), that were not 
investigated in this study.

The loss of endosome – lysosome fusion induced by HOPS KO 
cells does not easily explain the maturation, recycling and acidifica-
tion defects in HOPS bodies, which occur upstream of lysosomes. A 
possible explanation is that the HOPS complex is also required for 
fusion of TGN-derived vesicles carrying lysosomal membrane pro-
teins to late endosomes (Pols et al., 2013b; Davis et al., 2021). In 
yeast this pathway is known as the ALP pathway, which delivers lyso-
somal membrane proteins directly to the vacuole (Cowles et  al., 
1997; Anand et al., 2009; Llinares et al., 2015). In Drosophila, a similar 
Vps41/Light−dependent TGN-derived pathway is important for lyso-
somal delivery of the membrane proteins LAMP1, NPC1, and the 
V-ATPase (Swetha et al., 2011). Indeed, we found small vesicles ac-
cumulating around the HOPS bodies in Vps41 KO cells (Figure 8G; 
Supplementary Figure S9E), which were morphologically reminiscent 
of the TGN-derived LAMP carriers previously identified in Vps41 and 
VAMP7 knockdown cells (Pols et al., 2013b; Davis et al., 2021), and 
positive for LAMP1 by immuno-EM (Pols et al., 2013b). A lack in the 
delivery of lysosomal membrane proteins could directly and indi-
rectly affect endosomal maturation, for example by altering recruit-
ment of phosphoinositides or effector proteins, by altering choles-
terol processing and egress from endosomes, changing pH or ionic 

balance, and by activation of lysosomal hydrolases (Huotari and 
Helenius, 2011). Further experimentation is required to investigate 
and proof this hypothesis. Interestingly, HOPS KO cells still contained 
active, acidified lysosomes (Wartosch et  al., 2015; van der Welle 
et al., 2021), albeit that these were not reached by endocytosed and 
autophagic cargo in our experimental conditions. In fact, HOPS KO 
cells showed a general increase in endo-lysosomal compartments 
(Figure 8H), which is likely explained by nuclear translocation of 
TFE3/TFEB and consequent activation of the CLEAR network (van 
der Welle et al., 2021). These observations might also explain why 
some studies report an effect on hydrolase activity after HOPS deple-
tion, for example in D. melanogaster car/Vps33A or dor/Vps18 mu-
tants and Vps18 conditional KO mice (Sriram et al., 2003; Peng et al., 
2012), while others do not (Swetha et al., 2011; Graham et al., 2013; 
Pols et al., 2013b; van der Welle et al., 2021;). How and by which ki-
netics lysosomes in HOPS KO cells are formed and how they might 
differ from lysosomes in WT cells remains a topic for future studies.

Summarizing, our data show that HOPS complex is required for 
endosomal maturation prior to the stage of endo-lysosomal fusion 
and reveal a central role of the HOPS tethering complex in orches-
trating the endo-lysosomal system, including endosomal recycling 
pathways and autophagic clearance. Moreover, we provide evi-
dence for a HOPS-independent pathway for incorporation of au-
tophagic material into endosomes, which evokes further investiga-
tion into the role and mechanism of amphisome formation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Antibodies and reagents
For antibodies used in this study, see (Table 1), effectene transfection 
reagent (301425, QIAGEN) and HiPerFect transfection reagents 
(301704, QIAGEN) were used. SiRlysosome (SC012, Spirochrome), 
Dextran-AF488 (D22910, Thermo Fisher Scientific) and Dextran-
fluorescein (D1820, Thermo Fisher Scientific) were used in fluores-
cence microscopy. The following siRNAs were used: All stars nega-
tive control siRNA (1027281, QIAGEN), CHMP4B Smartpool 
(L-018075-01-0005, Horizon Discovery), Stx17 Smartpool (M-
020965-01-0005, Horizon Discovery), ATG7 Smartpool (L-020112-
00-0005, Horizon Discovery), Ykt6 siRNA directed against sense 
5′-ATTCATTGTCAGCAATGACCACACC-3′ (Matsui et  al., 2018), 
Vps4A siRNA directed against sense 5′-CTGTGGTTTGCATGTC-
GGA-3′ (Mejlvang et al., 2018), Vps4B siRNA directed against sense 
5′-CCAAAGAAGCACTGAAAGA-3′ (Mejlvang et  al., 2018). The 
2xFYVE-mCherry construct was ordered from AddGene (deposited 
by Harald Stenmark, 140050). The EEA1-mCherry construct was or-
dered from AddGene (deposited by Yusuke Ohba, #174452). The 
EEA1-mCherry fragment from this vector was cloned into a pmini-
Tol2 expression vector (original deposited on AddGene by Stephen 
Ekker, #31829, we obtained a modified backbone with EF1α pro-
motor from Jooske Monster, CMM, UMCU) using restriction-liga-
tion. Vector with Transposase from Oryzias latipes was obtained 
from Jooske Monster, CMM, UMCU.

