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Integration and down-regulation of cell growth and differentiation signals rely on plasma
membrane receptor endocytosis and sorting towards either recycling vesicles or degradative lysosomes via multivesicular bodies (MVB). In this process, the endosomal sorting complex-III required for transport (ESCRT-III) controls membrane deformation and scission
triggering intraluminal vesicle (ILV) formation at early endosomes. Here, we show that the
ESCRT-III member CHMP1B can be ubiquitinated within a flexible loop known to undergo
conformational changes during polymerization. We demonstrate further that CHMP1B is
deubiquitinated by the ubiquitin specific protease USP8 (syn. UBPY) and found fully devoid
of ubiquitin in a ~500 kDa large complex that also contains its ESCRT-III partner IST1.
Moreover, EGF stimulation induces the rapid and transient accumulation of ubiquitinated
forms of CHMP1B on cell membranes. Accordingly, CHMP1B ubiquitination is necessary
for CHMP1B function in both EGF receptor trafficking in human cells and wing development
in Drosophila. Based on these observations, we propose that CHMP1B is dynamically
regulated by ubiquitination in response to EGF and that USP8 triggers CHMP1B deubiquitination possibly favoring its subsequent assembly into a membrane-associated ESCRT-III
polymer.
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Author summary
In multicellular organisms, the interpretation and transmission of cell growth and differentiation signals strongly rely on plasma membrane receptors. Once activated by their
ligands, these receptors activate downstream signaling cascades and are rapidly internalized into intracellular vesicles that fuse inside the cell to form the endosomal compartment. From there, the receptors are sorted towards either recycling vesicles or degradative
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lysosomes via multivesicular bodies. Receptors sorting therefore plays a crucial role in the
integration and regulation of intracellular signals during development and numerous physio-pathological processes. It requires extensive membrane remodeling and scission
events at the level of the endosomal compartment by so-called ESCRT proteins, including
CHMP1B. In this study, we provide evidence for dynamic regulation of CHMP1B function and subcellular localization by ubiquitin linkage. We also show the contribution of
the ubiquitin specific protease USP8 in this regulation, which is a known actor of intracellular trafficking and Cushing’s disease.

Introduction
Endocytosis of activated plasma membrane receptors is induced by ubiquitin linkage and
plays a crucial role in cell signaling modulation through their subsequent sorting to either
recycling vesicles or to lysosomes via multivesicular bodies (MVBs). For example, endocytosis
of the Epidermal Growth Factor Receptor (EGFR) represents the major mechanism of longterm attenuation of EGF signaling [1,2]. In this process, the conserved ESCRT (Endosomal
Sorting Complex Required for Transport) machinery drives endosomal membrane deformation and scission leading to the formation of intraluminal vesicles (ILVs) within MVBs [3–6].
The ESCRT machinery consists of five complexes called ESCRT-0, I, II, III and VPS4 that are
all required for MVB biogenesis: ESCRT-0, I and II cluster the internalized ubiquitinated cargoes and may initiate membrane bending while ESCRT-III and VPS4 are responsible for
membrane fission [6–8]. The human ESCRT-III family is composed of 11 proteins termed
CHarged Multivesicular Proteins (CHMP1A, B, CHMP2A, B, CHMP3, CHMP4A, B, C,
CHMP5, CHMP6 and IST1) which are recruited to membranes [9,10]. They are found in a
closed auto-inhibited conformation in the cytosol and activation is thought to displace a C-terminal region from the core helical hairpin [11–15]. Activated ESCRT-III proteins polymerize
as homo- or heteromers adopting spiral structures [13,16–21]. CHMP1B polymerization
requires extensive conformational changes from the closed conformation to the open polymer
conformation. The latter is stabilized by domain swapping of the C-terminal α-helices 4 and 5
and the extension of α-helix 2 by α-helix 3 [22]. Similar conformational changes have been
reported for yeast Snf7 (orthologous to CHMP4) indicating common principles for activation
and polymerization of the CHMP family of proteins [23,24]. In the particular case of IST1
however, in vitro polymerization in a closed conformation has been observed in association
with open CHMP1B, resulting in a polymer composed of an external layer of closed IST1 and
an internal layer of open CHMP1B [22]. Regulation by phosphorylation has been reported for
CHMP1A and CHMP4C [25,26] yet the regulatory mechanisms of ESCRT-III activation and
polymerization on membranes in vivo remain poorly understood.
The regulatory C-terminal part of ESCRT-III proteins contains one or two MIT interacting
motifs (MIM) that recruit partners possessing a Microtubule Interacting and Trafficking
(MIT) domain including the Ubiquitin Specific Protease 8 (USP8/UBPY) or the Associated
Molecule with SH3 domain of STAM (AMSH) [27–32]. The interaction between the MIT
domain of USP8/UBPY and the MIM domain of CHMP1B is required for USP8 association
with endosomal membranes and EGFR sorting [30]. In fact, these two Deubiquitinating
(DUBs) enzymes are strongly associated with endosomes where they regulate the stability and
ubiquitination status of ESCRT-0 members STAM and/or Hrs [30,33–39] as well as of internalized receptors [27,28,30,38–41]. Particularly, both AMSH and USP8/UBPY deubiquitinate
the Epidermal Growth Factor Receptor (EGFR), a member of the receptor tyrosine kinase
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family (RTK), by acting at the level of the plasma membrane and/or of the endosome where
deubiquitination of EGFR precedes its incorporation into MVBs [27,33,34,37,41–49]. In addition to EGFR, USP8 deubiquitinates numerous plasma membrane receptors, making this
enzyme a promising target in cancer therapy to overcome chemoresistance associated with
RTK stabilization [50,51]. Furthermore, gain of function mutations of USP8 have been found
in microadenoma of patients with Cushing’s disease, a rare disease where the secretion of large
amounts of adenocorticotrophin hormone (ACTH) by pituitary corticotroph adenomas
results in excess of glucocorticoids and hypercortisolism putatively due to defective EGFR sorting [52–55].
In the present study, we describe that USP8/UBPY also targets the ESCRT-III machinery.
Indeed, we show that CHMP1B is regulated by linkage of ubiquitin and its subsequent removal
by USP8/UBPY. The physiological importance of CHMP1B ubiquitination is highlighted by
the observation that it is inducible within minutes of EGF stimulation and results in transient
accumulation of ubiquitinated forms of CHMP1B on membranes. Moreover, mutation of four
lysine residues in, or close to, a flexible loop of CHMP1B makes the protein non-functional in
EGFR trafficking in human cells or during Drosophila wing morphogenesis.
Thus, our findings establish a new ubiquitin-dependent mechanism controlled by USP8/
UBPY (hereafter designed as USP8) that may act as a check-point for the spatial and temporal
control of CHMP1B activity such as polymerization at endosomal membranes.

