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ABSTRACT The endocytic pathway is of central importance for eukaryotic cells, as it
enables uptake of extracellular materials, membrane protein quality control and recy-
cling, as well as modulation of receptor signaling. While the ATPase p97 (VCP, Cdc48) has
been found to be involved in the fusion of early endosomes and endolysosomal degrada-
tion, its role in endocytic trafficking is still incompletely characterized. Here, we identify
myoferlin (MYOF), a ferlin family member with functions in membrane trafficking and
repair, as a hitherto unknown p97 interactor. The interaction of MYOF with p97 depends
on the cofactor PLAA previously linked to endosomal sorting. Besides PLAA, shared in-
teractors of p97 and MYOF comprise several proteins involved in endosomal recycling
pathways, including Rab11, Rab14, and the transferrin receptor CD71. Accordingly, a
fraction of p97 and PLAA localizes to MYOF-, Rab11-, and Rab14-positive endosomal
compartments. Pharmacological inhibition of p97 delays transferrin recycling, indicating
that p97 promotes not only the lysosomal degradation, but also the recycling of endocytic
cargo.

SIGNIFICANCE STATEMENT

* The ATPase p97/VCP has been linked to endosomal trafficking in the past, but the full range of its
involvement in endosomal processes is still unknown.

® The authors used crosslinking-assisted mass spectrometry to identify MYOF as novel p97 binding
partner.

e Using immunofluorescence microscopy, they found that a subpopulation of p?7 and MYOF local-
izes to recycling endosomes and that chemical inhibition of p97 delays the recycling of transferrin
to the plasma membrane.

e These findings suggest that p97 possesses functions beyond the endolysosomal degradation of
endocytic cargo and implicate p97 in MYOF-dependent membrane trafficking and repair pathways.

Monitoring Editor
Michael Rape
University of California,
Berkeley

Received: Jun 20, 2023
Revised: Sep 11, 2023
Accepted: Sep 20, 2023

This article was published online ahead of print in MBoC in Press (http://www.
molbiolcell.org/cgi/doi/10.1091/mbc.E23-06-0237) on September 27, 2023.

Conflict of interest: The authors declare no competing interests.

Author contributions: M.Ka. and A.B. conceived the project and wrote the manu-
script; M.Ka. and M.K&. performed experiments; M.Ka., M.K&., A.S. and A.B.
analyzed the data.

Additional information: Correspondence and requests for materials should be
addressed to A.B.

*Address correspondence to: Alexander Buchberger (alexanderbuchberger@
uni-wuerzburg.de).

Molecular Biology of the Cell ® 34:ar126, 1-14, December 1, 2023

Abbreviations used: AAA, ATPases associated with diverse cellular activities; DSP,
dithiobis[succinimidyl propionate]; FDR, false discovery rate; RT, room tempera-
ture; TBST, Tris-based saline with Tween.

© 2023 Kawan et al. This article is distributed by The American Society for Cell Bi-
ology under license from the author(s). Two months after publication it is available
to the public under an Attribution—-Noncommercial-Share Alike 4.0 International
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/4.0).
"ASCB®,” "The American Society for Cell Biology®,"” and “Molecular Biology of
the Cell®" are registered trademarks of The American Society for Cell Biology.

34:ar126, 1


https://orcid.org/0000-0002-2836-0820

INTRODUCTION

The maintenance of proteome homeostasis (proteostasis) is crucial
for cellular and organismal health. Therefore, organisms from all do-
mains of life rely on extensive protein quality control networks con-
sisting of a large arsenal of molecular chaperones and proteolytic
systems (Buchberger et al., 2010; Labbadia and Morimoto, 2015;
Balchin et al., 2016). In eukaryotic cells, major systems for regulated
intracellular proteolysis include the ubiquitin proteasome system,
the endolysosomal degradation pathway, and selective autophagy
(Hershko and Ciechanover, 1992; Clague and Urbe, 2010; Dikic,
2017; Lamark and Johansen, 2021).

The abundant and highly conserved AAA+-type ATPase p97
(also known as VCP and Cdc48) plays a key role in eukaryotic pro-
teostasis. p97 is involved in various proteasomal degradation path-
ways including ER-, chromatin-, outer mitochondrial membrane-,
and ribosome-associated degradation (Ye et al., 2001; Tanaka et al.,
2010; Brandman et al., 2012; Dantuma and Hoppe, 2012); in the
selective autophagy of aggregates, stress granules, and damaged
organelles (Ju et al., 2008; Tanaka et al., 2010; Buchan et al., 2013;
Kim et al., 2013; Papadopoulos et al., 2017); and in the lysosomal
degradation of endocytic cargo (Ritz et al., 2011). These diverse cel-
lular functions are mediated by more than 30 regulatory cofactors
that control substrate binding, subcellular localization, and oligo-
meric state of p97 (Buchberger et al., 2015). Mechanistically, p97
uses the energy from ATP hydrolysis to processively unfold substrate
proteins, thereby segregating them from protein complexes, mem-
branes, or chromatin to release them for their respective down-
stream fates (Bodnar and Rapoport, 2017; van den Boom and
Meyer, 2018; Buchberger, 2022).

The central importance of p97 for the maintenance of protein
and organelle homeostasis is underscored by the fact that missense
mutations in the VCP gene encoding human p97 cause the com-
plex, neuromuscular degenerative disease multisystem proteinopa-
thy 1 (MSP1; formerly known as inclusion body myopathy with Paget
disease of the bone and frontotemporal dementia and familial amy-
otrophic lateral sclerosis, or IBMPFD/fALS; Watts et al., 2004; John-
son et al., 2010; Pfeffer et al., 2022). While p97-dependent pro-
cesses and target proteins critical for the pathogenesis of MSP1 are
still incompletely understood, accumulating evidence suggests that
impaired lysosomal degradation of autophagic and endocytic cargo
plays an important role. Thus, p97 is required for the efficient clear-
ance of stress granules, and cells expressing disease-causing mutant
p97 exhibit clearance defects that have been implicated in the path-
ological formation of insoluble protein aggregates (Buchan et al.,
2013; Rodriguez-Ortiz et al., 2016; Turakhiya et al., 2018; Wang
et al., 2019). Similarly, the failure of disease-causing mutant p97 to
efficiently mediate the removal of damaged lysosomes and mito-
chondria via selective autophagy has been found to correspond to
the accumulation of such damaged organelles in cellular and animal
models of MSP1 and, in the case of lysosomes, in patient muscle
tissue (Kim et al., 2013; Papadopoulos and Meyer, 2017; Zhang
etal., 2017). Finally, disease-causing mutant p97 has been shown to
interfere with normal endolysosomal trafficking, resulting in the
accumulation of caveolins 1 and 3 in MSP1 cellular models, patient
fibroblasts, and muscle tissue (Ritz et al., 2011).