Cell lines
HeLa parental cells were obtained from DSMZ (ACC 57), Vps11, 
Vps18, Vps39 and Vps41 knock-outs were generated as described 
previously (van der Welle et al., 2021). The A549 HOPS KO cell lines 
were obtained using gRNA sequence 5′-AGTGGGGGATGCCCAC-
GCTA-3′ for Vps18 and gRNA sequence 5′-AAGTATTTCAGT-
TACCCCAT-3′ for Vps41. For HOPS KO in HT1080 cell lines, we 
used gRNA sequence 5′-GCGAGTTCTCGTACTCATCC-3′ for Vps18 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e23-08-0328
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and gRNA sequence 5′-GCCAGACAGTCGATTTGCAG-3′ for 
Vps39. The lines were validated by Western blot (Supplementary 
Figure S4, A and B), or for Vps39 by genomic DNA isolation and 
sequencing (Supplementary Figure S4C), which revealed a single 
base deletion at the expected cut site for both alleles.

EEA1-mCherry−expressing cell lines were obtained by cloning 
EEA1-mCherry into a minitol vector designed for stable expression 
under an EF-1α promotor. HeLa WT, Vps18, and Vps39 KO lines 
were transfected with this vector and a vector expressing a trans-
posase. After 48 h, puromycin was added to the medium at 1 µg/ml 
for selection of cells that had the minitol vector stably integrated.

Cell culture and transfection
HeLa, A549, and HT1080 cells and CRISPR/Cas9 KO lines were cul-
tured in DMEM supplemented with 20% FCS and penicillin and 
streptomycin. They were incubated in 37°C, 5% CO2 incubators, 
passaged twice per week on average, and kept in culture until pas-
sage 20. For transfection of cells using plasmids, cells were incu-
bated with effectene and plasmid mix ON and given normal medium 
4 h before fixation or imaging. For knock-down of cells, we used Hi-
Perfect and siRNAs at 20 nM end concentration. The HiPerfect mix 

was added to culture medium. After 72 h, cells were treated again 
with siRNAs for another 72 h before use in experiments. The effi-
ciency of the knock-down was validated by QPCR and ≥80% reduc-
tion was obtained for all experiments used in this study.

Dextran uptake assay
Cells were incubated with SiRlysosome (SC012, Spirochrome), 
1:1000 in normal DMEM medium for 60 min. Then dextran-AF488 
was added to the SiRlysosome-medium at final concentration 0.2 
mg/ml, incubated for 2 h, washed five times with fresh, 37°C DMEM, 
and fixed in 4% FA. If needed, additional IF staining was performed 
using the protocol described below, otherwise the sample was 
washed three times in PBS, once in H2O and mounted using Pro-
Long Dapi Diamond (P36962, Thermo Fisher Scientific). Slides were 
imaged within 3 d after fixation.

Western blotting
For analysis of whole-cell lysates by Western blot, cells were cul-
tured in standard cell culture plates, placed on ice, washed with 
ice-cold PBS, and scraped and lysed in 1% CHAPS lysis buffer. The 
samples were spun down at ≥10,000 × g for 10 min at 4°C to remove 

Name Host Catalog number Company Dilutions

LAMP1 Mse 555798 BD Pharmingen 1:500 (IF)

cathepsin D Gt AF1014 R&D Systems 1:500 (IF), 1:1000 (WB)

cathepsin B Gt AF953 R&D Systems 1:1000 (WB)

Calnexin Rb Ab22595 Abcam 1:1000 (WB)

Rab5 Mse 610725 BD Biosciences 1:250 (IF)

Rab7 Rb 9367 Cell Signaling Technology 1:250 (IF)

Vps11 Rb ab170869 Abcam 1:500 (WB)

Vps18 Rb ab178416 Abcam 1:500 (WB)

Vps41 Mse sc-377118 Santa Cruz Biotechnology 1:1000 (WB)

CD63 Mse H5C6 DSHB 1:500 (IF)

EEA1 Mse 610457 BD Transduction 1:250 (IF), 1:150 (CLEM)