Results
Interaction of CHMP1B with USP8 occurs via α-helices 4, 5, and 6 of
CHMP1B
CHMP1B was previously shown to interact with USP8 in both co-immunoprecipitation and
yeast two-hybrid experiments [30,56]. In order to further map the domains of CHMP1B implicated in this interaction, GFP-tagged constructs of full length or helical fragments of CHMP1B
(Fig 1A) [57] were expressed in HEK293T cells and tested for their ability to co-immunoprecipitate with Flag-USP8. Full-length CHMP1B and α-helices 4, 5 and 6 interacted with FlagUSP8 in this assay (Fig 1B). Interaction of CHMP1B was maintained with a catalytically-inactive version of the enzyme (USP8C748A) (Fig 1C). These results map the interacting region of
USP8 to CHMP1B residues 105 to 199, similar to the CHMP1B-Spastin interaction [58].
Next, we designed a Venus complementation assay in which USP8 was fused to the N-ter of
Venus (VN-USP8) and full length or truncated CHMP1B constructs to its C-ter
(VC-CHMP1B) (Fig 1D). The expression of corresponding constructs was verified by immunoblot (S1 Fig). In this assay, a cytoplasmic signal was clearly observed upon co-expression of
VN-USP8 and VC-CHMP1B indicating a direct interaction between the two partners in vivo
(Fig 1E and 1E’). Consistent with the above results, truncation of the helices situated in the Cter part of CHMP1B led to a decrease (Δα6 and Δα5,6 constructs) or a total loss (Δα4,5,6) of
fluorescence (Fig 1E and 1E’). Cells transfected with VN-USP8 and VC-CHMP1B were stained
with a set of endosomal markers revealing a strong overlap of the Venus signal with Lamp1, a
marker of late endosomes/lysosomes, but not with the early endosomal marker EEA1 (Fig 1F
and 1F’).
Taken together, these observations confirm that the two proteins USP8 and CHMP1B are
part of a same protein complex in living cells, interacting at the level of the late endosome,
which is consistent with the known function of CHMP1B in the multivesicular body biogenesis and sorting of receptors.
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Fig 1. USP8 interacts with helices α4, α5 and α6 of CHMP1B. A: Scheme of CHMP1B with six predicted α-helices (α1- α6) and cDNA constructs used in this
study. The numbers indicate positions of amino acid residues. Asterisk ( ) indicate the lysine residues in positions 42, 59, 87 and 90. B, C: HEK293T cells were
co-transfected with GFP-CHMP1B and Flag-USP8 constructs, and cell lysates were immunoprecipitated (IP) with anti-GFP or anti-Flag antibodies. IPs were
revealed by western blot (IB) using either anti-GFP or anti-Flag antibodies. In (C), whole cell lysates (WCL) were immunoblotted with anti-Flag, anti-CHMP1B
or anti-Tub to reveal protein amounts. Note that expression of each protein CHMP1B or USP8 stabilizes the other partner. D: Representation of the Venus
Fluorescent protein (VFP) fusion constructs carrying Myc or HA tag. VN: Venus Nter, VC: Venus Cter. The numbers indicate positions of amino acid residues
in USP8 or CHMP1B. E: VFP fluorescence of fixed HeLa cells co-transfected with Myc-VN-USP8 and HA-VC-CHMP1B. Scale bar: 20 μm. In (E’), quantification
of VFP spots was performed using HCS Studio software on Myc and HA positive cells only (i.e. in transfected cells). Vertical axis indicates Venus spots count per
HA and Myc positive cell. Scatter dot plots represent one representative experiment out of three. Values are mean ± SD.  p<0.01;  p<0.05 (Student’s t-test). F:
HeLa cells were co-transfected with Myc-VN-USP8 and HA-VC-CHMP1B as in E and immunostained with early (EEA1) or late (LAMP1) endosomes markers.
In (F’), quantification of overlap between USP8-CHMP1B VFP spots and EEA1, or LAMP1 is represented as a fraction of total VFP fluorescence. Vertical axis
indicates overlap area. Histogram represent one representative experiment out of three. Values are Mean ± S.E.M.  p<0.0001 (Student’s t-test).
https://doi.org/10.1371/journal.pgen.1007456.g001