The endolysosomal degradation pathway (reviewed in Huotari
and Helenius, 2011; Cullen and Steinberg, 2018) starts with the in-
ternalization of extracellular material and plasma membrane (PM)
proteins through clathrin-dependent and -independent mecha-
nisms. The endocytic vesicles subsequently undergo homotypic fu-
sion in the peripheral cytoplasm to form early endosomes (EEs),
which consist of distinct tubular and vacuolar domains and act as
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major sorting hubs for endocytic cargo. Ubiquitylated membrane
proteins destined for lysosomal degradation, such as activated
growth factor receptors, are sorted into intraluminal vesicles (ILVs)
inside the vacuolar domain of EEs by the ordered action of four dif-
ferent ESCRT complexes and the ATPase VPS4 (Raiborg and
Stenmark, 2009), a process that continues during the maturation of
EEs into late endosomes (LEs; also known as multivesicular bodies).
LEs are transported along microtubules to the perinuclear area of
the cell, where they fuse with each other and with lysosomes to form
endolysosomes. The ILVs carrying endocytosed cargo are degraded
inside the endolysosomes by lysosome-derived hydrolases. Of
note, only a relatively small fraction of endocytosed proteins is ac-
tively sorted into ILVs for endolysosomal degradation (Huotari and
Helenius, 2011), whereas the majority of internalized cargo is recy-
cled from tubular domains of EEs back to the PM, either directly or
via recycling endosomes (REs; Grant and Donaldson, 2009; Huotari
and Helenius, 2011). Importantly, the identity of the different endo-
somal compartments is largely determined by distinct Rab GTPases
and their effector proteins (Wandinger-Ness and Zerial, 2014;
Langemeyer et al., 2018; Lamber et al., 2019). While EEs are de-
fined by the presence of Rab5, a “Rab switch” from Rab5 to Rab7
during EE maturation reprograms the association of effector pro-
teins and, hence, the properties of LEs. The different endocytic
recycling routes are governed by distinct Rab proteins. Rab4 is
required for fast recycling from EEs to the PM (van der Sluijs et al.,
1992), whereas recycling via REs or (in some cell types) a perinuclear
endosomal recycling compartment (ERC) is controlled by Rab11 and
Rab14, with Rab14 defining an intermediate step between EEs and
Rab11-positive REs (Ullrich et al., 1996; Linford et al., 2012).

While p97 has been implicated in different steps of the endoly-
sosomal pathway, including the fusion of EEs (Ramanathan and Ye,
2012) and the endolysosomal sorting and degradation of endocytic
cargo (Ritz et al., 2011), our understanding of the role(s) of p97 in
endocytic trafficking is still far from complete. Here, we report the
identification of the ferlin family member myoferlin (MYOF) as a
novel p97 interactor. We show that the interaction between MYOF
and p97 depends on the p97 cofactor PLAA and that p97, PLAA,
and MYOF partially colocalize at Rab14- and Rab11-positive endo-
somal structures. Finally, we demonstrate that pharmacological inhi-
bition of p97 leads to its partial localization to REs and delay the
recycling of endocytosed cargo, indicating that p97 plays roles in
the endocytic pathway beyond lysosomal degradation by promot-
ing endocytic recycling.

RESULTS

Proteomic analysis of the dynamic p97 interactome

In an effort to identify unknown p97-binding partners, we sought to
determine the interactome of endogenous, untagged p97 in Hela
cells using affinity purification followed by mass spectrometry. How-
ever, the interactions of p97 with regulatory cofactors and presum-
ably also other proteins are highly dynamic and thus difficult to
catch by conventional proteomics approaches (Xue et al., 2016).
Therefore, we stabilized the p97 interactome in cellulo using the
homobifunctional, reducible crosslinker dithiobis[succinimidyl pro-
pionate] (DSP; Xue et al., 2016). At a final concentration of 0.8 mM,
DSP converted most, but not all cellular p97 into sodium dodecyl
sulfate (SDS)-resistant, high molecular-weight complexes that read-
ily disappeared upon addition of dithiothreitol (DTT; Supplemental
Figure S1A), suggesting that p97 was efficiently crosslinked, but not
over-crosslinked. After crosslinking and cell lysis, we immunopre-
cipitated endogenous p97 complexes and performed label-free
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FIGURE 1: MYOF is a novel p97 interactor. (A) p97 interactome analysis. Hela cells were treated with the crosslinker
dithiobis[succinimidyl propionate] (+DSP) or left untreated (-DSP). Endogenous p97 was immunoprecipitated and
analyzed for coprecipitated proteins by label-free quantitative mass spectrometry. The plot shows the medians of the
enrichment ratios for p97 versus IgG control IPs in the presence (x-axis) and absence (y-axis) of DSP, respectively; n= 3.
Circle diameters correlate with the sum of identified razor and unique peptides. p97 cofactors and MYOF are marked in
red and orange, respectively. (B) Validation of the MYOF interaction. Lysates of DSP-treated Hela cells were subjected
to IP with two different p97 antibodies or with matched unspecific IgGs as indicated, followed by immunoblotting
against MYOF and p97. (C) MYOF interacts with p97 in the absence of crosslinker. Lysates of Hela cell pools ectopically
expressing the indicated FLAG epitope-tagged wild-type or mutant p97 variants or carrying empty vector control were
subjected to anti-FLAG IP, followed by immunoblotting against MYOF, FLAG, p97, and PLAA. (D) p97 coprecipitates
with MYOF. Lysates of DSP-treated Hela cells were subjected to IP with a MYOF antibody or unspecific IgGs, followed

by immunoblotting against MYOF and p97. (E-G) p97 and MYOF interact in HEK293T cells. HEK293T cells ectopically
expressing MYOF-HA were treated with DSP. The cell lysate was split and subjected to IPs with antibodies directed
against the HA epitope tag (E), MYOF (F), and p97 (G), respectively, followed by immunoblotting against HA, MYOF,

and p97 as indicated.

quantitative mass spectrometry (Supplemental Tables S2 and S3). To
assess the effect of crosslinking, we compared the p97 interactomes
obtained in the absence and presence of DSP and initially focused
on p97 cofactors, which have been previously reported to cover a
range of binding kinetics (Xue et al., 2016). The binding of six cofac-
tors (ASPSCR1, NSFL1C/p47, UBXD1, UFD1L, NPLOC4, and FAF2)
was not or only moderately stabilized by DSP, as indicated by their
positions close to the diagonal of the plot (Figure 1A). By contrast, a
larger number of cofactors were exclusively detected in the pres-
ence of DSP, in agreement with a recent analysis of the p97 interac-
tome in HEK293 cells and BJ fibroblasts (Xue et al., 2016). Thus, our
results confirm that in-cell crosslinking with DSP is able to preserve
unstable, bona fide physiologic protein—protein interactions of p97
during cell lysis and immunoprecipitation (IP).