EEA1 Rb C45B10 Cell Signaling Technology 1:250 (IF)

Vps35 Gt Ab10099 Abcam 1:500 (IF)

CI-MPR Rb Kind gift from A. Hille/K. von Figura 1:300 (IF), 1:50 (EM)

CI-MPR Rb Kind gift from S. Kornfeld 1:1000 (WB)

SNX1 Rb Kind gift from P. Cullen 1:150 (EM)

SNX1 Mse 611482 BD Biosciences 1:250 (IF)

TGN46 Shp AHP500 Bio-Rad (Serotec) 1:500 (IF)

GM130 Mse Kind gift from E. Sztul 1:250 (IF)

p62 Mse 610833 BD Biosciences 1:1000 (WB)

p62 GnP GP62-C Sanbio 1:100 (EM)

LC3 Mse CTB-LC3-2-IC Cosmo Bio 1:10 (EM)

AF488 anti-mouse Dk A21202 Life Technologies 1:250 (IF)

AF568 anti-rabbit Dk A10042 Life Technologies 1:250 (IF)

AF647 anti-goat Dk A21447 Life Technologies 1:250 (IF)

AF488 anti-goat Dk A11055 Life Technologies 1:250 (IF)

AF555 plus anti-mouse Dk A32773 Thermo Fisher Scientific 1:250 (IF)

Anti-mouse Rb 610-4120 Rockland 1:300 (EM)

TABLE 1: The following antibodies were used in this manuscript.
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cellular debris and equalized using a Bradford protein assay (Bio-
Rad). SDS sample buffer was added, samples were run on precast 
4−20% gradient gels (Bio-Rad) and transferred to Mini PVDF mem-
branes (Bio-Rad) using the Trans-Blot TurboTransfer system (Bio-
Rad). The membranes were blocked in Odyssey PBS Blocking buffer 
(LI-COR) at room temperature for 1 h and then incubated with pri-
mary antibodies in 0.1% TBST overnight at 4°C. Membranes were 
washed in 0.1% TBST and incubated with secondary antibodies 
for 1 h at room temperature before being washed in 0.1% TBST, 
followed by PBS and then H2O. Membranes were scanned on an 
Amersham Typhoon Laser scanner (GE Healthcare).

For analysis of culture medium, cells were cultured in 15-cm 
dishes and incubated with serum-free medium overnight. The me-
dium was collected, spun at 100,000 × g to remove any debris or 
particles, and the supernatant was precipitated by adding 10% 
trichloroacetic acid (TCA). The mixture was placed on ice for 30 min 
and then spun down at 10,000 × g at 4°C for 15 min. The superna-
tant was aspirated and washed with acetone at 4°C. The dry pellet 
was then resuspended in SDS buffer and Western blotting was per-
formed as described above. For loading control, the corresponding 
cells from the 15-cm dish were processed as described above, with 
the exception that they were not equalized. The protein concentra-
tion in these samples therefore reflects the number of cells in the 
dish.

Immunofluorescence staining
Cells were prepared for IF staining by seeding on glass coverslips 
and fixation with 4% FA for 15−20 min. The coverslips were washed 
with PBS three times, permeabilized in 0.1% TritonX-100 for 10 min 
at room temperature, and blocked in 1% BSA in PBS for 10 min at 
room temperature. Coverslips were incubated with primary anti-
bodies diluted in 1% BSA for 1 h at room temperature followed by 
three PBS washes and incubation with secondary antibodies for 
30 min at room temperature. Coverslips were then washed three 
times with PBS, once in H2O, and mounted on glass slides using 
ProLong DAPI Diamond (P36962, Thermo Fisher Scientific).

Slides were imaged at room temperature using a Leica Thunder 
microscope with 100×, 1.47 NA TIRF oil objective or a DeltaVision 
with 100×, 1.40 NA oil objective. For confocal imaging, slides were 
imaged on a Zeiss LSM 700 with 63×, 1.40 NA oil objective at room 
temperature.