CHMP1B is ubiquitinated within its N-terminal core
We next investigated whether CHMP1B is ubiquitinated in cells. To this end, the
GFP-CHMP1B protein was expressed in HEK293T cells together with HA-ubiquitin (HA-Ub)
[59] and immunoprecipitated from cell lysates with an antibody against GFP. To specifically
detect ubiquitin moieties covalently linked to CHMP1B and not to putative partners, highly
stringent conditions were used for immunoprecipitation. Western blot of GFP immunoprecipitated product using anti-HA antibodies revealed the presence of a major Ub-CHMP1B
product migrating at 70kDa on SDS-PAGE, putatively corresponding to a mono- or di-ubiquitinated form of the recombinant protein, as well as higher molecular weight (mw) species that
may correspond to multi-mono- or poly-ubiquitinated forms of CHMP1B (Fig 2A, “WT”).
Accordingly, previous whole-proteome analyses revealed the existence of ubiquitin linkage at
multiple sites of the CHMP1B protein [60–62].
We then generated a CHMP1B mutant construct in which four lysine residues exposed to
the solvent were replaced by arginine residues (CHMP1B-4K>R) (Fig 1A, S2A–S2H Fig). This
mutant displayed a strong reduction of ubiquitin linkage compared to wild-type CHMP1B
(Fig 2A and 2A’; S2I Fig). We also observed a slight reduction of ubiquitin-linked forms of
CHMP1B carrying a single K>R substitution in the case of either the K87>R or the K90>R
but not in the case of the K42>R or the K59>R single substitutions (S2I Fig). Residual ubiquitination observed with the CHMP1B-4K>R construct may result from other ubiquitination
sites within the protein [60–62].
These results indicate that GFP-CHMP1B is ubiquitinated in human cells and that ubiquitin linkage occurs mostly at lysine residues K87 or K90. Remarkably, these two lysine residues
are located in the flexible linker between α2 and α3 which becomes helical in the polymer
structure (S2A–S2H Fig) [22].

The ubiquitination status of CHMP1B is controlled by USP8
We then tested whether ubiquitinated CHMP1B is a target of the ubiquitin hydrolase activity
of USP8. To this end, HEK293T cells were co-transfected with HA-Ub and GFP-CHMP1B
together with Usp8 silencing (shUsp8) or wild-type or mutated USP8 expressing constructs
[63]. Silencing of Usp8 was only partial and resulted in a slight increase of the ubiquitinated
pool of GFP-CHMP1B (Fig 2B and 2B’). In contrast, the expression of the wild-type or the
constitutively active form USP8S680A, but not of the catalytic mutant USP8C748A, caused a
strong reduction of the Ub-CHMP1B pool (Fig 2C and 2C’). We repeated the experiment
using antibodies specifically directed against K48-linked ubiquitin polymers showing that
GFP-CHMP1B is unlikely to be modified by this type of chains or at very low level (S2J Fig).
Reinforcing this observation, inhibiting the proteasomal activity did neither increase the
amount of ubiquitinated GFP-CHMP1B nor stabilize the protein (S2K Fig). In these
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Fig 2. CHMP1B ubiquitination is controlled by USP8. A-C: Wild-type or mutated GFP-CHMP1B constructs were transfected into HEK293T cells jointly with
HA-ubiquitin (HA-Ub). In (B), cells were co-transfected with shUsp8 and in (C), cells were co-transfected with Flag-USP8, Flag-USP8C748A or Flag-USP8S680A
constructs. Immunoprecipitations (IP) were carried out with anti-GFP antibodies after strong denaturation of the lysate and proteins were analyzed by
immunoblot (IB) using either anti-HA (Ub) or anti-GFP (CHMP1B) antibodies. Whole cell lysates (WCL) were immunoblotted with anti-HA to reveal transfected
Ub-HA and, in (B), with anti-USP8 to reveal endogenous USP8, and in (C), with anti-Flag to reveal Flag-USP8 constructs. Total protein amount is shown. A’, B’,
C’: Quantification by densitometry of blots in A, B or C, respectively. Normalized signals are expressed as a fold-change over CHMP1B wild-type basal
ubiquitination levels. Histograms represent the mean of two to three independent experiments. Error bars indicate the range. Values are mean ± SD.  p<0.05
(Student’s t-test).
https://doi.org/10.1371/journal.pgen.1007456.g002
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experiments again, Ub-CHMP1B forms were strongly reduced by expressing USP8 or
USP8S680A, but not the catalytic mutant USP8C748A (S2J and S2K Fig). Our results thus strongly
suggest that USP8 deubiquitinates CHMP1B.

Endogenous CHMP1B is part of an ESCRT-III complex containing IST1
The analysis of the whole cell lysate from HEK293T or HeLa cells with an anti-CHMP1B antibody revealed three major bands migrating at 25–28 kDa, 55 kDa and 200 kDa (Fig 3A and
S3A Fig). These bands were strongly diminished upon silencing of CHMP1B using two independent shRNAs (S3A Fig). These results indicate that endogenous CHMP1B is present as distinct species corresponding to monomers and SDS-PAGE-resistant putative dimers and
polymers. Longer heat denaturation of the samples resulted in a loss of the 200 kDa band and
an increase of the 55 kDa band, supporting the hypothesis that the high mw species corresponds to a SDS-PAGE resistant polymeric form of CHMP1B (S3B Fig). In contrast to the
endogenous protein, the recombinant GFP-tagged CHMP1B was only detected as monomeric
form possibly due to the presence of the N-terminal GFP tag that may perturb CHMP1B polymerization (see above, Fig 2A).
Then, HEK293T cell lysates were separated on a sucrose gradient as a first step to enrich
samples in CHMP1B polymers. Western blot analysis confirmed the presence of polymeric
SDS-PAGE resistant CHMP1B in the 20 and 30% sucrose fractions while the putative dimers
were present in the upper fractions (0% and 10%) and monomers were not detected by this
method (Fig 3B). We then analyzed the 30% sucrose fraction by size exclusion chromatography followed by western blot analysis. This revealed the presence of CHMP1B in fractions 6 to
9 (elution volume 9.5 to 11 ml) (Fig 3C). Because two marker proteins of 669 kDa (thyroglobubin) and 158 kDa (γ-globulin) eluted at 9.8 and 13.2 ml, respectively, we conclude that
CHMP1B is part of a ~500 kDa complex. Probing the same fractions with the anti-IST1 antibody showed further that endogenous IST1 is also present in this complex (Fig 3C).
Taken together, our results indicate that endogenous CHMP1B exists as SDS-PAGE resistant polymers that are part of a larger complex that also contains IST1.