MYOF is a novel p97 interactor

We next turned our attention to candidates exclusively detected after
in-cell crosslinking with DSP, as these are unlikely to represent postly-
sis or unspecific interactors, and identified MYOF as one of the most
strongly enriched proteins (Figure 1A, orange circle). To validate this
finding, we immunoprecipitated endogenous p97 from a DSP-cross-
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linked HelLa cell lysate using two different p97 antibodies and found
that MYOF was specifically coprecipitated (Figure 1B), confirming the
mass spectrometry data. Because the p97-MYOF complex could not
be immunoprecipitated in the absence of DSP (Figure 1A), we sought
to further validate the interaction by using ATPase-deficient p97 vari-
ants known to trap p97 complexes (Ye et al., 2003). To that end, we
generated stable Hela cell pools inducibly expressing FLAG epit-
ope-tagged wild-type p97 or p97 variants mutated in the Walker B
motif of the D1 domain (E305Q), the D2 domain (E578Q), or both
domains (EQEQ; Supplemental Figure S1B). In FLAG immunopre-
cipitates from noncrosslinked lysates of these cell pools, MYOF co-
precipitated with p97 complexes containing the E578Q or EQEQ
traps, but hardly above background with p97 complexes containing
E305Q (Figure 1C, Supplemental Figure S1C). Similar to MYOF, the
p97 cofactor PLAA, which was detected in the p97 interactome ex-
clusively upon DSP crosslinking (Figure 1A), efficiently coprecipitated
with the p97 E578Q and EQEQ traps, consistent with previous re-
ports (Ritz et al., 2011; Papadopoulos et al., 2017). To further validate
MYOF as a novel p97-binding protein, we performed reciprocal IPs of
endogenous MYOF from DSP-crosslinked HelLa and A549 cells and
detected a specific coprecipitation of p97 (Figure 1D, Supplemental
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MYOF localizes to early, late, and recycling endocytic compartments. (A and B) Comparative analysis of
MYOF and p97 interactomes. Hela cells were subjected to cross-linking with DSP and IP of endogenous MYOF (A) and
p97 (B), respectively, followed by label-free quantitative mass spectrometry. Circle diameters correlate with the number
of identified razor and unique peptides; n = 3. Interactors are color coded according to significance levels 0 (blue), one
(green) and two (red). Selected shared interactors of MYOF and p97 are labeled. (C) Venn diagram showing shared
MYOF and p97 interactors (significance levels one and two) linked to the endosomal system. (D-K) Localization of
MYOF to endocytic compartments. Confocal immunofluorescence microscopy of Hela cells costained for endogenous
MYOF and ectopically expressed GFP-Rab5SWT (D), GFP-Rab5QL (E), endogenous EEAT1 (F), ectopically expressed
GFP-Rab7 (G), endogenous CD63 (H), ectopically expressed GFP-Rab11 (1), GFP-Rab14 (J), and endogenous CD71 (K),
respectively. In the blowups of (D), (E), (F), (G), (H), and (K), representative examples for the colocalization of MYOF with
the respective marker proteins are highlighted by arrowheads. Scale bars, 20 pm. (L) Quantification of colocalization
between MYOF and the endosomal markers shown in panels D-K. n = 3 biological replicates with 15-45 cells quantified
per condition and replicate. Shown is mean + SD.

Figure S1D). Finally, we ectopically expressed HA epitope-tagged  to parallel IPs using antibodies against the HA tag, MYOF, and p97,

MYOF in HEK293T cells (which express very low levels of endoge-  respectively (Figure 1, E-G). In all three immunoprecipitates, the co-
nous MYOF), performed in-cell crosslinking and subjected the lysate  precipitation of p97 and MYOF was observed. Taken together, our
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p97 partially colocalizes with MYOF. (A) Stable Hela cell pools ectopically expressing the indicated wild-type
or mutant, FLAG epitope-tagged p97 variants were stained for p97 and endogenous MYOF and subjected to confocal
immunofluorescence microscopy. Scale bar, 20 pm. (B) Blowups of the areas marked in A. Colocalization of p97 and
MYOF in cells expressing the p97 E578Q and EQEQ trapping mutants is highlighted by arrowheads.

data demonstrate an interaction between MYOF and endogenous
p97 in three different cell lines after in-cell crosslinking, as well as
upon expression of p97 trapping mutants in the absence of cross-
linker, thus establishing MYOF as a novel p97 interactor.

MYOF localizes to early, late, and recycling endosomal
compartments

The ferlin family member MYOF is a 230 kDa, tail-anchored mem-
brane protein comprising ferlin homology and multiple C2 domains
involved in membrane tethering (Bulankina and Thoms, 2020).
MYOF was initially found to be involved in myoblast fusion during

Volume 34 December 1, 2023

embryonic development, skeletal muscle regeneration, and repair
(Doherty et al., 2005; Demonbreun et al., 2010a, 2010b), but has
since been implicated in multiple trafficking events along the secre-
tory and endocytic pathways (Doherty et al., 2008; Bernatchez et al.,
2009; Demonbreun et al., 2010b; Turtoi et al., 2013; Redpath et al.,
2016; Bulankina and Thoms, 2020). To get further insights into the
significance of the interaction between p97 and MYOF, we deter-
mined the interactome of endogenous MYOF after in-cell crosslink-
ing and compared it to the p%7 interactome described above
(Figure 2, A-C). Besides p97, a number of proteins with functions in
endocytic trafficking were identified as MYOF interactors (Figure 2A;

Role of p97 in Endocytic Recycling | 5
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p97 and MYOF colocalize at Rab11- and Rab14-positive compartments.
(A and B) Hela cells ectopically expressing GFP-Rab11 (A) or GFP-Rab14 (B) were incubated for
3 h with vehicle (DMSO) or with the p97 inhibitors NMS-873 or CB-5083 (10 uM) and subjected
to confocal immunofluorescence microscopy for the detection of endogenous p97, endogenous
MYOF, and Rab11 (A) or Rab14 (B), respectively. Colocalization of p97 with MYOF and Rab11/
Rab14 is highlighted by arrowheads in the blowups. Scale bars, 20 um.