pH measurements
The pH measurements were performed as described by Canton and 
Grinstein (Canton and Grinstein, 2015). To obtain a calibration data-
set, HeLa WT cells were incubated with 0.2 mg/ml Dextran-fluores-
cein in normal medium for 3 h, washed four times with culture me-
dium, and incubated in a pH-buffered solution containing 140 mM 
KCl, 1 mM MgCl2, 1 mM CaCl, 5 mM glucose, and 25 mM of ace-
tate-acetic acid, MES or HEPES buffer, depending on the desired 
pH. Immediately before imaging, Nigericin was added to an end 
concentration of 10 µM to equalize endo-lysosomal pH to the buff-
ered pH. Cells were then imaged with 440 and 480 excitation and a 
fluorescein emission filter on a Leica Thunder microscope with 100×, 
1.40 NA oil objective and 37°C, 5% CO2 live-cell imaging chamber. 
Emission ratios of fluorescein 440/480 excitation channels were ob-
tained for seven samples buffered in a range from pH 4 to pH 8. A 
sigmoid curve was fitted to describe the relation of fluorescein ratio 
and pH, which was used to calculate pH from the live-cell measure-
ments subsequently taken (Supplementary Figure S7). We bench-
marked our calibration by live-cell imaging and measuring the aver-
age pH of 3-h uptake Dextran-fluorescein−positive compartments in 

HeLa WT cells, which returned an expected acidified pH of 5.1 
(Supplementary Figure S7, C and D). Continuing, HeLa WT, Vps18, 
and Vps39 KO cells stably expressing EEA1-mCherry were incu-
bated with 0.2 mg/ml Dextran-fluorescein for 3 h, washed four times 
and imaged in phenol-red free, otherwise normal culture medium. 
Samples were then imaged on a Leica Thunder microscope. The 
emission ratios of fluorescein 440/480 excitation channels were ob-
tained on a per-compartment basis for >10 cells. Analysis of com-
partment intensity and ratios was performed in FIJI using a custom 
macro. The formula from the sigmoid curve fitted to the calibration 
samples was used to calculate pH values from the emission ratios of 
fluorescein 440/480 excitation.

Image analysis
Light microscopy images were analyzed using FIJI (Schindelin et al., 
2012). The ComDet Plug-In (Eugene Katrukha, Cell Biology, Utrecht 
University) was used for spot detection, spot size quantification, 
spot intensity measurements and colocalization analysis. EEA1 and 
CI-MPR colocalization was measured as the percentage of overlap 
between thresholded signal masks of the two channels. All mea-
surements were performed per cell in a custom cell-segmenting 
macro.

For quantification of CLEM data, organelles were selected based 
on the presence of fluorescent EEA1 signal and categorized based 
on morphological characteristics described below.

Morphological analysis of the HPF samples was done by random 
selection of ∼200 endocytic organelles per condition. Multiple char-
acteristics were measured for each organelle, which were then cat-
egorized on the basis of morphological characteristics described 
below.

For quantification of p62-positive content in endosomal organ-
elles (Figure 9D), ∼50 BSA5-positive organelles were imaged for 
each condition and scored for the number of gold particles repre-
senting p62. Organelles with 0 particles were regarded as negative, 
organelles with 1 particle were excluded, and organelles with >1 
particle were considered p62-positive.

EM of resin-embedded, high-pressure frozen cells
Cells were seeded on sapphire disks for 24 h and incubated with 
BSA5 for 3 h before HPF. 10 min before HPF, cells were washed with 
full DMEM. The sapphire disks and cells were transferred into sam-
ple holders and inserted into a Leica EM ICE (Leica Microsystems) 
and frozen. After freezing, the samples were stored in LN2. Samples 
were freeze substituted with chemical fixative and postfixed in 2% 
OsO4. Cells were further processed in EPON in increasing concen-
trations and finally embedded in 100% EPON, polymerized for 3 d 
at 60°C.

Resin embedded cells were prepared for thin sectioning by re-
moval of the sapphire disk and trimming of the stub to a rectangle 
of ∼0.5 by 1 µm. 60−70 nm Sections were made on a Leica Ultracut 
S (Leica microsystems) using a DiATOME Ultra Diamond Knife 45°. 
Sections were deposited on Formvar- and carbon-coated copper 
grids and poststained using uranyl and lead citrate in a Leica EM 
AC20 (Leica microsystems). Samples were imaged on a Tecnai T12 
(FEI Tecnai) transmission electron microscope (TEM) using SerialEM 
software (Mastronarde, 2018). Image tileset stitching was done with 
Etomo EM processing software (Mastronarde and Held, 2017).

On-section CLEM
A detailed protocol for this procedure is available in van der Beek 
et al. (van der Beek et al., 2022, 2023) Briefly, cells were fixed with 
4% FA overnight, washed, and scraped before being pelleted and 
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embedded in 12% (wt/vol) gelatin. Embedded cell pellets were cut 
into smaller (0.5 mm3) blocks, mounted on aluminum pins and snap 
frozen in LN2.