Polymeric CHMP1B is free of ubiquitin
We next analyzed the ubiquitination profile of endogenous CHMP1B. Ubiquitinated proteins
from HEK293T cells were immunoprecipitated using the anti-ubiquitin FK2 antibody and further analyzed by western blot using the anti-CHMP1B antibody. As shown above, the same
three forms of CHMP1B could be detected in the whole cell lysate (Fig 3D, WCL). In the pool
of ubiquitinated proteins, CHMP1B immunoblotting revealed the presence of a major ubiquitinated form of CHMP1B migrating at ~70 kDa that may correspond to an ubiquitinated
dimer of CHMP1B (Fig 3D, IP FK2) while the minor band detected at 35 kDa might be nonspecific (see S3C Fig). In contrast, the polymeric form of CHMP1B was not found in the ubiquitinated fraction (Fig 3D, IP FK2). Thus, polymers of CHMP1B that are part of the ESCRT-III complex with IST1 are most likely devoid of ubiquitin.
In parallel, endogenous CHMP1B was immunoprecipitated from the HEK293T cell extract
and detected by immunoblotting with anti-CHMP1B. Likewise, the monomers, the putative
dimers and the polymers could be detected in the whole cell lysate (Fig 3D, WCL). Interestingly, only the polymers and the ubiquitinated, but not the non-ubiquitinated, forms of
CHMP1B, were found in the CHMP1B fraction immunoprecipitated from native cell extracts
(Fig 3D, IP CHMP1B). Since we used a polyclonal human anti-CHMP1B antibody raised
against a peptide covering residues 35 to 84 (Fig 3E), the epitope(s) recognized by this antibody
might be completely or partially hidden by the auto-inhibitory helix 6 in the monomeric closed
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Fig 3. Polymeric CHMP1B belongs to a CHMP1B IST1 complex and is free of ubiquitin. A: HEK293T whole cell lysate was analyzed by immunoblot with antiCHMP1B antibody. B: HEK293T whole cell lysates were separated by sucrose gradient centrifugation. The different fractions were separated by SDS-PAGE and
CHMP1B was visualized by immunoblot (IB). C: The 30% sucrose gradient fraction (in B) was concentrated and separated on a Superdex 200 column. 0.5 ml
fractions were analyzed by IB against CHMP1B or IST1. The elution volume of marker proteins are indicated; thyroglobulin, 669 kDa, elutes at 9.8 ml; γ-globulin, 158
kDa, elutes at 13.2 ml. D: HEK293T whole cell lysate was immunoprecipitated with the FK2 (left) or the anti-CHMP1B antibody (right) as indicated on the top. The
whole cell lysate (WCL), the unbound fraction (UF) and the IPs were analyzed by IB against CHMP1B. Asterisk indicates unspecific band (see S3C Fig). E: Schematic
representation of the recognition site of the antibody against CHMP1B. F: HEK293T cells were transiently transfected with control (pSilencer) or shUsp8 plasmids for
48 hours. The whole cell lysate was immunoprecipitated with the FK2 antibody and the IPs were analyzed by IB against CHMP1B. Asterisk indicates unspecific band
at 35 kDa (see S3C Fig). Double Asterisk corresponds to light and heavy chains of IgG (at 25kDa and 55 kDa, respectively).
https://doi.org/10.1371/journal.pgen.1007456.g003

conformation [22] thereby preventing its recognition and immunoprecipitation by the antibody from native cell lysates. We thus suggest that these epitope(s) are exposed for antibody
recognition in polymeric as well as in ubiquitinated forms of CHMP1B while they are masked
in non-ubiquitinated ones. Taken together, our results show the existence of endogenous
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ubiquitinated forms of CHMP1B, which may correspond to ubiquitinated dimers, and that
CHMP1B polymeric forms are not ubiquitinated.
Finally, we observed that the ubiquitination level of endogenous CHMP1B was higher in
partially Usp8-silenced cells compared to control cells, strengthening the hypothesis that USP8
deubiquitinates CHMP1B (Fig 3F).

