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Abstract

To adapt in an ever-changing environment, cells must integrate physical and chemical signals and

translate them into biological meaningful information through complex signaling pathways. By combining

lipidomic and proteomic approaches with functional analysis, we have shown that UBTD1 (Ubiquitin

domain-containing protein 1) plays a crucial role in both the EGFR (Epidermal Growth Factor Receptor)
self-phosphorylation and its lysosomal degradation. On the one hand, by modulating the cellular level
of ceramides through ASAH1 (N-Acylsphingosine Amidohydrolase 1) ubiquitination, UBTD1 controls the
ligand-independent phosphorylation of EGFR. On the other hand, UBTD1, via the ubiquitination of
SQSTM1/p62 (Sequestosome 1) and endolysosome positioning, participates in the lysosomal
degradation of EGFR. The coordination of these two ubiquitin-dependent processes contributes to the
control of the duration of the EGFR signal. Moreover, we showed that UBTD1 depletion exacerbates
EGFR signaling and induces cell proliferation emphasizing a hitherto unknown function of UBTD1 in

EGF-driven cell proliferation.
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Introduction

All living organisms perceive variations in their environment and translate them into intracellular signals
via signaling pathways. In multicellular organisms, disturbances in this signal transduction mechanism

induce inappropriate cell behavior and are associated with a plethora of diseases including cancer.

Cellular signaling can be viewed as a finely tuned "space-time continuum” [1]. Receptors activated by
their ligands at the plasma membrane are endocytosed, then moved along endocytic compartments to
be routed to the lysosomes for final degradation or recycled back to the cell surface. Thus, the signal
delivered to the cell is the sum of the signals emitted by the activated receptor at the plasma membrane
and during its intracellular trafficking [2]. The responsiveness of these processes requires fast and
accurate control in space and time, which is mainly ensured by post-translational modification (PTM) of
proteins. Broadly, several aspects of cell signaling and receptor trafficking are regulated by proteolytic

or non-proteolytic ubiquitination [2-6].

Protein ubiquitination is a PTM that results in the covalent attachment of one or more ubiquitin to lysine
residues of the substrate [7-9]. Ubiquitin conjugation occurs in a sequential three-step enzymatic
process involving E1 (ubiquitin activation), E2 (ubiquitin conjugation), and E3 (ubiquitin ligation). In this
hierarchical framework, there are only two E1s, over 30 E2s and hundreds of E3s in human, illustrating
the large spectrum of E2s that contrasts with the high specificity of E3s in the recognition of substrates
[10, 11]. While the interaction of E3s with their substrates confers specificity to the system, E2s are more
versatile and are commonly considered as “ubiquitin carriers” with an auxiliary rather than control role.
However, the modulation of the functionality of E2/E3 complexes by scaffold proteins has been poorly

investigated and few proteins acting on these complexes have been characterized [11, 12].

Ubiquitin domain-containing protein 1 (UBTD1) is an evolutionarily-conserved protein which interacts,
both in vitro and in vivo, with some E2 and E3 enzymes of the ubiquitin-proteasome system (UPS) [13].
Recently, we have shown that UBTD1 controls the degradation of the transcriptional regulator YAP (yes-
associated protein) by modulating its ubiquitination [14]. Mechanistically, UBTD1 is a component of the
ubiquitination complex that allows the E3 ligase B-TRCP (beta-transducin repeats-containing proteins)
to interact with YAP. Coherent with this E2/E3 regulatory function, UBTD1 has been reported to stabilize

p53 (Tumor Protein P53) through ubiquitination and further degradation of MDM2 (Mouse Double Minute
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2), the E3 enzyme that degrades p53 [15]. Importantly, a decreased expression of UBTD1 is associated
with increased cancer aggressiveness and decreased overall patient survival in colorectal, liver,
prostate, and lung cancer [13, 14, 16]. Based on these evidences, we have previously suggested that

UBTD1 may be an E2/E3 scaffolding protein acting as a tumor suppressor [14].

To provide novel insights into UBTD1 functions, we here investigated the effect of its knock-down in a
cell model by combining lipidomic, proteomic and signaling screening. Through this integrated approach,
we have uncovered an important role of UBTD1 in Epidermal Growth Factor Receptor (EGFR)
degradation and signaling. Indeed, we showed that UBTD1 participates in the processing of EGFR-
positive vesicles and controls late endosome/lysosome positioning through p62/SQSTM1
(Sequestosome 1) ubiquitination. UBTD1 also regulates the ubiquitination of lysosomal ceramidase N-
Acylsphingosine Amidohydrolase 1 (ASAH1) and modifies membrane lipid composition to inhibit EGFR
auto-phosphorylation. UBTD1 coordinates in time and space the EGFR signaling pathway to avoid

persistent and inappropriate signaling leading to uncontrolled cell proliferation.
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Results

UBTD1 depletion induces EGFR self-phosphorylation by modifying membrane lipid composition
through ASAH1 ubiquitination

The molecular function of UBTD1 is still largely unknown and its cellular role remains elusive. To provide
insights into its cellular functions, we performed lipidomic, proteomic, and phospho-kinase array screens
in UBTD1-depleted cells (DU145). Using a phospho-kinase array, we observed that UBTD1 depletion
increased (> 1.5-fold) phosphorylation of JNK1/2/3, GSK3 a/f (S9/21) and EGFR (Y1086) (Figure 1A -
figure supplement 1A), EGFR phosphorylation presented the highest difference compared to control
cells (> 2-fold). To strengthen these observations, we confirmed by western-blot an increase in EGFR
phosphorylation (Y1086) at steady state, and we also noticed an increase in the total amount of EGFR
in UBTD1-depleted cells (Figure 1B). This observation led us to repeat the same experiment under
EGF stimulation (Figure 1C - figure supplement B). As compared to EGF-treated-control cells, UBTD1
depletion drastically increased (5 to 20-fold) the phosphorylation of PKB/Akt, B-catenin, GSK3 a/,
CREB, ERK 1/2, and EGFR. In UBTD1 depleted cells, the phosphorylation status of EGFR is the most
dramatically changed (15 to 20-fold), suggesting a close link between UBTD1 and EGFR. We then
evaluated the STAT3 signaling pathway, a well described target of EGFR [17, 18]. As expected, UBTD1
depletion increased STAT3 phosphorylation, nuclear translocation and STAT3 target gene expression:
Bcl-2, HIF-2, and MMP-2, -9 (Figure supplement C-E). These converging results indicate that UBTD1
depletion increases EGFR phosphorylation and amplifies signaling cascades downstream of EGFR.
We next wanted to elucidate the underlying mechanism by which UBTD1 controls EGFR
phosphorylation. In UBTD1-depleted cells, EGFR phosphorylation is increased at steady state (Figure
1A-B) without any change in EGF secretion (Figure supplement 1F). Thus, we performed a phospho-
kinase array in serum starved medium to test whether EGFR was activated independently of its ligand
(Figure 1D - figure supplement 1G) [19]. Although no growth factors were present in the medium, the
levels of EGFR phosphorylation and its downstream targets (Akt, ERK, CREB, STATSs) were still higher
in UBTD1-depleted cells than in control cells. This data led us to consider that UBTD1 depletion induces
ligand-independent EGFR phosphorylation.

Membrane lipid composition surrounding tyrosine kinase receptors can modulate their activation [20-
23]. Thus, we isolated cell membranes and performed a lipidomic analysis. UBTD1 depletion induces

major changes in membrane lipid composition and, notably, altered the ceramide subclass (Figure 2A-
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B). Next, by MALDI-TOF/TOF mass spectrometry, which detects the non-lipidic moieties and the identity
of the ceramide-backboned lipids, we identified a drop in GM2 and GM3 d18:1/16:0 gangliosides (Figure
2C-D). The GM3 ganglioside inhibits spontaneous EGFR autophosphorylation [20, 22]. To test whether
EGFR phosphorylation induced by UBTD1 depletion was caused by a decrease in GM3 content, we
added GM3 to the culture medium. In UBTD1-depleted cells, addition of GM3 restores, in a dose
dependent manner, the level of EGFR phosphorylation observed in control cells (Figure 2E), suggesting
that the increase in EGFR phosphorylation was due to a drop in GM3. To gain insight on how UBTD1
may alter ganglioside level, we performed an immunoprecipitation experiment using endogenous
UBTD1 as a bait. Next, by mass spectrometry we identify UBTD1 partners and associated proteins.
Using a mild stringency buffer (NP40) to preserve weak protein interactions, we identified a set of 463
proteins (Source data 1) distributed in different cell compartments including plasma membrane,
endolysosome, and endoplasmic reticulum (ER) (Source data 2). Among these proteins, only two are
involved in the metabolism of ceramides: ceramide synthase 2 (CerS2) and the lysosomal ceramidase
(ASAH1). The protein level of CerS2 was unaffected by UBTD1 invalidation while the level of ASAH1
was significantly increased (Figure 2F). In a prostate cancer cell line, it has been suggested that ASAH1
degradation is controlled by the proteasome [24]. To test whether UBTD1 participates in ASAH1
ubiquitination, we performed a ubiquitination assay (Figure 2G). UBTD1 knock-down drastically
reduced ASAH1 ubiquitination, indicating that UBTD1 is involved in ASAH1 degradation. Hence, we
provide compelling evidence showing that UBTD1 depletion induces EGFR phosphorylation by

modifying membrane lipid composition through impairment of ASAH1 ubiquitination.