Frozen samples were trimmed and sectioned to 90-100 nm on a 
Leica UC7 Cryo Microtome using a DiATOME Cryo Diamond Knife 
45°. The sections were picked up using a 1:1 mixture of 2.3M su-
crose and 1.8% methylcellulose and deposited on Formvar- and 
carbon-coated copper grids. Grids were incubated in PBS at 37°C 
for 30 min, washed with PBS 0.15% glycine, blocked in PBS with 
BSA-c and fish-skin gelatin, and incubated with primary antibodies 
for 1 h at room temperature. The grids were then washed and incu-
bated with fluorescent secondary antibodies for 30 min at room 
temperature. After further washes, grids were sandwiched between 
clean slideglasses and coverslips in 50% Glycerol and imaged on a 
Leica Thunder widefield microscope using a 100×, 1.47 NA TIRF 
objective at room temperature. After acquisition of an image tileset 
of the sections, the grids were retrieved from the slideglass, washed, 
and stained using Uranyl Acetate. The grids were then imaged in a 
Tecnai T12 TEM (FEI Tecnai) using SerialEM, selecting areas based 
on fluorescence microscopy. Image tilesets of the selected areas 
were generated at 42,000×, stitched together in Etomo postpro-
cessing software and correlated with the fluorescence data (Paul-
Gilloteaux et al., 2017).

IF on sections
Samples and sections were obtained as under “On-section CLEM” 
above, except that 150-nm sections were obtained and they were 
deposited on 10-mm coverslips. They were processed in the same 
manner as CLEM samples up to secondary antibody incubation, af-
ter which they were washed and mounted on slideglasses using Pro-
Long DAPI Diamond (P36962, Thermo Fisher Scientific). They were 
imaged as described under “Immunofluorescence staining”.

Immuno-EM
Immunogold labeling of thawed cryosections was performed as de-
veloped and optimized in our lab, for details see (Slot and Geuze, 
2007; De Mazière et al., 2022). The procedure follows the protocol 
for CLEM up to and including sectioning. After sectioning, grids 
were placed on PBS at 37°C for 30 min, washed with PBS 0.15% 
glycine, blocked in PBS with BSA-c and fish-skin gelatin, and labeled 
with primary antibodies for 1 h at room temperature. Grids were 
washed, incubated with a bridging rabbit anti-mouse antibody for 
20 min at room temperature, washed again, and incubated with Pro-
tein A coupled to 10 or 15 nm gold (PAG) particles for 20 min at 
room temperature. In case of double labeling, the grids were fixed 
in 1% GA for 5 min after the first labeling, washed, and then the 
labeling was repeated with a second primary antibody. After PAG 
labeling, grids were washed extensively in H2O before staining with 
Uranyl Acetate. Immuno-EM samples were imaged on a Tecnai T12 
TEM or Tecnai T20 (FEI Tecnai) using SerialEM or Radius image ac-
quisition software.

Morphological definitions of the endo-lysosomal system
The EM morphology of the endo-lysosomal system has been stud-
ied for many decades. Immunogold labeling and functional assays 
have elucidated key structure−function relationships that are gener-
ally applied to categorize the different endo-lysosomal subtypes 
(Raiborg et  al., 2002; Mari et  al., 2008; Eskelinen et  al., 2011; 
Klumperman and Raposo, 2014; Fermie et al., 2018; Davis et al., 
2021; Barral et al., 2022; van der Beek et al., 2022; ). Based on these 
collective findings, we used the following definitions for morpho-
logical definition of distinct endo-lysosomal organelles. Although 

these definitions are not absolute, they allow us to interpret ultra-
structural findings and changes in a nonarbitrary way.

Early endosomes: largely electron-lucent organelles with <6 ILVs, 
frequently displaying flat, bi-layered clathrin coats on their limiting 
membrane and forming tubular extensions. Late endosomes: 
rounded shape, lumen-containing medium electron-dense content 
and >5 ILVs. Lysosomes: vacuoles of variable size and shape, amor-
phous content ranging from electron lucent to highly electron-
dense, ILVs, and onion-like concentric rings of membranes. HOPS 
bodies displayed both early and late endosomal features as clathrin 
coats, associated tubules, ILVs, membranes, and amorphous and 
regularly dense granules, sometimes surrounded by a membrane, 
indicative of autophagic cargos. Some of these features are also 
displayed by late endosomes and (auto)lysosomes in WT cells, 
which is why our control cells contained low, but nonzero numbers 
of “HOPS bodies”.
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