Supplemental Tables S2 and S4) and, intriguingly, several of these
proteins were also present in the p97 interactome (Figure 2B). At the
two highest significance levels, shared interactors included the p97
cofactor PLAA, the endosomal Rab proteins Rab14, Rab11, and
Rab7, the transferrin receptor CD71 (also known as Transferrin re-
ceptor 1, TfR1), and 37 additional proteins (Figure 2C; Supplemental
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Table S2). The early endosomal protein
Rab5 was also identified in both interac-
tomes, albeit with lower significance. These
results suggested the possibility that MYOF
and p97 are both present at endosomal
compartments. Because the subcellular lo-
calization of endogenous MYOF had so far
not been analyzed systematically in Hela
cells, we performed confocal immunofluo-
rescence microscopy using antibodies spe-
cifically detecting MYOF (Supplemental
Figure S2, A and B) in combination with vari-
ous markers of endosomal compartments.
We found that endogenous MYOF was
present in punctate, presumably vesicular
structures that colocalized to varying extents
with the early endosomal markers Rab5
(wild-type and constitutively active mutant;
Figure 2, D and E) and EEA1 (Figure 2F),
with the late endosomal marker Rab7
(Figure 2G) and with the lysosomal marker
CD63 (Figure 2H). A strong colocalization
was observed with Rab11 (Figure 2I) and
Rab14 (Figure 2J), indicating that MYOF is
not only present at compartments of the en-
dolysosomal pathway, but also at REs. In
support of this conclusion, MYOF also colo-
calized with CD71, a well-established cargo
of endocytic recycling pathways (Figure 2K).
Plot profiles confirmed the partial colocal-
ization of MYOF with the endocytic markers
(Supplemental Figure 3), and an object-
based quantification of colocalization re-
vealed that MYOF indeed localized to about
40% of the Rab14- and 50% of the Rab11-
positive puncta, respectively (Figure 2L).

p97 colocalizes with MYOF at recycling
endosomal compartments

Next, we investigated whether p97 colocal-
izes with MYOF. To that end, we performed
confocal immunofluorescence microscopy
of Hela cell pools expressing the dominant-
negative p97 trapping mutants, using an
antibody that specifically detects p97 (Sup-
plemental Figure S2, C-E). Upon ectopic
expression of wild-type p97 or the D1 mu-
tant E305Q, no costaining could be ob-
served between the punctate pattern of
MYOF-positive vesicular structures and the
diffuse and granular p97 signal (Figure 3). By
contrast, and consistent with their stabilizing
effect in the IP experiments described
above, expression of the trapping mutants
E578Q and EQEQ resulted in the formation
of punctate, p97-positive structures that
partially colocalized with MYOF (Figure 3, A and B; Supplemental
Figure S4). These punctate structures could be costained by FLAG
and p97 antibodies, confirming that they contain trapped p97 com-
plexes (Supplemental Figure S2E). Similar results were obtained for
endogenous p97 in parental Hela cells treated with the pharmaco-
logical p97 inhibitors NMS-873 and CB-5083 (Magnaghi et al., 2013;

Molecular Biology of the Cell
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The p97 cofactor PLAA and MYOF partially colocalize at early- and recycling-endocytic compartments.
(A) The interaction of p97 and MYOF depends on PLAA. CRISPR-engineered PLAA KO and control Hela cell pools were
treated with DSP and subjected to IP with a p97 antibody or with unspecific IgGs as indicated, followed by
immunoblotting against p97, MYOF, and PLAA. (B) Quantification of the results shown in A. The MYOF signals in the
p97 IPs were normalized to the signal of immunoprecipitated p97 in the same lane. Shown is the mean £ SD; n=3
biological replicates, t test (two-tailed, paired, equal variance), ***p < 0.001. (C, D) Confocal immunofluorescence
microscopy of Hela cells ectopically expressing GFP-Rab11 (C) or GFP-Rab14 (D), costained for endogenous PLAA and
MYOF. Colocalization of PLAA and MYOF with Rab11/Rab14 is marked with arrow heads in the blowups. (E and F) Plot
profiles (right panels) were generated along the yellow arrows in the merged images shown in C and D, respectively
(left panels). The line colors of the plots correspond to the three channels of the immunofluorescence image. Peaks
overlapping in all three channels are marked with black arrowheads. Scale bars, 20 pm.

Anderson et al., 2015), which inhibit the ATPase activity of p97 by
different mechanisms and thereby stabilize the association of p97
with cofactors, substrates, and subcellular structures (Her et al.,
2016; Xue et al., 2016; Huang et al., 2018). While hardly any colocal-
ization of endogenous p97 and MYOF was detected in DMSO-
treated control cells, both inhibitors induced the formation of p97-
positive punctate structures that showed partial colocalization with
MYOF (Supplemental Figure S5). Given the strong colocalization of
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MYOF with Rab11- and Rab14-positive structures (Figure 2, | and J),
we next tested whether endogenous p97 and MYOF colocalize at
these structures in the presence of p97 inhibitors (Figure 4). Intrigu-
ingly, several of the p97 puncta induced by the inhibitors were found
to costain for both MYOF and GFP-Rab11 (Figure 4A; Supplemental
Figure S6, A-C; in 10%-20% of the cells) or GFP-Rab14 (Figure 4B;
Supplemental Figure S6, D and E; in up to 10% of the cells), respec-
tively. Thus, a subpopulation of p97 localizes to vesicles that are

Role of p97 in Endocytic Recycling | 7
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p97 localizes to REs. (A and B) Hela cells ectopically expressing Rab11-GFP (A) or
Rab14-GFP (B) were treated with vehicle (DMSO) or with the p97 inhibitors NMS-873 or
CB-5083 (10 pM) for 3 h and labeled with a fluorescent Tf conjugate for 30 min. Confocal
immunofluorescence microscopy detecting p97, Tf, and Rab11 (A) or Rab14 (B), respectively.
Colocalization of p97 with Tf and Rab11/Rab14 is highlighted by arrowheads in the blowups.
Scale bars, 20 pm.

positive for MYOF and Rab11 or Rab14, indicating that p97 and
MYOF associate with REs.

PLAA mediates the interaction between p97 and MYOF

Protein—protein interactions of p97 are usually controlled by cofac-
tors (Buchberger et al., 2015). PLAA, which has recently been impli-
cated in the endolysosomal degradation pathway (Hall et al., 2017),
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was the only cofactor identified as shared
interactor of p97 and MYOF with high sig-
nificance in our proteomic analyses (Figure
2, A-C). To test for a potential involvement
of PLAA in the interaction between p97 and
MYOF, we performed p97 IPs using DSP-
crosslinked lysates of control and PLAA
knockout (KO) Hela cell pools (Figure 5, A
and B). Intriguingly, the amount of MYOF
coprecipitating with p97 was reduced by
more than 60% in the absence of PLAA. To-
gether with the parallel enrichment of PLAA
and MYOF observed in immunoprecipitates
of p97 trapping mutants (Figure 1C), these
data suggest an important role of PLAA for
the binding of MYOF to p97. We therefore
tested whether PLAA, like p97, colocalizes
with MYOF at REs, using Hela cells express-
ing GFP-Rab11 or GFP-Rab14 and an anti-
body specifically recognizing PLAA in im-
munofluorescence experiments
(Supplemental Figure S2F). A small fraction
of PLAA associated indeed with endosomal
structures positive for Rab11 and Rab14, re-
spectively, as well as for MYOF (Figure 5,
C-F). Taken together, these data show that
PLAA mediates the interaction between p97
and MYOF and partially colocalizes with
MYOF at REs.