UBTD1 is associated with EGFR and delays its lysosomal degradation

Although the change in the amount of ganglioside GM3 convincingly explains the effect of UBTD1
depletion on EGFR phosphorylation, it does not appear to solely account for the massive effect observed
in response to EGF treatment (Figure 1C). Indeed, we noticed that the change in EGFR phosphorylation
induced by UBTD1 depletion mainly reflects a major increase in total EGFR rather than phosphorylation
per se (Figure 1B), suggesting a predominant role of UBTD1 in EGFR expression or turn-over. To test
these two scenarios, we measured EGFR mRNA (Figure supplement 2A). No difference in the EGFR
mMRNA level between control and UBTD1 depleted cells was observed. Thus, we next evaluated the

effect of UBTD1 depletion on EGFR turn-over. To decipher the underlying mechanism, we clustered
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proteins identified in our proteomic experiment based on their STRING interaction scores [25] to sort
out the most relevant candidates (Figure supplement 2B-C). Consistent with the top-enriched pathway
analysis, we discriminated clusters of proteins involved in the ubiquitin-proteasome pathway, RNA
processing, cytoskeletal regulation and ER protein processing (Figure supplement 2D-E). Interestingly,
we identified a cluster centered on EGFR, suggesting that UBTD1 interacts directly with EGFR or with
EGFR-associated proteins (Figure supplement 2C). Therefore, we next hypothesized that UBTD1
depletion may impair EGFR ubiquitination. To test this possibility, we monitored by proximity ligation
assay (PLA) the interaction between ubiquitin and EGFR with or without EGF stimulation (Figure 3A).
As expected, in control cells, EGF treatment increased EGFR ubiquitination. In UBTD1 knock-down
cells, the amount of ubiquitinated EGFR increased similarly to control cells, demonstrating that UBTD1
depletion does not severely impair EGFR ubiquitination. Since the ubiquitination of the EGFR was not
modified, we then hypothesized that the intracellular trafficking of EGFR may be impaired. We first
determined the amount of EGFR at the cell surface. Using an EGF binding assay, we did not detect any
difference between control and UBTD1-depleted cells treated or not with EGF (Figure 3B). Next, we
performed a time-course of EGF/EGFR endocytosis up to their lysosomal degradation in a pulse-chase
experiment using a fluorescent-labeled EGF (Figure 3C). The amount of internalized EGF remained
constant during the first 30 minutes in both control and UBTD1 knock-down cells, ruling out an
internalization defect. In control cells, the amount of EGF started to decay at 120 minutes, whereas in
UBTD1-depleted cells degradation was delayed by at least one hour (Figure 3C). To determine in which
compartment the EGF/EGFR complex was delayed, we combined a pulse-chase of labeled-EGF with
immuno-localization of early endosomes (EEA1) or late endosome/lysosome (LAMP1) markers. The
arrival and departure of EGF in EEA1-positive compartments was similar in UBTD1-depleted and control
cells (Figure 3D), suggesting that UBTD1 depletion does not alter the first steps of EGFR intracellular
trafficking. However, the extent of colocalization between EGF and LAMP1 strongly increased from the
120 minutes time point in cells depleted for UBTD1 and remained significantly higher for the last two
time-points compared to controls (Figure 3E). These results underlined that UBTD1 depletion delays
the delivery of EGF/EGFR to the degradative lysosomal compartment or impairs the degradative

functions of lysosomes.
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UBTD1 depletion slows down EGFR degradation without affecting the overall endolysosomal
kinetics

We identified many endocytosis-associated proteins as potential UBTD1 interactors in our proteomic
analysis (Source data 1). Therefore, we first postulated that, in UBTD1-depleted cells, the delay in
EGFR degradation could reflect a more general failure of the endolysosomal degradation route. To
tackle this question, we analyzed the impact of UBTD1 knock-down on the endocytic compartment’s
morphology. During the pulse-chase of EGF, the size and number of EEA1- and LAMP1-positive
vesicles was unchanged between control and UBTD1-depleted cells (Figure supplement 3A-D).
Consistent with this, the number and morphology of the early endosomes, late endosomes, and
lysosomes were similar at the ultrastructural level (Figure supplement 3E-F). Although the endocytic
compartments were present and morphologically normal, the flux of cargoes along these compartments
could be altered. To test this possibility, we loaded the cells with quantum dots coupled to BSA (DQ-
BSA), a fluid phase cargo that fluoresces when reaching the lysosomes [26]. Both the number of DQ-
BSA positive vesicles and the total DQ-BSA intensity were unchanged between control and UBTD1-
depleted cells (Figure supplement 3G-l). Because the lysosomes were accessible to internalized
cargoes and were functional (DQ-BSA fluoresces when lysosomes are functional), it is thus likely that
the defect in EGFR degradation observed in UBTD1-depleted cells is not due to a general phenomenon
that disrupts the endolysosomal degradation pathway, but is rather restricted to a subset of proteins

including EGFR.

UBTD1 controls p62/SQSTM1 ubiquitination and endolysosomal vesicle positioning

The dynamic of organelles and inter-organelle contacts are essential to allow the exchange of biological
materials, but also for spatial coordination of complex cellular processes such as cellular trafficking. The
knock-down of UBTD1 does not alter the acidification of the lysosomes as determined with the DQ-BSA
nor EGFR trafficking kinetics along the endocytic compartment. Thus, an alternative hypothesis is that
UBTD1 affects the spatial positioning of endolysosomal vesicles. To test this proposal, we analyzed the
distribution pattern of the early endosome (EEA1) and the late endosome/lysosome (LAMP1) vesicles
in control and UBTD1-depleted cells. UBTD1 depletion does not affect the distribution of EEA1-positive
vesicles nor their colocalization with the ER marker calreticulin (Figure 4A - figure supplement 4A). In

contrast, UBTD1 depletion scatters LAMP1-positive vesicles and decreases the colocalization between
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LAMP1 and calreticulin (Figure 4B - figure supplement 4B). Consistent with this, in cells stably over-
expressing GFP-tagged UBTD1, the LAMP1-positive vesicles, but not the EEA1-positive vesicles, were
more clustered in the perinuclear region (Figure 4C-D). To validate this result further, we reproduced
this experiment in a human epithelial cell line (RWPE1). Again, UBTD1 over-expression lead to a
massive clustering of LAMP1-positive vesicles in the perinuclear region (Figure 4E). Taken together,
both over- and down-expression experiments support a role for UBTD1 in controlling the positioning of
the late endolysosomal degradative compartment.

To address how this defect in the positioning of the late endosome/lysosome impacts the degradation
of EGFR degradation, we generate a protein-protein interaction network centered around EGFR and
applied filters for cell compartment (Figure 4F). Using this approach, we identified a minimal interaction
network between EGFR and p62/SQSTM1. Next, we confirmed that p62/SQSTM1 co-
immunoprecipitated with UBTD1, demonstrating that these two proteins interact or, at least, are in the
same protein complex (Figure 4G). The ubiquitination of p62/SQSTM1 by the ER-resident E3 ligase
RNF26 was shown to organize molecular bridges for the endosolysosomal vesicles to localize in the
perinuclear region and is required for efficient cargoes transfer along the endolysosomal degradative
route [27].

As depicted in Figure 4H, UBTD1 knock-down drastically reduces p62/SQSTM1 ubiquitination
suggesting that the correct positioning of EGFR-positive vesicles for their efficient delivery to lysosomes

is disrupted by a defect in p62/SQSTM1 ubiquitination.