Dynamic ubiquitination of CHMP1B upon EGF treatment
Given the role of the ESCRT machinery in the downregulation of a vast array of receptors in
response to their ligands, including EGFR and the pro-inflammatory IL1R (Interleukine 1
Receptor) [64,65], we tested the effect of EGF and IL1β on CHMP1B ubiquitination when
added at doses known to induce the internalization of their respective receptors [64,65]. In
cells co-expressing GFP-CHMP1B and HA-Ub, a transient increase of the amount of ubiquitinated GFP-CHMP1B was observed at 5 min of stimulation with EGF (Fig 4A). This timing
coincides with the onset of the interaction between EGFR and the ESCRT proteins [45]. In the
case of IL1β treated cells, a transient accumulation of ubiquitinated GFP-CHMP1B was
observed at 10 min of stimulation (S4A Fig). These experiments show that ubiquitination of
CHMP1B is dynamically regulated in response to EGF or cytokine stimulation.
We then tested the effect of EGF stimulation on the ubiquitination profile of endogenous
CHMP1B. HEK293T cells were treated with 100 ng/ml of EGF and ubiquitinated proteins
were immunoprecipitated using the FK2 antibody at different time points. A transient,
although modest, increase of the amount of endogenous Ub-CHMP1B putative dimers was
observed at 5 min post-EGF stimulation in the FK2 immunoprecipitate from whole cell lysates
(Fig 4B, blot (1)). Fractioning of cytosolic (Fig 4B, blot (2)) versus membrane (Fig 4B, blot (3))
fractions prior to immunoprecipitation revealed that the pool of ubiquitinated CHMP1B in
response to EGF was strongly enriched in the membrane fraction from 5 to 15 min of EGF
stimulation (Fig 4B, blot (3)). Analysis of the corresponding cell fractions prior to immunoprecipitation revealed no significant change in the CHMP1B profile in the whole cell lysates or
the cytosolic fraction. In the membrane fraction however, the 55kDa band was not detected as
opposed to a new lower band whose molecular nature remains to be determined (Fig 4B).
Nuclear versus cytoplasmic fractions were analyzed in the same way and showed that the accumulation of ubiquitinated CHMP1B following EGF stimulation did not correspond to nuclear
CHMP1B (S4B Fig).
From these results, we conclude that endogenous CHMP1B is rapidly ubiquitinated upon
EGF stimulation resulting in the accumulation of ubiquitinated CHMP1B at cellular
membranes.

Ubiquitination of CHMP1B is required for EGFR degradation
In order to investigate the physiological relevance of CHMP1B ubiquitination, we analyzed the
EGFR degradation kinetic following EGF stimulation in stably CHMP1B-silenced
(shCHMP1B) HeLa cells that were transiently transfected with shRNA-resistant CHMP1B-WT
or CHMP1B-4K>R constructs (Fig 5A; S5A and S5B Fig). CHMP1B-silenced cells exhibited
delayed EGFR degradation compared to the control cells (Fig 5A and 5A’). Expressing
CHMP1B-WT, but not CHMP1B-4K>R, restored the kinetic of EGFR degradation in
CHMP1B-silenced cells to the control cell situation (Fig 5A and 5A’).
We then analyzed the plasma membrane expression of EGFR in CHMP1B-silenced cells
expressing or not the shRNA-resistant versions of either wild-type or 4K>R mutant forms of
CHMP1B (Fig 5B and 5B’). The amount of EGFR at the plasma membrane before and after
EGF stimulation was followed by immunostaining on fixed, but non-permeabilized cells to
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Fig 4. Dynamic ubiquitination of CHMP1B in response to EGF stimulation. A: GFP-CHMP1B constructs were
transfected into HEK293T cells jointly with HA-ubiquitin (HA-Ub). Cells were starved for 16 hours prior to stimulation by
EGF at 100 ng/ml. Immunoprecipitations (IP) were carried out with anti-GFP antibodies of the lysate and proteins were
analyzed by immunoblot (IB) using either anti-HA (Ub) or anti-GFP antibodies. Whole cell lysates (WCL) were
immunoblotted with indicated antibodies. B: Serum starved HEK293T cells were subjected to EGF at 100ng/ml stimulation.
Whole cell lysates (Whole) and cell fractions (Cytosolic and Membrane) were prepared as indicated in supplemental
methods. Briefly, cell debris and nuclei were eliminated though a brief centrifugation and cell lysates were then recentrifuged at 13000 x g for 20 min at 4˚C. The supernatant was collected as cytosolic fraction while the pellet was resuspended, briefly centrifuged to eliminate insoluble proteins, and collected as membrane fraction. Ubiquitinated proteins
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were immunoprecipitated with FK2 antibody from either the WCL (1), the cytosolic (2) or the membrane (3) fractions at the
indicated time of EGF stimulation. IPs were analyzed by SDS-PAGE and revealed by IB using anti-CHMP1B or FK2
antibodies. Total proteins are shown. Lamp1 expression was analyzed from supernatant or pellet before IP.
https://doi.org/10.1371/journal.pgen.1007456.g004

better preserve the membrane structure and mostly visualize EGFR located at the plasma
membrane. We observed a higher level of plasma membrane EGFR expression in CHMP1Bsilenced cells compared to control cells both before and at each time point of EGF stimulation
(Fig 5B and 5B’). Treatment of control HeLa cells with 100 ng/ml EGF induced the expected
progressive removal of EGFR from the plasma membrane in the ensuing 30 min and an almost
complete loss of staining at 60 min post-stimulation (Fig 5B and 5B’). In contrast, EGFR staining at the plasma membrane was reduced but still present at 60 min in CHMP1B-silenced cells
(Fig 5B and 5B’). Interestingly, the expression in CHMP1B-silenced cells, of CHMP1B-WT,
but not of CHMP1B-4K>R, was able to induce EGFR disappearance from the membrane after
EGF stimulation, clearly supporting an important role for CHMP1B ubiquitination in EGFR
trafficking (Fig 5B and 5B’). Co-staining of EGFR and RAB4, a marker for early recycling
endosomes [66], revealed that both the EGFR amount and the RAB4 staining were higher,
with an enhanced correlation of the two signals, in CHMP1B-silenced versus control cells (Fig
5C and 5C’).
We further investigated if the internalization process per se was defective in CHMP1Bsilenced cells. To this end, we performed a trafficking assay using an EGFR antibody that recognizes the extracellular domain of EGFR [67] which was directly added to the culture
medium on living cells. Then, cells were washed, fixed and secondary antibody was added.
This procedure allowed to detect plasma membrane EGFR at time 0 and intracellular EGFR
associated with the primary antibody internalized from the cell surface at different time points
following EGF stimulation (Fig 5D). The quantification of internalized EGFR over time
showed a proper or even enhanced level of internalized EGFR in CHMP1B-silenced cells versus control cells (Fig 5D and 5D’). Co-staining with endosomal markers to reveal the early
(EEA1), late (Lamp1) and early recycling (RAB4) endosomes indicates that EGFR traffics
through these different endosomal compartments although with a different kinetic in
shCHMP1B-silenced cells compared to control cells (S6 Fig).
Taken together, our results show that EGFR is internalized but most likely less efficiently
degraded in CHMP1B-silenced cells compared to control cells following EGF stimulation.
Moreover, CHMP1B ubiquitination is required for proper EGFR degradation.