Merge

P97 localizes to REs and promotes
transferrin recycling
Tf and its receptor CD71 are well-studied
cargos for Rab14- and Rab11-dependent
endocytic recycling. In this recycling path-
way, CD71 binds extracellular iron-loaded
Tf, and the complex is internalized by clath-
rin-mediated endocytosis. After the release
of ferric iron in EEs, the T~CD71 complex is
transported back via Rab14- and Rab11-
positive vesicles to the PM, where Tf is re-
leased (Grant and Donaldson, 2009; Linford
et al., 2012; Mayle et al., 2012; Wandinger-
Ness and Zerial, 2014). Given the partial co-
localization of p97 and PLAA with Rab11
and Rab14, we next tested whether p97 as-
sociates with actively REs. To that end, we
labeled Hela cells for 30 min with a fluores-
cent Tf conjugate and determined its colo-
calization with p97 and Rab11 (Figure 6A) or
Rab14 (Figure 6B) in the absence and pres-
ence of p97 inhibitors. In DMSO-treated
cells, Tf frequently colocalized with Rab11
and Rab14, as expected, whereas p97 sig-
nals were diffusely distributed and did not
costain Tf-positive REs. By contrast, in the presence of NMS-873 or
CB-5083, p97 was additionally present in punctate structures, some
of which were double-positive for Tf and Rab11 or Rab14, respec-
tively, and therefore represented bona fide REs (Figure 6, A and B,
arrowheads; Supplemental Figure S7).

To test whether p97 plays a functional role in endocytic recy-
cling, we monitored the recycling of Tf in the presence and
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of the Tf signals detected in the YL2-A channel at the indicated, rainbow color-coded timepoints. (C) Quantification of
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(p > 0.05).

absence of p97 inhibitors by confocal microscopy. We incubated
Hela cells with fluorescently labeled Tf for 5 min, washed away
unbound Tf, and followed the time-dependent decay of fluores-
cence signals, which reflects Tf recycling and release to the me-
dium (Figure 7A; Supplemental Figure S8). In control cells, most
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fluorescent Tf disappeared between 20 and 30 min after washout.
By contrast, cells pretreated with CB-5083 and in particular NMS-
873 showed residual Tf signals after 30 min, indicating delayed
recycling. To obtain quantitative data, we determined the decay
of Tf fluorescence over time by FACS analysis (Figure 7B). After
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FIGURE 8: Schematic summarizing roles of p97 in endosomal
trafficking. Cargo is endocytosed at the PM and delivered to an EEs.
From the vacuolar domain of the EE, cargo is internalized into an ILV
in a process dependent on p97 and its cofactors PLAA and UBXD1
(magenta pathway). The ILV-carrying endosome matures into a LE and
subsequently fuses with lysosomes for cargo degradation.
Alternatively, cargo is sorted from the tubular domain of the EE for
recycling to the PM via a RE in a process involving p97 and
presumably PLAA (green pathway). Key Rab protein characteristic for
the distinct endosomal (sub)compartments are indicated. For the sake
of clarity, (endo)lysosomes, intermediate compartments of the
recycling pathway as well as the direct, rapid recycling from EEs to
the PM have been omitted. MYOF is implicated in endocytosis,
endolysosomal degradation, and endocytic recycling, but its precise
function in these processes remain unknown.

normalization to the zero-minute timepoint, the inhibitor-treated
cells showed a statistically significant delay in Tf recycling (Figure
7, C and D) with increased half-lives of ~ 33 (CB-5083) and 41
(NMS-873) min, compared with 29 min for control cells. Taken to-
gether, these results demonstrate that p97 is present at REs and
that its activity is important for the efficient recycling of endocytic
cargo.

DISCUSSION
In this study, we identified the membrane repair and trafficking fac-
tor MYOF as a novel, PLAA-dependent p97 interactor and showed
that subpopulations of endogenous p97, PLAA, and MYOF associ-
ate with Rab11- and Rab14-positive, bona fide REs. Pharmacologi-
cal inhibition stabilized the association of p97 with Tf-positive REs
and delayed Tf recycling, demonstrating a role of p97 in the recy-
cling of endocytic cargo.

p97 possesses multiple, mechanistically still poorly understood
functions in endocytic trafficking (Figure 8). On the one hand, p97
was shown to restrict the size of EEs, presumably by controlling the
oligomeric state of the Rab5 effector EEA1 (Ramanathan and Ye,
2012). On the other hand, expression of MSP1-causing mutant p97
as well as depletion of the p97 cofactor UBXD1 was shown to inter-
fere with normal endolysosomal trafficking of caveolins, causing their
accumulation at the limiting membrane of enlarged endosomal struc-
tures (Ritz et al., 2011). Similarly, deletion of PLAA and expression of
disease-linked mutant PLAA were shown to interfere with the recruit-
ment of ESCRT-0 to EEs and with the formation of ILVs, resulting in
the enrichment of EGF-EGFR cargo complexes at the endosomal
membrane (Hall et al., 2017). Taken together, the latter two studies
establish that p97, UBXD1, and PLAA function in the sorting of endo-
cytic cargo at/into the vacuolar domain of EEs and/or the formation
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of ILVs, thereby promoting lysosomal degradation. The present study
adds another role for p97 in endocytic trafficking, as p97 also associ-
ates with REs (Figures 4 and 6) and p97 activity is needed for the ef-
ficient recycling of endocytic cargo (Figure 7). While an involvement
of p97 in Tf recycling has been proposed before (Ramanathan and
Ye, 2012), it should be noted that this claim was solely based on an
experiment employing the small-molecule inhibitor eeyarestatin |
(Eerl), which in addition to p97 potently inhibits Secé1-dependent
protein translocation, thereby inducing rapid Ca?* leakage from the
endoplasmic reticulum (Gamayun et al., 2019). Thus, it cannot be
ruled out that the effects of Eerl on Tf recycling observed by Ramana-
than and Ye were actually caused by elevated cytosolic Ca®* concen-
trations or a perturbed secretory pathway. By contrast, our qualitative
and quantitative assays demonstrate that the two state-of-the-art p97
inhibitors, NMS-873 and CB-5083, induce a delayed recycling of Tf,
thus reliably establishing a function of p97 in endocytic recycling.
Together with the recently identified roles of p97 in the removal of
damaged lysosomes by selective autophagy (Papadopoulos et al.,
2017) and in the dynamics of tubular lysosomal structures in fly mus-
cle (Johnson et al., 2015), p97 has thus emerged as a key factor in
endosomal trafficking and lysosomal homeostasis.