UBTD1 depletion triggers an EGFR-dependent cancer cell proliferation

UBTD1 coordinates an EGFR signaling response through the regulation of both the EGFR self-activation
and its reduced lysosomal degradation. We next determine how UBTD1 influences cell behavior
globally. Consistent with increased EGFR signaling, UBTD1 depletion increased cancer cell proliferation
(Figure 5A-B). Gefitinib, a FDA-approved EGFR inhibitor, abolished the pro-proliferative effect of
UBTD1 knock-down, demonstrating that this effect is EGF-dependent (Figure 5C). These results are
corroborated by in silico data analysis showing that the proteins that we identified using the UBTD1
immunoprecipitation experiment are associated with human carcinoma (Figure 5D) and predict a
cellular response to gefitinib (Figure 5E-F). Despite an absence of correlation at the mRNA levels,

UBTD1 mutational status is statistically correlated with EGFR protein levels and cancer patient survival
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rates (Figure 5G-l), partially illustrating the role of UBTD1 on EGFR-post-translational regulation in
prostate adenocarcinoma. Although further studies are required, this last observation unveils a plausible
link between UBTD1 and EGFR at the post-translational level in humans.

Collectively, we here showed that UBTD1 plays a pivotal role in the post-translational regulation of
EGFR (Figure supplement 5A). By modulating the cellular level of ceramides through ASAH1
ubiquitination, UBTD1 controls the ligand-independent phosphorylation of EGFR. Concomitantly,
UBTD1, via the ubiquitination of SQSTM1/p62 and positioning of late endosome/lysosome, participates
in the lysosomal degradation of EGFR. The coordination of these two ubiquitin-dependent processes
contributes to the control of the duration of the EGFR signal and cell proliferation. In conclusion, we
have highlighted a yet unsuspected role of UBTD1 on receptor signaling which could be of major
importance in certain human pathologies. Moreover, our data lead us to propose that UBTD1 may

represent a multistrata coordinator orchestrating EGFR signaling in space and time.
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Discussion

The ubiquitination process works in a hierarchical framework with few E2 enzymes allowing the
ubiquitination of many substrates by association with multiple E3 enzymes [11]. Previously, we found
that UBTD1 interacts with a subset of E2s to forms stable stoichiometric complexes [13]. Based on these
biochemical results, it seems very likely that UBTD1, through its interaction with some E2s, can modify
the ubiquitination of many proteins. lllustrating this assumption, we previously demonstrated that UBTD1
controls the ubiquitination of YAP (Yes Associated Protein) and similar findings have been reported for
MDM2 (Mouse double minute 2 homolog) [14, 15]. However, these two specific examples presumably
reflect only a small portion of the UBTD1 target proteins and, more importantly, of the cellular processes
regulated by UBTD1. By using a holistic approach, we here provide evidence that UBTD1 coordinates
the EGFR signaling pathway by controlling two distinct ubiquitin-mediated mechanisms. First, UBTD1
controls the self-phosphorylation of EGFR by modulating the ceramide (GM3) balance through the
ubiquitination of the acid ceramidase ASAH1. Additionally, UBTD1 controls the lysosomal degradation
of EGFR by adjusting the spatial patterning of late endosome/lysosomes and mediating the
ubiquitination of p62/SQSTM1. Together, the deregulation of these two molecular checkpoints causes
EGFR self-phosphorylation and increases intracellular EGFR lifetime which leads to the persistence of
its signaling and induces cell proliferation.

In UBTD1 depleted cells, the membrane lipid composition was altered. Notably the level of gangliosides
GM2 and GM3 was most affected. To investigate the underlying mechanism of this lipid switch, we
inspected the UBTD1 potential partners and identified ASAH1. ASAH1 is synthesized in the ER as an
inactive proenzyme and must be activated through autocleavage to become active in the lysosome [28,
29]. This process is fundamental since ASAH1 is prominently involved in a genetic lysosomal storage
disorder in human (Farber's disease) [30]. However, the regulatory mechanism remains unclear.
Interestingly, it has been reported in prostate cancer cells, that ASAH1 is regulated by the proteasome
and that the deubiquitinase USP2 modulates protein half-life, clearly suggesting that, ASAH1 is
controlled by a ubiquitination-mediated process before reaching the lysosome [24]. Our findings
reinforce this proposal by showing that UBTD1 acts on the ubiquitination of ASAH1. Furthermore,

ASAH1 has been described by others as a potentially interacting with the E3 ligase HERC2, which we
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also identified in our proteomic screen as a putative UBTD1 partner [31]. These data lead us to speculate
that the lysosomal content of ASAH1 could be regulated by a ubiquitination process mediated by UBTD1
and HERC2. This hypothesis, although interesting, is still speculative and needs to be further explored
in the future. Interestingly, Simmons ‘group nicely demonstrated that the ceramide GM3 prevents EGFR
self-phosphorylation [20]. In accordance with this work, we observed that UBTD1 depletion, by
decreasing cellular GM3 content, increases EGFR self-phosphorylation. In a broader view, we propose
that UBTD1 regulates EGFR self-phosphorylation by controling GM3 content through ASAH1
ubiquitination.

In UBTD1-depleted cells, the decrease in GM3 does not account, by itself, for the dramatic increase in
EGFR signaling induced by EGF treatment. Strikingly, we identified EGFR as a potential UBTD1
interactor. Furthermore, the total EGFR level is strongly increased in UBTD1-depleted cells, suggesting
a direct connection between UBTD1 and intracellular EGFR trafficking. Once the canonical clathrin-
dependent EGFR endocytosis is saturated by excess EGF, EGFR is rapidly routed toward lysosomal
degradation through clathrin-independent endocytosis [2, 32]. This critical switch is controlled by EGFR
ubiquitination [33, 34]. We and others showed by antibody-based and antibody-free methods that
UBTD1 is localized in various cell compartments including the plasma membrane, ER and vesicles [14,
35]. Therefore, we first speculated that UBTD1 was implicated in EGFR cargoes internalization through
ubiquitination of the receptor. Surprisingly, the depletion of UBTD1 had no effect either on the
ubiquitination of EGFR, or indeed on overall EGFR internalization. This finding indicates that UBTD1
acts on intracellular EGFR processing downstream of the internalization stage and independently of
EGFR ubiquitination. In a comprehensive genome wide screen analysis, it has been reported that
UBTD1 knock-down increases total EGF vesicle intensity, without major changes in vesicle number,
elongation, area or distance to the nucleus [36]. Consistent with this finding, we here demonstrate that
UBTD1 depletion drastically increases intracellular fluorescent-labelled EGF lifetime without altering the
morphology or the distribution of the early endocytic vesicles. To discriminate at which stage EGF
trafficking is corrupted, we analyzed EGF kinetics throughout its endolysosomal trafficking. These
functional experiments clearly emphasize that UBTD1 depletion only affects the Ilate
endosome/lysosome step of EGF transport while totally preserving the upstream EGF flux. To identify
proteins that could be regulated by ubiquination and may interfere with EGFR during this narrow space-

time frame, we generated a protein interaction network centered on EGFR using our proteomic-identified
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proteins. By this method, we uncovered a minimal interactome between EGFR, UBTD1 and
P62/SQSTM1. Interestingly, p62/SQSTM1 ubiquitination relies on a UBTD1-target E2s [37]. Thus, we
validated the interaction between UBTD1 and SQSTM1/P62 by Co-IP and demonstrated that UBTD1
participates in p62/SQSTM1 ubiquitination. As elegantly demonstrated by Jongsma et al., SQSTM1/P62
is necessary to control EGFR-positive vesicle spatial positioning. Briefly, ubiquitinated p62/SQSTM1
captures specific endolysosomal vesicle adaptors to permit transient ER/endolysosomal contacts which
are required for trafficking of some cargoes including EGFR [27]. Hence, we propose that UBTD1
impairs EGFR-positive vesicle positioning through a mechanism close to the one described by Jongsma
et al. [27]. Albeit a complete description of this process is difficult to demonstrate experimentally, the
depletion of UBTD1 leads to a strong reduction in the colocalization between calreticulin and LAMP1,
but not EEA1, confirming a defect in endolysosome/ER contact frequency. Additionally, the analysis of
LAMP1-positive vesicle distribution shows that UBTD1 depletion or overexpression drastically alters
lysosome distribution. Therefore, we could not exclude that UBTD1 depletion affects EGFR degradation
through both a defect in EGFR-positive vesicle positioning and an aberrant lysosome distribution via a
still elusive mechanism. This last hypothesis may be extended to other signaling receptors and clearly
needs further clarification.