Ubiquitination of CHMP1B is required for Drosophila wing development
To assess the generality of a CHMP1B regulation by the ubiquitin system, we extended our
experiments to the Drosophila melanogaster model organism. The Drosophila melanogaster
genome encodes one orthologue of HsUSP8, the protein DmelUSP8 (syn. DmelUBPY) that
shares 45% sequence identity with its human counterpart and a unique CHMP1 protein,
DmelCHMP1, displaying 90% identity with human CHMP1B [68]. Three out of the four lysine
residues targeted in this work are conserved and the MIM domain is almost identical except
for one conservative substitution (Fig 6A).
Ubiquitous silencing of Chmp1 or Usp8 in Drosophila is lethal before the pupal stage, so we
used transgenic fly lines expressing silencing hairpins under the control of the UAS promoter
[69] together with the specific wing Gal4 driver MS1096-Gal4 inducing the expression of the
UAS constructs in the dorsal wing layer. Consistent with previous studies showing the role of
these two genes in wing development [63,68,70], silencing either Chmp1 or Usp8 resulted in a
similar curved and growth defective wing phenotype (Fig 6B).
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Fig 5. Ubiquitination of CHMP1B is required for EGFR degradation. A: Analysis of lysates from HeLa cells expressing or not a shRNA-CHMP1B against the
3’UTR region (sh94) and transfected with HA-empty, HA-CHMP1B-WT or HA-CHMP1B-4K>R as indicated. Cells were subjected to 16 hours serum starvation
prior to stimulation by EGF and lysed at the indicated time points prior to analysis. Proteins were separated by SDS-PAGE and revealed by immunoblots (IB) using
either anti-EGFR or anti-HA antibodies. Total protein amounts are shown. A’: Quantification of the amount of EGFR was carried out by densitometry and
normalized signals are expressed as a fold-change over the basal EGFR level at time 0 minutes (in the absence of EGF) to circumvent variations in total EGFR
amount prior to stimulation. Histograms represent the mean of three independent experiments. Error bars indicate standard deviation. Statistical significance was
determined using two-way ANOVA ( p<0.001,  p<0.001). B: Confocal images of control or CHMP1B-silenced (shCHMP1B-94) HeLa cells transfected with HAempty, HA-CHMP1B or HA-CHMP1B-4K>R. Cells were subjected to serum starvation prior to stimulation by EGF and fixed at the indicated time points.
Immunofluorescence staining of non-permeabilized cells was performed to stain specifically plasma membrane EGFR. Scale bar: 40μm. B’: Quantification of the
intensity of fluorescence per cell was performed using Cell Profiler Software. Vertical axis indicates fluorescence intensity units per cell. Histograms represent the
mean intensity measured from individual cells. Error bars indicate standard deviation. The numbers between parentheses indicate the number of cells measured for
each experimental condition. Statistical significance was determined using two-way ANOVA ( p<0.0001). Note that CHMP1B-WT expression in shCHMP1B
context induced an apparent complete rescue of EGFR disappearance from the cell membrane while the immunostaining revealed only about 50% of CHMP1B-WT
expressing cells (as shown in S5B Fig). One possible explanation is that a number of transfected cells express low levels of the rescuing CHMP1B protein that are not
detectable by immunofluorescence but sufficient for the rescue of CHMP1B knock-down. In addition, overexpression of CHMP1B reduced the level of EGFR at the
membrane compared to control cells as clearly observed at the starting point (see time 0) which may also account for the apparent total rescue of the phenotype. C:
Confocal images of HeLa cells or CHMP1B-silenced HeLa cells (shCHMP1B-94). Cells were subjected to 16 hours serum starvation prior to stimulation by EGF and
fixed at 30 min of stimulation. Immunofluorescence staining was performed on permeabilized cells using anti-EGFR and anti-RAB4 antibodies. Scale bar: 20μm. C’:
Left histogram: EGFR and RAB4 dots were segmented and their intensity measured using the Cell Profiler software. The mean intensity and the standard deviation
(error bars) calculated from individual dots are shown. The numbers between parentheses indicate the number of dots measured for each experimental condition.
Statistical significance was determined using T-test ( p<0.0001). Right histogram: the Pearson coefficient correlation between EGFR and RAB4 dots was
calculated for each cell using the Cell Profiler software. The mean Pearson coefficient and the standard deviation (error bars) calculated from individual cells are
shown. The numbers between parentheses indicate the number of cells measured for each experimental condition. Statistical significance was determined using Ttest ( p<0.0001). D, D’: Control (shNT) and shCHMP1B-94 silenced HeLa cells (shCHMP1B) were serum starved for 16 hours. An antibody directed against the
extracellular domain of EGFR was added in the culture medium together with EGF and the EGFR/antibody complex was let allowed to internalize for the indicated
time of EGF stimulation before fixation. D: Cells stained with EGFR were imaged by automated ArrayScan microscope. D’: Quantification of EGFR spots was
performed using the dedicated software (see methods). Scale bar: 40μm. Statistical significance was determined using two-way ANOVA ( p<0.0001).
https://doi.org/10.1371/journal.pgen.1007456.g005