The precise function of p97 in endocytic recycling remains un-
clear. The association of the ubiquitin-binding cofactor PLAA with
REs (Figure 5, C-F) and the PLAA-dependent interaction between
p97 and MYOF (Figure 5, A and B) suggest an involvement of the
ubiquitin system. However, while the posttranslational modifica-
tion with ubiquitin is a well-established sorting signal for the
ESCRT-mediated internalization of endocytic cargo into ILVs
(Raiborg and Stenmark, 2009), no unifying model for the role(s) of
the ubiquitin system in endocytic recycling has emerged yet (Berlin
et al., 2023). Of note, it has been shown that HACE1-mediated
ubiquitylation activates Rab11 to promote the normal endocytic
recycling of CD71 and the B2-adrenergic receptor (Lachance et al.,
2014). Moreover, the RE-associated Rab11 effectors Rab11-FIP1/2,
EHD1, and MICALL1 have been reported to be ubiquitylated by
RFFL and other E3 ligases (Sakai et al., 2019), and the modification
of the Wiskott-Aldrich syndrome protein and SCAR homolog
(WASH) complex subunit WASH1 with Ké3-linked ubiquitin chains
by the E3 ligase MAGE-L2-TRIM27 activates WASH to nucleate
actin polymerization at REs (Hao et al., 2013). Interestingly, the
WASH subunit WASHC5/Strumpellin was previously identified as a
p97 interactor (Clemen et al., 2010), raising the interesting possi-
bility that p97 could be involved in WASH complex activation.
For the novel p97 interactor MYOF, 77 ubiquitylation sites identi-
fied in various global proteomics projects are annotated in the
BioGRID database (Oughtred et al., 2021). However, we failed to
obtain direct evidence for a substantial ubiquitylation of endoge-
nous MYOF, and treatment with pharmacological inhibitors of the
26S proteasome, p97, the ubiquitin E1 enzyme or deubiquitylating
enzymes did not result in significant changes of total MYOF levels
(unpublished data). While these findings make a role of p97 and
the ubiquitin system in the degradation of bulk MYOF unlikely,
they do not exclude the possibility that a subpopulation of MYOF
is degraded in a ubiquitin- and/or p97-dependent manner, or that
MYOF is (multiply?) monoubiquitylated in a nonproteolytic con-
text. Alternatively, p97 and MYOF may be part of a protein com-
plex at early or recycling endosomal compartments that is involved
in cargo sorting/recycling. In support of this possibility, MYOF was
shown to prevent the ubiquitylation and degradation of the consti-
tutively recycled vascular endothelial growth factor receptor
VEGFR2 (Bernatchez et al., 2007) and to promote Tf recycling
together with EHD2 (Doherty et al., 2008). In either case, the
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identities of (ubiquitylated) p97 targets critical for endocytic recy-
cling remain to be determined.

Interestingly, a truncating MYOF mutation was recently identi-
fied in a patient presenting with a combination of cardiomyopathy
and limb-girdle type muscular dystrophy (Kiselev et al., 2019). This
adds MYOF to the growing list of genes linked to endosomal pro-
cesses that are mutated in neuromuscular disorders, including VCP
(Pfeffer et al., 2022), PLAA (Hall et al., 2017), CHMP2B encoding an
ESCRT-II subunit (Skibinski et al., 2005), WASHC4 encoding Swip
(Gangfuss et al., 2022), WASHC5 encoding Strumpellin (Valdmanis
et al., 2007), and many others (Toupenet Marchesi et al., 2021; Gar-
cia-Cazorla et al., 2022), which emphasize the high medical rele-
vance of endosomal pathways and may suggest overlapping func-
tions for some of the affected gene products. Our study linking p97,
PLAA, and MYOF is in line with this suggestion and provides a start-
ing point for future mechanistic analyses.

MATERIALS AND METHODS
All materials used, including antibodies, cell lines, and reagents, are
listed in Supplemental Table S1.

Mammalian cell culture

Hela cells (ATCC; CCL-2) and their derivatives, A549 (ATCC;
CCL-185), and HEK293T (ATCC; CRL-3216) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 1% penicillin/ streptomycin in a
humidified atmosphere with 5% CO, at 37°C. Additional antibi-
otics were added to the culture media for HeLa pINDUCER20 cell
pools (400 pg/ml G418) and HelLa KO cell pools (2 ug/ml puro-
mycin). Cell lines were tested for mycoplasma contamination
every 4-6 mo.

To generate Hela cell pools ectopically expressing p97, coding
sequences for wild-type and ATPase-deficient p97 including an N-
terminal FLAG epitope tag were cloned into the lentiviral vector pIN-
DUCER20 (Addgene plasmid #44012; gift from Stephen Elledge;
Meerbrey et al., 2011). After production of recombinant lentiviruses
in HEK293T cells by cotransfection of the pINDUCER20 constructs
with pMD2.G and psPAX2 (Addgene plasmids #12259 and #12260;
gifts from Didier Trono), Hela cells at 40-60% confluence were trans-
duced with lentivirus-containing supernatant mixed with polybrene
to a final concentration of 8 ug/ml. Twenty hours after transduction,
fresh culture medium containing 1 mg/ml G418 was added and se-
lection was performed for 12 d. Expression of FLAG-tagged p97
variants was induced by addition of 500 ng/ml| doxycycline for 22 h.