Finally, EGFR plays a major role in cell proliferation and is frequently overexpressed or hyperactivated
in many epithelial cancer cells [38]. Considering the dual role of UBTD1 on EGFR autophosphorylation
and lysosomal degradation, we investigated the effect of a decrease in UBTD1 on cell proliferation.
Unsurprisingly, our results show that UBTD1 depletion exacerbates EGFR signaling and induces an
EGF-dependent cellular proliferation. This last finding underlines the importance of UBTD1 in EGF-
driven cell proliferation and may be further investigated in an EGFR hyper-activated state such as
cancer. Collectively, we here demonstrated that UBTD1 acts as a coordinator of EGFR signaling,
illustrating that the regulation of E2/E3 enzymes of the ubiquitination system by scaffold proteins may

represents a critical but still underestimated control layer for coordination of some signaling pathways.
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MATERIALS AND METHODS

Reagents and antibodies

EGF (10ng/ml) was purchased from PeproTech. Anti-UBTD1 (HPA034825), sodium chloride, DAPI,
Gefitinib (SML1657) and 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma-Aldrich. Anti-
HSP90 (sc-13119), anti-RhoGDI (sc-360) and anti-Ubiquitin (sc-8017) were purchased from Santa Cruz

Biotechnology. Anti-pSTAT3 (clone D3A7, 9145), anti-STAT3 (clone 124H6, 9139), anti-p-EGF receptor

(2234) and anti-EGF receptor (2232) were purchased from Cell Signaling. Anti-EEA1 (610457) and anti-
CD107a/LAMP1 (555798) were purchased from BD Biosciences. Anti-SQSTM1/P62 (GTX100685) was
purchased from Genetex. Anti-calreticulin-ER Marker (ab2907) was purchased from Abcam. DQ™ Red
BSA (D12051) was purchased from Invitrogen. Ganglioside GM3 (860058) was purchased from Avanti
Polar Lipids, HRP-conjugated donkey anti-mouse 1gG (715-035-150) and HRP-conjugated anti-mouse
IgG (711-035-152) were purchased from Jackson ImmunoResearch Laboratories. Epidermal Growth
Factor, biotinylated, complexed to Alexa Fluor 647 Streptavidin (Alexa Fluor 647 EGF complex) was

purchased from Molecular Probes, Invitrogen (E35351).

Cell culture

DU145 cells were purchased from the American Type Culture Collection (ATCC). All cells used in this
study were within 20 passages after thawing. DU145 cells were cultured (37°C, 5% COz) in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (Gibco) and
Penicillin/Streptomycin (1%, Gibco). The RWPE-1 cell line was obtained from ATCC (CRL-11609).
RWPE-1 cells were maintained in KSFM (Life Technologies) supplemented with 5 ng/mL Epidermal
Growth Factor (Life Technologies), 50 mg/mL Bovine Pituitary Extract (Life Technologies) and 1%
Penicillin-Streptomycin (Life Technologies). The cells were routinely cultured in a humidified atmosphere

with 5% CO2 at 37 °C.

siRNA and plasmid transfection
Transfections were performed with Lipofectamine RNAIMAX according to the manufacturer's
instructions (Invitrogen) using siRNA SMARTpool ON-TARGETplus Human UBTD1 (80019) or ON-

TARGETplus Non-Targeting Control siRNAs) (GE Healthcare). Lipofectamine 2000 was used for
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plasmid transfection according to the manufacturer’s instructions (11668, Invitrogen). Histidine-tagged
ubiquitin (pCl-His-hUbi, #31815) and Ha-tagged p62 (HA-p62, #28027) plasmids were purchased from
Addgene. DNA constructs corresponding to the mature form of human UBTD1 were subcloned from
pEGFP-N1 (Novagen) to a retroviral vector compatible plasmid (PPRIG) [39]. Cells were transduced

with an MLV-based retroviral vector and selected by puromycin.

Human phospho-kinase antibody array

Relative phosphorylation levels of 43 kinases and 2 related proteins were assessed using the Proteome
Profiler Human Phospho-Kinase Array Kit (R&D Systems), according to the manufacturer’s instructions.
In brief, cell lysates were incubated overnight with nitrocellulose membranes of the Human Phospho-
Kinase Array (R&D Systems). Membranes were then washed, incubated with biotinylated detection
antibody cocktails, and then incubated with streptavidin-horseradish peroxidase and visualized using
ECL (Millipore) and analyzed on Pxi (Syngene). The signal of each capture spot was measured using

the ‘Protein Array Analyzer for ImageJ’ and normalized to internal reference controls.

Cell proliferation assay

48 hours after siRNA transfection, cells were seeded at 5 x 104 cells/well in a 96-well plate and cultured
for 24 hours prior to experiment. All conditions were performed in triplicate. Cells transfected with control
siRNA served as control. Proliferation was measured using the Cell Proliferation ELISA BrdU kit (Roche
Diagnostics GmbH), according to the manufacturer’s instructions. Briefly, cells were labeled with BrdU
at a final concentration of 10 uM/well, for 12 h at 37°C. The cells were then denatured with FixDenat
solution and incubated for 120 min with 1:100 diluted mouse anti-BrdU conjugated to peroxidase. After
two washings (PBS 1X), the substrate solution was added for 25 min and, after this period, the reaction
was stopped with 1 M H2S04 solution. Absorbance was measured within 5 min at 450 nm with a

reference wavelength at 690 nm using an ELISA plate reader.

Kinetic growth assay
Cells were transduced with NucLight Red Lentivirus and selected with puromycin (XXXug/ml) for 2
weeks (Essen Biosciences). After siRNA transfection cells were allowed to grow (12 well plates) for 48h

under a live cell imaging system (Essen Biosciences). The experiments were carried out 3 times
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independently. Nine images per well (6 wells per condition) were taken every 2 hours for 48h and
analyzed with the Incucyte analysis software. The proliferation rate was calculated with the slope

between 0-48h.

Immunofluorescence & pulse-chase

For immuno-fluorescence analysis, the cells were fixed with PBS/PFA 4% for 10 min and permeabilized
with PBS/Triton 100X 0.2% for 5 min. After blocking with PBS/BSA 0.2% for 1h, the cells were then
incubated with primary antibodies (1/100) at room temperature for 1 h. Secondary antibodies coupled
with Alexa-594 and/or Alexa-488 (A-11012, A-11001, Life technologies) were used at 1/500 for 1h.
Nuclei were counterstained with DAPI (Sigma-Aldrich). For the pulse-chase experiments, the cells were
incubated for 10 min with 100 ng/ml of EGF-alexa647 at 4°C and chased with fresh media for 0, 5, 10,
30, 60, 120, 180 and 240 minutes at 37°C [36]. Then, the cells were washed, fixed and immunolabelled
as described above. Images were obtained in a randomized fashion using an LSM510 confocal
microscope (Zeiss) and a Nikon A1R confocal. At least 20 images per condition were analyzed using
the unbiased multiparametrics MotionTracking software, as previously described (generous gift from Dr

Y. Kalaidzidis, Marino Zerial’s lab) [40, 41].

Electron microscopy

For ultrastructural analysis, cells were fixed in 1.6% glutaraldehyde in 0.1 M phosphate buffer, rinsed in
0.1 M cacodylate buffer, post-fixed for 1h in 1% osmium tetroxide and 1% potassium ferrocyanide in 0.1
M cacodylate buffer to enhance the staining of membranes. Cells were rinsed in distilled water,
dehydrated in alcohols and lastly embedded in epoxy resin. Contrasted ultrathin sections (70 nm) were
analyzed under a JEOL 1400 transmission electron microscope mounted with a Morada Olympus CCD
camera. For quantification, at least 200 structures were counted from at least 20 images per condition

acquired randomly.

Proximity Ligation Assay (PLA)
The PLA kit was purchased from Sigma-Aldrich, and the assay was performed according to the
manufacturer’'s protocol. Cells were fixed in 4% PFA for 10 min at room temperature, quenched in 50

mM NH4Cl for 10 min, permeabilized with 0.2% Triton X-100 (w/v) for 10 min and blocked in PBS/BSA.
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Cells were incubated with primary antibodies for 45 min in PBS/BSA. Coverslips were mounted in
Fluoromount with DAPI to stain nuclei. PLA signals were visible as fluorescent dots and imaged using
an inverted epifluorescence Leica DM 6000B microscope equipped with an HCX PL Apo 63x NA 1.32
oil immersion objective and an EMCCD camera (Photometrics CoolSNAP HQ). Fluorescent dots were
quantified using ImagedJ. Cells and nuclei were delineated to create masks. After a Max Entropy
threshold, the PLA dots were quantified in both masks with the ImageJ Analyze Particles plugin. All

counts were divided by the number of cells.

Flow cytometric analysis

48 hours after siRNA transfection, expression of cell surface EGFR was monitored by flow cytometry on
living cells without permeabilization. After washing in ice-cold PBS, cells were immunolabeled on ice for
10 min with Alexa Fluor 647 EGF complex (Molecular Probes, Invitrogen, E35351) in PBS containing
2% BSA. After two further washes in ice-cold PBS containing 2% BSA and one wash in ice-cold PBS,
cells were suspended in PBS and analyzed by flow cytometry on a FACS (MACSQuant VYB, Miltenyi
Biotec); data were analyzed using the Cell Quest software. Measurements were compared to the
isotopic control (APC-conjugated anti-mouse IgG1, Biolegend clone MOPC-21 #BLE400122, 1/100,
Ozyme) to determine background and positivity thresholds. Each experiment was repeated at least three

times.