During wing development, a complex set of signaling events establishes a row of active
Notch pathway cells in the wing larval imaginal disc, at the level of the future wing margin
[71,72]. Using an EGFP reporter gene expressed under Notch Responsive Elements (NRE)
and the driver engrailed-Gal4 (en-Gal4) to induce the silencing construct in the posterior part
of the wing imaginal disc, we observed that silencing endogenous Chmp1 resulted in an
enlarged domain of EGFP expression both in the domain of engrailed (en) expression and
slightly beyond (Fig 6C). Defects outside the domain of shCHMP1 expression is in accordance
with a non-cell autonomous role of ESCRT proteins in the regulation of developmental signals
[70,73–80]. This resulted in observable wing margin defects at the adult stage (Fig 6C).
Transgenic flies conditionally expressing human transgenes encoding either wild-type
HsCHMP1B or HsCHMP1B-4K>R were then generated to test their ability to rescue the wing
phenotype induced by DmelChmp1 silencing. Remarkably, restriction of the Notch signaling
domain in larval imaginal discs was restored by expressing wild-type HsCHMP1B resulting in
normal adult wings. In contrast, expressing HsCHMP1B-4K>R mutant only partially restored
the restriction of Notch activity in the wing margin, resulting in a high proportion of adults
presenting wing margin defects (85%) and a few adults with almost normal wings (15%) (Fig
6C). Incomplete rescue by the ubiquitination defective HsCHMP1B-4K>R mutant indicates
that modification of CHMP1B by ubiquitin linkage contributes to the protein function in Drosophila thus providing evidence for the evolutionary conservation of a ubiquitination-based
regulation of HsCHMP1B and DmelCHMP1 proteins.

Discussion
Presently, little is known about the regulation and activation of human ESCRT-III proteins in
vivo. Here we show that the ESCRT-III member CHMP1B is regulated by ubiquitin linkage
which is tightly controlled by the ubiquitin specific protease USP8. We propose that CHMP1B
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Fig 6. The ubiquitin deficient form of CHMP1B is not functional in Drosophila. A: Protein sequence alignment of Drosophila melanogaster
CHMP1 versus its Homo sapiens orthologue CHMP1B. Lysine residues in Hs-CHMP1B are marked in yellow. Conserved lysine residues in DmelCHMP1 are marked in green, the one which is not is marked in red. The four lysine substituted by arginine residues in CHMP1B-4K>R are
marked with red arrow-heads. The MIM (MIT interacting domain) is marked in grey. B: Pictures of 3 to 5 day-old female flies raised at 25˚C
expressing the indicated transgenes under the control of the wing MS1096-Gal4 driver. Genotypes are as follows in w1118 background. Ctrl:
MS1096/+. Chmp1-IR: MS1096/+;UAS-lacZ/+;UAS-Chmp1-IR/+. Usp8-IR: MS1096/+;UAS-Usp8-IR/+;UAS-birA. The number of flies examined is
N>100 in all cases. The phenotypes were 100% penetrant in all cases. C: Upper panels: confocal images of dissected late third instar larval wing
imaginal discs. EGFP is expressed under the control of Notch Responding Elements (NRE). Myr-RFP is expressed under the control of UAS
sequences. Gal4 is expressed under the control of engrailed (en) promoter. a,b,c,d: frontal average Z stack of confocal series. a’ and a” show lateral
views of the Z stack indicated by white arrowheads in (a), at the level of either the non-Gal4 expressing area (a’, corresponding to anterior part of
the wing imaginal disc) or the Gal4 expressing area (a”, corresponding to the posterior part of the wing imaginal disc). Same configuration for b’,
b”, c’, c”, d’, d”. Ap: apical side. Bs: basal side. Magnification objective 63x. Scale bar: 75μm. Bottom panels: pictures of corresponding adult wings.
The penetrance of the phenotype is indicated in percentage calculated on (N) flies examined as indicated. Genotypes are as follows: Control: w1118;
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en-Gal4, UAS-Myr-RFP, NRE-EGFP/+. Chmp1-IR: w1118; en-Gal4, UAS-Myr-RFP, NRE-EGFP/+; UAS-Chmp1-IR/+. Chmp1-IR + hCHMP1B:
w1118; en-Gal4, UAS-Myr-RFP, NRE-EGFP/UAS-hCHMP1B; UAS-Chmp1-IR/+. Chmp1-IR + hCHMP1B-4K>R: w1118; en-Gal4, UAS-Myr-RFP,
NRE-EGFP/UAS-hCHMP1B-4K>R; UAS-Chmp1-IR/+.
https://doi.org/10.1371/journal.pgen.1007456.g006