To generate Hela KO cell pools, recombinant lentiviruses were
produced as described above using pools of 3-4 pLentiCRISPRv2-
derived plasmids encoding gRNAs targeting the human PLAA and
VCP genes, respectively (Wegner et al., 2019; gift from Manuel
Kaulich). The following gRNA sequences were used: PLAA-
KO-1-R_21, CCGGTGGCAATTAGGCCATG; PLAA-KO-2-R_132,
CTGATAGGCTTCGACTTTCT; PLAA-KO-3-R_35, GAGTTGATC-
CATTTACAGGT; PLAA-KO-4-R_2, TGGTTAACTGCATACAACTT;
VCP-KO-2-R_86, CCGATGTCTTCCCAGGTTAC; VCP-KO-3-R_143,
CTTCGCAGTGGATCACTGTG; VCP-KO-4-R_171,ACATGCC CGT-
GAGTCTCATT; Non-Human-Target-309-KO-1-R_156, AACATGAC-
GTTCAAGATTGG; Non-Human-Target-365-KO-5-R_5, ACCACTG-
TTCTACGCGCAGG; Non-Human-Target-415-KO-2-R_24, TTGAAC-
GGGCCGCGGAAGCG; Non-Human-Target-42-KO-15-R_115, CCC-
GCATGACACCGTCACTT. Recombinant lentiviruses were used to
transduce Hela cells as described above. Forty-eight hours after
transduction, fresh culture medium containing 2 pg/ml puromycin was
added, and the cell pools were kept under constant selection.
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For the ectopic expression of MYOF-HA (pCDNA3.1-MYOF-HA;
Addgene plasmid #22443; gift from William Sessa; Bernatchez
etal., 2007), GFP-Rab5WT (pEGFP-Rab5; Addgene plasmid #49888;
gift from Marci Scidmore), GFP-Rab5QL (pEGFP-Rab5CA(QL);
Addgene plasmid #35140; gift from Sergio Grinstein; Bohdanowicz
et al., 2012), GFP-Rab7 (pEGFP-Rab7; gift from Reinhard Jahn;
Pavlos et al., 2010), GFP-Rab11 (pEGFP-Rab11; Addgene plasmid
#12674; gift from Richard Pagano; Choudhury et al., 2002), and
GFP-Rab14 (pEGFP-Rab14; gift from Reinhard Jahn; Pavlos et al.,
2010), cells were transfected at 50% confluence using polyethyleni-
mine and analyzed 24 h (immunofluorescence) or 48 h (IP) after
transfection. For siRNA-mediated depletions, cells were seeded in
12-well plates and transfected with 50 nM siRNA using 1.5 pl Oligo-
fectamine (Thermo Fisher) diluted in 125 pl Opti-MEM per well in a
final volume of 1 ml. After 20 h, the medium was changed and the
knockdown was continued for a total of 72 h.

In-cell crosslinking

Cells were grown to 80-90% confluence on 15-cm dishes, washed
two times with phosphate-buffered saline (PBS), and incubated with
DSP (0.8 mM final conc. in PBS) for 30 min at room temperature.
Then, the crosslinker was quenched with 25 mM Tris/HCI pH 7.6 for
10 min at room temperature and the supernatant was removed. The
cells were collected in PBS, harvested by centrifugation, and the cell
pellet was flash frozen in liquid nitrogen and stored at -80°C.

IP experiments

For IP of p97 or MYOF, the frozen pellets of crosslinked cells were
resuspended in lysis buffer (50 mM Tris pH 7.6, 150 mM NaCl,
2 mM MgCly, 1% Nonidet P40, 10% glycerol) containing protease
inhibitors (1 mM PMSF, 1x Roche complete protease inhibitor mix)
and incubated for 10 min on ice. Cell debris was removed by cen-
trifugation, and the protein concentration of the supernatants was
determined with the 660 nm Protein Assay Kit (Pierce) and adjusted
to same input levels as appropriate. Supernatants were precleared
by incubation with 20 pl of protein G sepharose beads (1 h, 4°C) on
a rotating wheel. The precleared supernatants were incubated with
specific antibodies as indicated (p97, HA: 6 ug; MYOF: 10 pg) or
with the appropriate unspecific control IgGs (IgG, rabbit; 1gG2a,
mouse) for 1 h at 4°C on a rotating wheel, before 25 pl of protein G
sepharose beads were added for 2 h at 4°C. The beads were
washed twice with lysis buffer containing protease inhibitors, once
with lysis buffer without inhibitors, and once with Tris-buffered sa-
line (TBS). The immunoprecipitates were heat-denatured on the
beads in sample buffer, separated by SDS-PAGE and further ana-
lyzed by mass spectrometry or immunoblotting. For immunoblot
analysis, 1-2% of the total soluble lysate were loaded as inputs,
and 20-25% of the total immunoprecipitates were loaded as IP
samples.

Mass spectrometry

Proteins in NuPAGE LDS sample buffer (Life Technologies) were re-
duced with 50 mM DTT at 70°C for 10 min, alkylated with 120 mM
iodoacetamide at room temperature for 20 min, and separated on
NuPAGE Novex 4-12% Bis-Tris gels (Life Technologies) in MOPS
buffer according to manufacturer's instructions. Gels were washed
three times for 5 min with water and stained for 45 min with Simply
Blue Safe Stain (Life Technologies). After washing with water for 2 h,
each gel lane was cut into 15 slices. For in-gel digestion, the excised
gel slices were destained with 30% acetonitrile, shrunk with 100%
acetonitrile, and dried in a vacuum concentrator. Trypsin digest was
performed overnight at 37°C in 0.05 M NH4HCO3 (pH 8), using
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0.1 pg of protease per slice. Peptides were extracted from the gel
slices with 5% formic acid.

NanolLC-MS/MS analyses were performed on an Orbitrap Fusion
(Thermo Fisher Scientific) equipped with a PicoView lon Source
(New Objective) and coupled to an EASY-nLC 1000 (Thermo Fisher
Scientific). Peptides were loaded on capillary columns (PicoFrit, 30
cm x 150 pm ID, New Objective) packed with ReproSil-Pur 120 C18-
AQ 1.9 um (Dr. Maisch), and separated with a 30 min linear gradient
from 3 to 30% acetonitrile and 0.1% formic acid at a flow rate of 500
nl/min. Both MS and MS/MS scans were acquired in the Orbitrap
analyzer with a resolution of 60,000 for MS scans and 15,000 for MS/
MS scans. HCD fragmentation with 35% normalized collision energy
was applied. A Top Speed data-dependent MS/MS method with a
fixed cycle time of 3 s was used. Dynamic exclusion was applied
with a repeat count of 1 and an exclusion duration of 120 s; singly
charged precursors were excluded from selection. Minimum signal
threshold for precursor selection was set to 50,000. Predictive AGC
was used with a target value of 5e5 for MS scans and 5e4 for MS/MS
scans. EASY-IC was used for internal calibration.

For raw data file processing, database searches and quantifica-
tion, MaxQuant version 1.5.7.4 was used (Cox and Mann, 2008). The
search was performed against the Homo sapiens reference proteome
database (Uniprot, UP0O00005640, 78,120 entries, download date
2021-09-09) and, additionally, a database containing common cell
culture contaminants. The search was performed with tryptic cleav-
age specificity with three allowed miscleavages. Protein identification
was under control of the false-discovery rate (FDR) (<1% false-discov-
ery rate on protein and peptide level). In addition to MaxQuant de-
fault settings, the search was performed allowing the following vari-
able modifications: Protein N-terminal acetylation, GIn to pyro-Glu
formation (N-term; Gln), and oxidation (Met). For protein quantita-
tion, the LFQ intensities were used (Cox et al., 2014). Proteins with
less than two identified razor/unique peptides were dismissed. The
mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository (Perez-
Riverol et al., 2022) with the dataset identifier PXD04116.