Western blot assays

Cells were lysed in RIPA buffer (Pierce) or directly in Laemmli’s buffer. After denaturation, protein lysates
were resolved by SDS-PAGE and transferred onto PVDF membranes (Millipore). Membranes were
blocked with 2% BSA in TBS tween20 0.1% and incubated in the presence of the primary and then
secondary antibodies. After washing, immunoreactive bands were visualized with ECL (Millipore) and

analyzed on Pxi (Syngene).

Ubiquitylation Assays
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HEK293 cells (5 x 10°) were transfected with 10 pg of His-tagged ubiquitin WT expression vectors
together with p62 and siRNA targeting UBTD1. Ubiquitylated proteins were recovered by His-tag affinity

purification on cobalt resin in urea denaturing conditions, as described [42].

Immunoprecipitation

For endogenous immunoprecipitation, cells were harvested and lysed in NP-40 buffer containing a
protease inhibitor cocktail (Thermo Fisher). The lysates (13,200 rpm, 10 min, 4°C) were incubated for
2h with the indicated antibody (IP) at 4°C. Then, 10 ul Dynabeads protein A (Invitrogen) was added to
each aliquot for 45 min at 4°C. Beads were washed 3-5 times with NP-40 and eluted by boiling in 2X

sample buffer at 95°C for 10 min. The eluted fractions were analyzed by western blot.

RNA isolation and RT-PCR from cell lines

Total RNA was extracted by TRIzol reagent according to the manufacturer’s instructions (Invitrogen).
RNA quantity and quality were determined using NanoDrop™ One Spectrophotometer (Thermo
Scientific). One microgram of total RNA was reverse transcribed into cDNA (A3500, Promega). Real-
time quantitative PCR was performed using Fast SYBR Green master mix (Applied Biosystems) on a
StepOnePlus System (Applied Biosystems). The gene-specific primer sets were used at a final
concentration of 1 uM in a 10 pl final volume. RPLPO mRNA levels were used as an endogenous control
to normalize relative expression values of each target gene. The relative expression was calculated by
the comparative Ct method. All real-time RT-PCR assays were performed in triplicate with three
independent experiments. Primers are provided below. Primers were published in
http://pga.mgh.harvard.edu/primerbank/

EGFR (Forward: AGGCACGAGTAACAAGCTCAC; Reverse:ATGAGGACATAACCAGCCACC);

BCL2 (Forward: CGCCCTGTGGATGACT,; Reverse: GGGCCGTACAGTTCCA);

MMP2 (Forward: TGAGCTATGGACCTTGGGAGAA,; Reverse: CCATCGGCGTTCCCATAC);

MMP9 (Forward: GAACCAATCTCACCGACAGG; Reverse: GCCACCCGAGTGTAACCATA); HIF2

(Forward: TTGCTCTGAAAACGAGTCCGA,; Reverse: GGTCACCACGGCAATGAAAC).

In-Gel digestion
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Protein spots were manually excised from the gel and distained by adding 100 yL of H20/ACN (1/1).
After 10 min incubation with vortexing the liquid was discarded. This procedure was repeated 2 times.
Gel pieces were then rinsed (15 min) with acetonitrile and dried under vacuum. Each excised spot was
reduced with 50 uL of 10 mM dithiothreitol and incubated for 30 min at 56 °C. Alkylation was performed
with 15 pL of 55 mM iodoacetamide for 15 min at room temperature in the dark. Gel pieces were washed
by adding successively i) 100 yL of H2O/ACN (1/1), repeated 2 times and ii) 100 yL of acetonitrile. Next,
gel pieces were reswelled in 60 pyL of 50 mM NH4HCOs buffer containing 10 ng/uL of trypsin (modified
porcine trypsin sequence grade, Promega) incubated for one hour at 4°C. Then the solution was
removed and replaced by 60 uL of 50 mM NH+HCO3 buffer (without trypsin) and incubated overnight at
37°C. Tryptic peptides were isolated by extraction with i) 60 pL of 1% AF (acid formic) in water (10 min
at RT) and ii) 60 yL acetonitrile (10 min at RT). Peptide extracts were pooled, concentrated under

vacuum and solubilised in 15 yL of aqueous 0.1% formic acid and then injected.

NanoHPLC-Q-exactive plus analysis

Peptide separation was carried out using a nanoHPLC (ultimate 3000, Thermo Fisher Scientific). 5 pl of
peptides solution was injected and concentrated on a y-Precolumn Cartridge Acclaim PepMap 100 C+s
(i.d. 5 mm, 5 ym, 100 A, Thermo Fisher Scientific) at a flow rate of 10 yL/min and using solvent
containing H2O/ACN/FA 98%/2%/0.1%. Next peptide separation was performed on a 75 pm i.d. x 500
mm (3 um, 100 A) Acclaim PepMap 100 C1g column (Thermo Fisher Scientific) at a flow rate of 200
nL/min. Solvent systems were: (A) 100% water, 0.1%FA, (B) 100% acetonitrile, 0.08% FA. The following
gradient was used t = Omin 4% B; t = 3 min 4%B; t = 170min, 35% B; t = 172 min, 90% B; t = 180 min
90% B (temperature was regulated at 35°C). The nanoHPLC was coupled via a nanoelectrospray
ionization source to the Hybrid Quadrupole-Orbitrap High Resolution Mass Spectrometer (Thermo
Fisher Scientific). MS spectra were acquired at a resolution of 70 000 (200 m/z) in a mass range of
150-1800 m/z with an AGC target 5e5 value of and a maximum injection time of 50ms. The 10 most
intense precursor ions were selected and isolated with a window of 2m/z and fragmented by HCD
(Higher energy C-Trap Dissociation) with a normalized collision energy (NCE) of 27. MS/MS spectra
were acquired in the ion trap with an AGC target 2e5 value, the resolution was set at 17 500 at 200 m/z
combined with an injection time of 100 ms. Data were reprocessed using Proteome Discoverer 2.2

equipped with Sequest HT. Files were searched against the Swissprot homo sapiens FASTA database
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update on September 2018. A mass accuracy of + 10 ppm was used for precursor ions and 0.02 Da for
product ions. Enzyme specificity was fixed to trypsin with two missed cleavages allowed. Because of
previous chemical modification, carbamidomethylation of cysteines was set as a fixed modification and
only oxidation of methionine was considered as dynamic modification. Reverses decoy databases were
included for all searches to estimate false discovery rates and filtered using the Percolator algorithm

with a 1% FDR.

Protein-Protein and functional Interactions analysis
protein-protein interaction map and protein clustering were done using Cytoscape software, MCL cluster

tool and the String database [25]. Enrichment analysis were performed using Enrichr [43].

Lipid extraction and analysis

Extraction was performed using 1.5 mL solvent-resistent plastic Eppendorf tubes and 5 mL glass
hemolyse tubes to avoid contamination. Methanol, chloroform and water were each cooled down on wet
ice before the lipid extraction. Lipids were extracted according to a modified Bligh and Dyer protocol.
The cell pellet was collected in a 1.5 mL Eppendorf tube and 200 uL of water was added. After vortexing
(30s), the sample was transferred to a glass tube containing 500 uL of methanol and 250 pL of
chloroform. The mixture was vortexed for 30s and centrifuged (2500 rpm, 4°C, 10 min). After
centrifugation, 300 pL of the organic phase was collected in a new glass tube and dried under a stream
of nitrogen. The dried extract was resuspended in 60 uL of methanol/chloroform 1:1 (v/v) and transferred
in an injection vial before liquid chromatography and mass spectrometry analysis. Lipid extraction from
the membrane purification was carried out with the same protocol in which the solvent volumes used
were divided by two. Reverse phase liquid chromatography was selected for separation with a UPLC
system (Ultimate 3000, ThermoFisher). Lipid extracts from cells were separated on an Accucore C18
150x2.1, 2.5um column (ThermoFisher) operated at 400 pl/min flow rate. The injection volume was 3
pL of diluted lipid extract. Eluent solutions were ACN/H20 50/50 (V/V) containing 10mM ammonium
formate and 0.1% formic acid (solvent A) and IPA/ACN/H20 88/10/2 (V/V) containing 2mM ammonium
formate and 0.02% formic acid (solvent B). The step gradient used for elution was : 0 min 35% B, 0.0-
4.0 min 35 to 60% B, 4.0-8.0 min 60 to 70% B, 8.0-16.0 min 70 to 85% B, 16.0-25 min 85 to 97% B, 25-

25.1 min 97 to 100% B, 25.1-31 min 100% B and finally the column was reconditioned at 35% B for 4
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min. The UPLC system was coupled to a Q-exactive orbitrap Mass Spectrometer (thermofisher, CA);
equipped with a heated electrospray ionization (HESI) probe. This spectrometer was controlled by the
Xcalibur software and was operated in electrospray positive mode. MS spectra were acquired at a
resolution of 70 000 (200 m/z) in a mass range of 250-1200 m/z. The 15 most intense precursor ions
were selected and isolated with a window of 1 m/z and fragmented by HCD (Higher energy C-Trap
Dissociation) with normalized collision energy (NCE) of 25 and 30 eV. MS/MS spectra were acquired
with the resolution set at 35 000 at 200 m/z. Data were reprocessed using Lipid Search 4.1.16
(ThermokFisher). In this study, the product search mode was used, and the identification was based on
the accurate mass of precursor ions and the MS2 spectral pattern. Mass tolerance for precursors and
fragments was set to 5 ppm and 8 ppm respectively. The m-score threshold was selected at 5 and the

ID quality filter was fixed at grades A, B and C. [M+H]+, [M+Na]+ and [M+NH4]+ adducts were searched.

Mass spectrometric analysis for ganglioside

Ganglioside extraction was performed as described with minor modifications [44]. The aqueous upper
layers from two extractions (with a mixture of water—-methanol-chloroform, W:M:C=2:2:1) were
collected. Two volumes of water were added to precipitate polyglycoceramides. The dried pellet was
resuspended with methanol/water (M:W=1:1) and analyzed in reflector-positive and -negative modes on
MALDI-TOF/TOF mass spectrometer Ultraflex Il (Bruker Daltonics, Bremen, Germany) from 700 to
2500 Da (Dalton). External calibration was performed by spotting peptide calibration standard II
(BrukerDaltonics). Each sample was spotted in triplicate and mixed with DHB matrix on a steel target
plate. All mass spectra were generated by summing 1,000 laser shots for reflectron ion mode, and 1,000
laser shots for the parent mass. Laser power was adjusted between 15 and 30% of its maximal intensity,
using a 200-Hz smartbeam laser. MS spectra were acquired in the reflectron ion mode within a mass
range from 500 to 2,500 Da. Reflectron ion mode was chosen to obtain high detection sensitivity and
resolution. FlexAnalysis version 3.0 and updated 3.4 provided by the manufacturer were applied for data
processing. The Human Metabolome Database or HMDB 4.0 (www.hmdb.ca) was used for peak
identifications. Heat map and differential intensity analysis with Limma were done using Phantasus

(https://artyomovlab.wustl.edu/phantasus/).
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Statistical analysis

All analyses were performed using Prism 6.0 software (GraphPad Inc.). A two-tailed t-test was used if
comparing only two conditions. For comparing more than two conditions, one-way ANOVA was used
with: Bonferroni’'s multiple comparison test or Dunnett's multiple comparison test (if comparing all
conditions to the control condition). Significance of mean comparison is marked on the graphs by

asterisks. Error bars denote SEM.

Acknowledgements

This work was supported by INSERM, the Céte d’Azur University, and by grants from the French
National Research Agency (ANR) through the Investments for the program UCA JEDI to S.C. (ANR-15-
IDEX-01), the Young Investigator Program to J.G. (ANR18-CE14-0035-01-GILLERON) and the ITMO,
Plan Cancer. ST was supported by the “Fondation de France” and T.B. by the French National Research
Agency (ANR-18-CE14-0025). We thank the GIS-IBISA multi-sites platform “Microscopie Imagerie Cote
d’Azur” (MICA), funded by the “Conseil Départemental 06” support from ITMO Cancer Aviesan (National
Alliance for Lifr Science and Health) within the framework of Cancer Plan. FB is a CNRS investigator.
We would like to thank Marino Zerial’s lab for giving us access to the MotionTraffic platform for image

quantification.

Author contributions

S.T., J.G., S.C. conceptualized, designed and performed most of the experiments. V.T. generated stable
cell lines and performed confocal microscopy experiments. S.D. analyzed proteomic raw data. L.B. and
C.H. performed and analyzed mass spectrometry studies. B.D. performed and analyzed live cell imaging
experiment. S.L-G. performed electron microscopy experiments and J.G. analyzed and quantified
images. M.I. coordinated the imaging facility and generated tools for image analysis. G.A.S. and F.L.
performed mass spectrometry for proteomic and lipidomic analysis. S.T., J.G. and S.C. wrote the
manuscript. J.H., M.C., T.B., M.D. and F.B. participated actively in data interpretation and critical revision

of the manuscript. All authors reviewed, edited and approved the final manuscript.

Conflict of interest

The authors declare that they have no conflict of interest.

22


https://doi.org/10.1101/2020.05.20.105775

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.105775; this version posted May 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1. Scott JD, Pawson T (2009) Cell signaling in space and time: where proteins come together and
when they're apart. Science 326: 1220-4

2. Bakker J, Spits M, Neefjes J, Berlin |1 (2017) The EGFR odyssey - from activation to destruction
in space and time. J Cell Sci 130: 4087-4096

3. Rape M (2018) Ubiquitylation at the crossroads of development and disease. Nat Rev Mol Cell
Biol 19: 59-70

4, Haglund K, Dikic | (2005) Ubiquitylation and cell signaling. EMBO J 24: 3353-9

5. Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, Nakagawa T, Kato M, Murata S,

Yamaoka S, et al. (2009) Involvement of linear polyubiquitylation of NEMO in NF-kappaB activation.
Nat Cell Biol 11: 123-32

6. Eden ER, Huang F, Sorkin A, Futter CE (2012) The role of EGF receptor ubiquitination in
regulating its intracellular traffic. Traffic 13: 329-37

7. Yau R, Rape M (2016) The increasing complexity of the ubiquitin code. Nat Cell Biol 18: 579-86
8. Komander D, Rape M (2012) The ubiquitin code. Annu Rev Biochem 81: 203-29

9. Kerscher O, Felberbaum R, Hochstrasser M (2006) Modification of proteins by ubiquitin and

ubiquitin-like proteins. Annu Rev Cell Dev Biol 22: 159-80

10. Schulman BA, Harper JW (2009) Ubiquitin-like protein activation by E1 enzymes: the apex for
downstream signalling pathways. Nat Rev Mol Cell Biol 10: 319-31

11. Ye Y, Rape M (2009) Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol Cell Biol 10:
755-64

12. Good MC, Zalatan JG, Lim WA (2011) Scaffold proteins: hubs for controlling the flow of cellular
information. Science 332: 680-6

13. Uhler JP, Spahr H, Farge G, Clavel S, Larsson NG, Falkenberg M, Samuelsson T, Gustafsson CM
(2014) The UbL protein UBTD1 stably interacts with the UBE2D family of E2 ubiquitin conjugating
enzymes. Biochem Biophys Res Commun 443: 7-12

14. Torrino S, Roustan FR, Kaminski L, Bertero T, Pisano S, Ambrosetti D, Dufies M, Uhler JP,
Lemichez E, Mettouchi A, et al. (2019) UBTD1 is a mechano-regulator controlling cancer
aggressiveness. EMBO Rep

15. Zhang XW, Wang XF, Ni SJ, Qin W, Zhao LQ, Hua RX, Lu YW, Li J, Dimri GP, Guo WJ (2015) UBTD1
induces cellular senescence through an UBTD1-Mdm2/p53 positive feedback loop. J Pathol 235: 656-
67

16. Yang N, Chen T, Wang L, Liu R, Niu Y, Sun L, Yao B, Wang Y, Yang W, Liu Q, et al. (2020) CXCR4
mediates matrix stiffness-induced downregulation of UBTD1 driving hepatocellular carcinoma
progression via YAP signaling pathway. Theranostics 10: 5790-5801

17. Avraham R, Yarden Y (2011) Feedback regulation of EGFR signalling: decision making by early
and delayed loops. Nat Rev Mol Cell Biol 12: 104-17

18. Lemmon MA, Schlessinger J (2010) Cell signaling by receptor tyrosine kinases. Cell 141: 1117-
34

19. Sigismund S, Avanzato D, Lanzetti L (2018) Emerging functions of the EGFR in cancer. Mol Oncol
12:3-20

20. Coskun U, Grzybek M, Drechsel D, Simons K (2011) Regulation of human EGF receptor by lipids.
Proc Natl Acad Sci U S A 108: 9044-8