Further data analysis was performed using R scripts developed
in-house. For discrimination of unspecifically immunoprecipitated
proteins, LFQ intensities of IP control samples were quantile normal-
ized, and median intensities were calculated. Missing LFQ intensi-
ties in the control samples were imputed with values close to the
baseline. Data imputation was performed with values from a stan-
dard normal distribution with a mean of the 5% quantile of the com-
bined log10-transformed LFQ intensities and a SD of 0.1. For the
identification of significantly coimmunoprecipitated proteins, box-
plot outliers were identified in intensity bins of at least 300 proteins.
Log2 transformed protein ratios of IP versus control with values out-
side a 1.5x (potential) or 3x (extreme) interquartile range, respec-
tively, were considered as coprecipitated with significance levels
one and two, respectively.

Immunoblotting

For immunoblot analysis, cells were washed with PBS, resuspended
in 1x Laemmli sample buffer (0.001% bromophenol blue, 10% glyc-
erol, 2% SDS, 60 mM Tris-HCI, pH 6.8) supplemented with 100 mM
DTT, and denatured at 95°C for 5 min. Proteins were resolved by
SDS-PAGE and transferred onto PVDF membrane (Millipore) by
semidry blotting using 1x Tris-glycine buffer (192 mM glycine,
25 mM Tris base, pH 8.3) supplemented with 20% methanol. The
membrane was blocked with 5% milk in Tris-based saline with Tween
(TBST) (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20) and
incubated with the indicated primary antibody in blocking solution
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overnight at 4°C. The membrane was washed with TBST (3 x 5 min),
incubated with HRP-conjugated secondary antibody (Dianova) di-
luted 1:10,000 in blocking solution for 1 h at room temperature (RT),
washed again with TBST (3 x 10 min), and incubated with Clarity
Western ECL Substrate (Bio-Rad). Chemiluminescence signals were
detected using the Gel Doc XR+ system (Bio-Rad). Immunoblot im-
ages were processed by Image Lab software (Bio-Rad).

Immunofluorescence
Cells grown on coverslips to 60% confluence were washed twice
with PBS, fixed using 3.7% formaldehyde in PBS for 12 min at RT,
washed twice with cold PBS, permeabilized with 0.2% Triton X-100
and 1% bovine serum albumin (BSA) in PBS for 10 min at RT, washed
with PBS, and blocked by incubation with 1% BSA in PBS for one
hour at RT. Cells were incubated with the indicated primary antibod-
ies (diluted in 1% BSA in PBS) overnight at 4°C, washed for 5 min
with PBS, incubated with the appropriate fluorophore-coupled sec-
ondary antibodies for 2 h at RT, washed for 10 min with PBS, and
rinsed with water. For coimmunostaining with the Alexa Fluor 647-
p97 antibody conjugate, the conjugate was added together with
the secondary antibodies. Coverslips were mounted for microscopy
with mounting medium containing 4’,6-diamidino-2-phenylindole
(DAPI; Vectashield) or with ProLong Glass Antifade Mountant and
sealed with nail polish.

For Tf labeling, cells were washed twice with PBS and starved for
30 min in serum-free medium containing 25 mM HEPES pH 7.4 and
0.5% BSA. The cells were washed with cold PBS and labeled with
20 pg/ml Tf conjugated with Alexa Fluor 594 (Thermo Fisher; di-
luted in serum-free medium containing 25 mM HEPES pH 7.4 and
0.5% BSA) for 30 min at 37°C, washed twice with PBS and fixed. For
Tf recycling experiments, cells were incubated with the Tf conjugate
for 5 min at 37°C. The cells were washed with cold PBS and the
coverslips were transferred to prewarmed growth medium and
placed in the incubator. The cells were allowed to recycle Tf for the
indicated times, washed twice with cold PBS and fixed for 15 min
with 3.7% formaldehyde in PBS.

Microscopy and image processing

Confocal immunofluorescence microscopy was performed at the
Imaging Core Facility (Biocenter, University of Wirzburg) using a
Leica TCS SP2 confocal microscope equipped with an acousto-optic
beam splitter. Images were acquired using a 63x/1.4 oil immersion
objective and Leica confocal software. Where higher resolution was
required, 2x digital zooming was applied. Single planes or Z-stacks
were acquired using diode UV (405 nm), Ar (488 nm), DPSS (561 nm)
and HeNe (633 nm) lasers with PMTs set to 413-467 nm, 500—
550 nm, 581-650 nm and 650-750 nm, respectively. Image process-
ing was performed using Fiji (Schindelin et al., 2012). Plot profiles
along the arrows shown in the corresponding figures were gener-
ated using Fiji. For the object-based colocalization analysis of
Figure 2, D-K, the images were autothresholded using the Renji-
Entropy method after background substraction, and the Fiji plugin
CombDet v.0.5.5 was applied to quantify structures in both channels
as well as colocalizing puncta. In Figure 7A and Supplemental Figure
S8, maximum intensity projections of five to six planes are shown.

FACS analysis of transferrin recycling

Hela cells were grown on 15-cm dishes until 80-90% confluent. The
medium was removed and fresh medium containing DSMO, NMS-
873 (10 pM) or CB-5083 (10 pM) was added for 3.5 h. The cells were
washed twice with PBS and starved for 30 min in serum-free medium
containing 25 mM HEPES pH 7.4, 0.5% BSA and DSMO, NMS-873
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or CB-5083 as appropriate. The cells were washed with PBS, incu-
bated with 5 mM ethylenediaminetetraacetic acid in PBS for 5 min
at 37°C, and the supernatant was removed. The cells were har-
vested, collected by centrifugation at 4°C and washed twice with
cold PBS, before a control sample lacking transferrin was collected.
Cell pellets were resuspended in 1 ml cold serum-free medium con-
taining 25 mM HEPES pH 7.4, 0.5% BSA, 50 pg/ml transferrin con-
jugated with Alexa Fluor 594, and DSMO, NMS-873, or CB-5083 as
appropriate. Cells were incubated at 37°C for 5 min and washed
twice with cold PBS. Cell pellets were resuspended in prewarmed
growth medium containing DSMO, NMS-873, or CB-5083 as ap-
propriate. Cell samples were aliquoted and incubated for the indi-
cated times at 37°C. Subsequently, the samples were washed twice
with cold PBS, resuspended in 1 ml cold PBS and placed on ice.
Transferrin fluorescence was measured on an AttuneTM NxT Acous-
tic Focusing Cytometer (laser: 561 nm, detector/channel: YL2; filter:
620/15 nm) using AttuneTM NxT Software. The mean signal (YL2-A)
for 10,000 single cells was measured, background signal was sub-
tracted and the data was normalized to the time point O min. Mean
values and SDs were calculated from three independent biological
replicates, and statistical significance was determined using a two-
way ANOVA (Bonferroni's multiple comparison test). The data points
were fitted to single exponential decay functions using GraphPad
Prism 9.
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