21. Ferguson KM, Berger MB, Mendrola JM, Cho HS, Leahy DJ, Lemmon MA (2003) EGF activates
its receptor by removing interactions that autoinhibit ectodomain dimerization. Mol Cell 11: 507-17
22. Meuillet EJ, Mania-Farnell B, George D, Inokuchi JI, Bremer EG (2000) Modulation of EGF
receptor activity by changes in the GM3 content in a human epidermoid carcinoma cell line, A431. Exp
Cell Res 256: 74-82

23. Lambert S, Vind-Kezunovic D, Karvinen S, Gniadecki R (2006) Ligand-independent activation of
the EGFR by lipid raft disruption. J Invest Dermatol 126: 954-62

23


https://doi.org/10.1101/2020.05.20.105775

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.105775; this version posted May 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

24, Mizutani N, Inoue M, Omori Y, Ito H, Tamiya-Koizumi K, Takagi A, Kojima T, Nakamura M, Iwaki
S, Nakatochi M, et al. (2015) Increased acid ceramidase expression depends on upregulation of
androgen-dependent deubiquitinases, USP2, in a human prostate cancer cell line, LNCaP. J Biochem
158: 309-19

25. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth A, Minguez P, Doerks T, Stark M,
Muller J, Bork P, et al. (2011) The STRING database in 2011: functional interaction networks of proteins,
globally integrated and scored. Nucleic Acids Res 39: D561-8

26. Marwaha R, Sharma M (2017) DQ-Red BSA Trafficking Assay in Cultured Cells to Assess Cargo
Delivery to Lysosomes. Bio Protoc 7

27. Jongsma ML, Berlin I, Wijdeven RH, Janssen L, Janssen GM, Garstka MA, Janssen H, Mensink
M, van Veelen PA, Spaapen RM, et al. (2016) An ER-Associated Pathway Defines Endosomal
Architecture for Controlled Cargo Transport. Cell 166: 152-66

28. Brannigan JA, Dodson G, Duggleby HJ, Moody PC, Smith JL, Tomchick DR, Murzin AG (1995) A
protein catalytic framework with an N-terminal nucleophile is capable of self-activation. Nature 378:
416-9

29. Gebai A, Gorelik A, Li Z, llles K, Nagar B (2018) Structural basis for the activation of acid
ceramidase. Nat Commun 9: 1621

30. Schuchman EH (2016) Acid ceramidase and the treatment of ceramide diseases: The expanding
role of enzyme replacement therapy. Biochim Biophys Acta 1862: 1459-71

31. Galligan JT, Martinez-Noel G, Arndt V, Hayes S, Chittenden TW, Harper JW, Howley PM (2015)
Proteomic analysis and identification of cellular interactors of the giant ubiquitin ligase HERC2. J
Proteome Res 14: 953-66

32. Caldieri G, Malabarba MG, Di Fiore PP, Sigismund S (2018) EGFR Trafficking in Physiology and
Cancer. Prog Mol Subcell Biol 57: 235-272

33. Huang F, Kirkpatrick D, Jiang X, Gygi S, Sorkin A (2006) Differential regulation of EGF receptor
internalization and degradation by multiubiquitination within the kinase domain. Mol Cell 21: 737-48

34. Tomas A, Futter CE, Eden ER (2014) EGF receptor trafficking: consequences for signaling and
cancer. Trends Cell Biol 24: 26-34

35. Orre LM, Vesterlund M, Pan Y, Arslan T, Zhu Y, Fernandez Woodbridge A, Frings O, Fredlund E,
Lehtio J (2019) SubCellBarCode: Proteome-wide Mapping of Protein Localization and Relocalization.
Mol Cell 73: 166-182 e7

36. Collinet C, Stoter M, Bradshaw CR, Samusik N, Rink JC, Kenski D, Habermann B, Buchholz F,
Henschel R, Mueller MS, et al. (2010) Systems survey of endocytosis by multiparametricimage analysis.
Nature 464: 243-9

37. YangJ, Peng H, Xu Y, Xie X, Hu R (2018) SQSTM1/p62 (sequestosome 1) senses cellular ubiquitin
stress through E2-mediated ubiquitination. Autophagy 14: 1072-1073

38. YardenY, Pines G (2012) The ERBB network: at last, cancer therapy meets systems biology. Nat
Rev Cancer 12: 553-63

39. Albagli-Curiel O, Lecluse Y, Pognonec P, Boulukos KE, Martin P (2007) A new generation of
pPRIG-based retroviral vectors. BMC Biotechnol 7: 85

40. Gilleron J, Querbes W, Zeigerer A, Borodovsky A, Marsico G, Schubert U, Manygoats K, Seifert
S, Andree C, Stoter M, et al. (2013) Image-based analysis of lipid nanoparticle-mediated siRNA delivery,
intracellular trafficking and endosomal escape. Nat Biotechnol 31: 638-46

41. Zeigerer A, Gilleron J, Bogorad RL, Marsico G, Nonaka H, Seifert S, Epstein-Barash H,
Kuchimanchi S, Peng CG, Ruda VM, et al. (2012) Rab5 is necessary for the biogenesis of the
endolysosomal system in vivo. Nature 485: 465-70

42, Torrino S, Visvikis O, Doye A, Boyer L, Stefani C, Munro P, Bertoglio J, Gacon G, Mettouchi A,
Lemichez E (2011) The E3 ubiquitin-ligase HACE1 catalyzes the ubiquitylation of active Racl. Dev Cell
21: 959-65

43, Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, Clark NR, Ma'ayan A (2013) Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinformatics 14: 128

24


https://doi.org/10.1101/2020.05.20.105775

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.105775; this version posted May 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

44, Lee H, An HJ, Lerno LA, Jr., German JB, Lebrilla CB (2011) Rapid Profiling of Bovine and Human
Milk Gangliosides by Matrix-Assisted Laser Desorption/lonization Fourier Transform lon Cyclotron
Resonance Mass Spectrometry. Int J Mass Spectrom 305: 138-150

25


https://doi.org/10.1101/2020.05.20.105775

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.105775; this version posted May 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission

<

siCTRL siUBTD1

UBTD1 [ ]

p-EGFR
Hsp 90
EGFR
Hsp 90

U L S
- o 0.
|013U0d 0} dAlje|DS

|oA9)] uiajoud uj aduBIBYIQ

-

L(eLvS) er2/L MY

L (80€L) €/2/L MY
L(€8L1)LP MY
F(zzeL) 20 Mdwy
F(891) 25uD

F(9s) unp-o
F(eers) @380

[ (980LA) ¥493
F(2L11S) SON®
F(Z8LA/S8LL ‘POZA/ZOZL) Z/LHT
F(26€A) Yv4

L(zLpA) 164

F(0zvA) uky
F(6S/LES) 9 £-MSD
F(LLPA) OH
-(z8s/8LS) LedSH

H(

F(¥6EA) 30T

F(26€A) uAT

[ (09€S/9.2€S) Z/LMSIN
F(8611) 22d
.M%;\oﬁb » ged
H(
F(

F(68€L) @seuny 95 0.d
F(v2ys/LeyL) eseury 9s 02d
F(152A) 9 ¥ 49ad

F(€8LA) 4 1-01d

€TTA/LTZL 'SLA/EBLL) €/2/L MNP

O

=

Hﬂ HHHHHHIH iy

]
=

0 HHHHHHHHHHH ol = [ HHH

HeLyS) €12/L PV
H(80€L) £/2/1L MY
H(E€8LL)LO MdINY
H(Z211) 20 MdNY
F(89.L) Z-uD
[(€9S) unr-o
F(e€Ls) 340
(9801 A) ¥493
F(2211S) SON®

F(28LA/S8LL 'YOZA/Z0ZL) Z/L M3
F(26€A) Mv4
F(
F(

ZLYA) B4

0ZrA) UA4

F(6S/12S) 90 €319
F(LLPA) SOH

F(28s/8LS) L2dSH
F(e2eA/LTeL ‘S8LA/E8LL) €/2/L MNP
F(¥6EA) %01

F(26€A) Uk

F(09€S/9.€S) Z/IMSIN
F(8611) L2d

F(z8LA/08L1) » ged

F(sLs) esd

F(z6€s) £5d

F(ops) esd

F(68eL) aseuny 95 02d
.M«&*mzmé aseury) 9s 02d
F(

F(

=

1SZA) 4 ¥ 49ad
€8LA) 4 1-07d

HH peredAeA- ceen 0@ HHHHHHHHHH .—\IH HHHHH

Figure 1

L (€2¥S) €/2/L PV

| (80€L) €/2/L MY

L (€8LL)L0 MdINY

L (z211) 20 MdinyY

| (89L) 2u0

| (€9s) unr-o

F(€eLs) 340

[ (9801LA) ¥ 493

F(22118) SON®

F(L8LA/S8LL “POZTAZ0ZL) Z/bMT
I (26EA) M4
F(ZLyA) 464

I (0z¥A) uk4
F(6S/12S) 90 €589
(LLPA) YoH
(28s/8.S) L2dSH
F(€22A/LZZL ‘SBLA/ESLL) E/2/L MNP
F (¥6EA) %01

F(26€A) Uk

F (09€S/92€S) Z/LMSIN

F(8611) L2d

I (z8LA/08L1) » ged

F(gLs) eqd

[ (z6€s) egd

F(9vs) egd

[ (68€1) oseury 95 02d

[ (vers/izyL) eseury 9s 02d

(1L62A) 9 ¥ 49ad

(€82A) 4 1-01d

F(9¥Z1) 0rSVHd 9vZ1) 0YSVd 1 [(ovzL) ovsvad
F(zovA) 23Ad [ (2OvA) 2oAd (20PA) ZHAD
F(£2£S/98€S/08€ES) €/2/13ISH I (£2£S/98€S/08€S) €/2/1MSYH (L2£S/98£S/08€S) £/2/IMSY
H6LYA) 0I5 [(6LrA) 2is (617A) 215
(689A) ZLVLS [ (689A) Z1VLS (689A) ZLVLS
L(12/S) s1v1S F(2228) e1vis (122S) £1V1S
F(G0ZA) £1vVLS F(S0LA) €LVLS (S0ZA) €1VLS
F(v69A) BS1VLS [ (769A) BG1VLS (¥69A) €G1VLS
L (669A/769A) A/ESLVLS - (B69A/FBOA) A/BSIVLS (B69A/FBIA) A/ESLVLS
F(669A ) A51VLS I (669A ) AS1VLS (669A ) ASLVLS
F(L¥9A) 91VLS F(L¥9A) 9LVLS [(LY9A) 91VLS
F(8vves) ¥oL [ (8v¥2S) ¥OL [ (8¥¥2S) HOL
[(091) LYNM [ (09L) bNM 0 (09D 1iNm
F(9zvA) saA [ (92vA) sox [ (92vA) seA
Fuiusyeo-g [ [ uluajeo-g [ ulusyeo-g
r T T T T T T T r T T T T
1043U09 0} 8Ale|B) N _o._ﬂ_oo o w>_uw_o._ <
C 19A3] utajoud Ul 2oualapq D |aA9] uiajoud ui adsualayiq

ing

igna

UBTD1 depletion exacerbates EGFR si

Figure 1

(A-D) DU145 cells were transfected for 48h with the indicated siRNA (control, siCTRL; UBTD1,

siUBTD1). (A,C-D) Relative quantification of protein phosphorylation levels from multiple signaling
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pathways in complete media (A) or under EGF stimulation (C) or under serum starved medium (D). Data
are normalized to the siCTRL condition =0. Phospho-EGFR is in red. (B) Representative immunoblot

showing an increase in p-EGFR and EGFR in UBTD1-depleted cells.
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Figure 2
Figure 2: UBTD1 depletion induces EGFR self-phosphorylation by modifying membrane lipid

composition through ASAH1 ubiquitination
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(A-G) DU145 cells were transfected for 48h with the indicated siRNA (control, siCTRL; UBTD1,
siUBTD1). (A-B) Heatmap of all (A) or ceramide (B) lipid levels. The normalized expression of each lipid
is shown in a scale range from blue to red. (C,D) Mean intensities of positive-ion (C) and negative-ion
(D) MS spectra from reflectron MALDI-TOF analyses. (E) Representative immunoblot of p-EGFR and
EGFR in the presence of different concentrations of GM3. (F) Immunoblot and quantification of ceramide
synthase 2 (CerS2) and the lysosomal ceramidase (ASAH1). (G) Immunoblots show ASAH1
ubiquitylation in HEK cells in different experimental conditions. Cells were transfected, as indicated, with
expression vectors for histidine-tagged ubiquitin (His-Ub) together with control siRNA or UBTD1 siRNA.
His-Ub crosslinked forms of ASAH1 were purified (IP: His) and the immunoblot of ASAH1 showed
ASAH1 ubiquitylation. The immunoblot of ASAH1 (lower panel) was performed in parallel to verify the
amounts of ASAH1 protein engaged in His-Ub purifications. The immunoblot of UBTD1 shows the level
of siRNA depletion. n=3 independent experiments; ns=non-significant; *P<0.05; ****P<0.0001; (C-D, F)

two tailed t-test; data are mean + s.e.m.
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Figure 3
Figure 3: UBTD1 depletion slows-down EGFR degradation
(A-E) DU145 cells were transfected for 48h with the indicated siRNA (control, siCTRL; UBTD1,

siUBTD1). (A) Proximal ligation assay monitoring and quantification of EGFR associated with ubiquitin
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in DU 145 treated with EGF. Nuclei were stained with DAPI (blue) on the MERGE image. (B) EGF binding
to cell surfaces detected by flow cytometry. (C) EGF-alexa647 pulse chase images and quantification.
(D) Representative images and quantification of EGF and EEA1 colocalization during EGF-alexa647
pulse chase. (E) Representative images and quantification of EGF and LAMP1 colocalization during
EGF-alexa647 pulse chase. Scale bar=10 ym. n23 independent experiments; ns=non-significant;

**P<0.01; ***P<0.001; (B, D-F) Bonferroni’s multiple comparison test; data are mean * s.e.m.
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Figure 4

Figure 4: UBTD1 controls p62/SQSTM1 ubiquitination and endolysosomal vesicle positioning

(A-B) DU145 cells were transfected for 48h with the indicated siRNA (control, siCTRL; UBTD1,

siUBTD1). Representative confocal immunofluorescence images (left) and quantification (right) of EEA1
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(A) or LAMP1 (B) vesicle distribution. (C,D) DU145 or (E) RWPE cells were stably transduced with GFP
or GFP-UBTD1. Representative confocal immunofluorescence images (left) and quantification (right) of
EEA1 (C) or LAMP1 (D,E) vesicles distribution. (F) UBTD1 partner protein interactome centered on
EGFR (first neighbors). Node size (degree: number of connection), edge size (string database combined
score). The color scale of the nodes from dark (purple) to light (yellow) reflects the centrality . Minimal
protein interaction map derived from left by applying subcellular localization filters (compartment
database) focused on endosome, ER and lysosome (StringApp, Cytoscape) (right). (G) Co-
immunoprecipitation in DU145 cells between endogenous p62 and UBTD1. UBTD1 was used as bait.
The IgG isotype was used as a negative control. (H) Immunoblots show p62 ubiquitylation in HEK cells
in different experimental conditions. Cells were transfected, as indicated, with expression vectors for
histidine-tagged ubiquitin (His-Ub) together with control siRNA or UBTD1 siRNA. His-Ub crosslinked
forms of p62 were purified (IP: His) and the immunoblot of p62 showed p62 ubiquitylation. The
immunoblot of p62 (lower panel) was performed in parallel to verify the amounts of p62 protein engaged
in His-Ub purifications. The immunoblot of UBTD1 shows the level of siRNA depletion. Scale bar=10
pm. n=3 independent experiments; ns=non-significant; **P<0.01; ***P<0.001; (A-E) two tailed t-test;

data are mean £ s.e.m.
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Figure 5. UBTD1 depletion triggers an EGFR-dependent cancer cell proliferation
(A-C) DU145 cells were transfected for 48h with the indicated siRNA (control, siCTRL; UBTD1,

siUBTD1). n=3 independent experiments.(A) Representative images and cell growth curves measured
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by videomicroscopy (Incucyte, Essen Bioscience). T=0 corresponds to transfection time and the time
window (30-50h) is presented. (B, C) Proliferation assay in the presence of different concentrations of
EGF (B) and in the presence of EGF inhibitor (Gefitinib) (C). (D-F) Functional interaction analysis was
carried out from genes/proteins list identified by mass spectrometry as putative UBTD1 interactants
using Dis Genet (D), Kinase Perturbations (E) and KinomScan (F) database. The ranking is established
using p-value score. (G) The levels of EGFR mRNA (z-score) in prostate adenocarcinoma patients is
compared between patients with or without homo-deletion of UBTD1 gene. (H) The levels of EGFR
protein (z-score) in prostate adenocarcinoma patients is compared between patients with or without
homo-deletion of UBTD1 gene. (I) DFS were calculated from prostate adenocarcinoma patient
subgroups with homo-deletion of UBTD1 gene, hetero-deletion of UBTD1 gene or WT UBTD1

gene.ns=non-significant, *P<0.05 **P<0.01, ***P<0.001; (A-C) two tailed t-test; data are mean + s.e.m.
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