ubiquitination serves as a checkpoint for spatial and temporal control of its polymerization at
endosomes.
We identified the lysine residues K87 and/or K90 situated in the linker region connecting
α-helices 2 and 3 of CHMP1B as major site(s) of ubiquitination. Compared to the human protein, K87 is conserved but not K90 in Drosophila melanogaster and inversely in Arabidopsis
thaliana (S7 Fig), pointing out the importance of the presence of at least one lysine residue in
this region. This linker region is crucial for the transition from the closed inactive state to the
open active polymer conformation of ESCRT-III CHMP1B [22,23]. Notably, in the conversion
from the closed to the open conformation, the flexible linker region extends helix 2 of the hairpin (S2A–S2H Fig). We hypothesize that ubiquitination of K87 or K90 residues could possibly
induce or stabilize an open conformation of CHMP1B monomers or dimers. In agreement
with this hypothesis, we have shown that non-ubiquitinated monomers or dimers of CHMP1B
are not recognized by the CHMP1B antibody that targets an epitope presumably masked by
the auto-inhibitory helix while ubiquitinated forms of CHMP1B expose the corresponding
epitope.
Remarkably, ubiquitinated forms of CHMP1B were not detected as polymers indicating
that ubiquitin moieties on CHMP1B may prevent its assembly into ESCRT-III filaments/complexes. We further purified the CHMP1B containing complexes and showed that they are part
of a bigger complex containing IST1, an ESCRT-III member previously shown to co-polymerize with CHMP1B in vitro [22]. The finding that CHMP1B is free of ubiquitin in these complexes is in accordance with the fact that CHMP1B:IST1 polymerization was observed in vitro
with non-ubiquitinated recombinant proteins [22]. Furthermore, we have demonstrated that
USP8 deubiquitinates CHMP1B. Thus, deubiquitination of CHMP1B by USP8 at the endosomal membrane may favor CHMP1B oligomerization and co-assembly with IST1 in vivo.
It is well described that EGF induces the active sorting of the EGFR at the endosomal membranes where it can be either directed to the lysosomal degradation pathway or recycled back
to the plasma membrane [81]. Here, we observed that ubiquitinated CHMP1B strongly accumulate on membranes upon EGF stimulation. Therefore, our observation provides strong evidence for a correlation of the transient accumulation of ubiquitinated CHMP1B at the
membrane with the activation of EGFR trafficking. Thus, ubiquitination of one or two of the
exposed lysine residues may also favor CHMP1B binding to membrane-associated complexes
prior to its incorporation in ESCRT-III complexes.
We show that CHMP1B-silenced cells present delayed degradation kinetic of EGFR following EGF stimulation. By staining specifically plasma membrane EGFR in non-permeabilized
cells, we were also able to observe that CHMP1B-silenced cells present a delay in the disappearance of EGFR from the plasma membrane following EGF stimulation. However, the
CHMP1B-silenced cells present normal or even enhanced internalization of EGFR following
EGF stimulation. These results together with the data from the literature showing the role of
CHMP1B in MVB biogenesis [82] are consistent with a defect in EGFR sorting, in which
decreased lysosomal degradation could be coupled with an enhanced recycling rate of EGFR at
the plasma membrane. This hypothesis was further supported by enhanced correlation of
EGFR staining with RAB4 following EGF stimulation. While further investigation is needed to
understand the exact function of CHMP1B in EGFR sorting, we observed that expression of
the CHMP1B-4K>R mutant failed to rescue the degradation kinetic of EGFR while wild-type
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CHMP1B did rescue it. Although we cannot completely exclude that the K>R mutations
impair CHMP1B function by themselves, this substitution is conservative and the side chains
of the four lysine residues are solvent exposed in the closed conformation model and in the
CHMP1B polymer structure. We thus propose that defective ubiquitination alters CHMP1B
function in receptor sorting. Hence, the ubiquitination of CHMP1B would play a major role in
the regulation of the sorting of the EGFR at the MVB.
Several functions have been described for CHMP1 proteins. The yeast Did2 protein
(CHMP1) was suggested to act in concert with IST1 in the control of Vps4, which disassembles
ESCRT-III polymers at a late stage in MVB sorting [83–85]. Furthermore, CHMP1B in complex with IST1 has been implicated in the formation of recycling tubules from endosomes by
stabilizing positively curved membrane tubules in overexpressing conditions [22]. These various functions together with the observed dynamic ubiquitination of CHMP1B upon EGF or
IL1β treatment could indicate that CHMP1B ubiquitination is part of an ubiquitin-dependent
sensing mechanism that might control the fate of receptors towards either recycling or
degradation.
The crucial role of both CHMP1B ubiquitination and interaction with USP8 was further
confirmed in vivo by analyzing its role in Drosophila melanogaster wing development. Proper
wing development depends on signaling molecules, such as Hedgehog (HH), Wingless (Wg)
or the EGFR ligand Vein (Vn), which activate signal transduction pathways through endocytosis of their receptors [41,70,79,86,87]. In this process, CHMP1B-dependent secretion of morphogens is essential [70]. Our results indicate that defective ubiquitination of CHMP1B
impairs its normal function in the regulation of the developmental signals controlling Notch
activation at the wing margin.
In summary, we propose that dynamic CHMP1B ubiquitination in response to plasma
membrane receptor activation and internalization regulates its association to membrane
bound complexes and that subsequent ubiquitin hydrolysis allows its incorporation into
ESCRT-III polymers exerting their function in receptor sorting at the endosomes. Our results
are in line with regulation of protein polymerization by ubiquitin linkage [88]. Furthermore,
the finding that CHMP1B is a target of USP8 may shed new light in the future on understanding its contribution to membrane receptor trafficking, resistance to chemotherapy or EGFR
stabilization in Cushing’s disease.

Methods
Cell lines, cell culture and cell imaging
HEK293T and HeLa cells were purchased from ATCC (LGC Standards, United Kingdom).
HEK293T and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) and
RPMI 1640 respectively (Life Technologies) supplemented with 10% heat inactivated fetal
bovine serum and 1% Penicillin/Streptomycin mix, and grown in 5% CO2 at 37˚C in a humidifier incubator.
Cell transfection, immunostaining and imaging (confocal and high content analysis by
automated microscopy) are described in supporting information (S1 Detailed procedures).

Fly stocks
Flies were raised and crossed at 18 or 25˚C using standard procedures. Stocks used for gene
silencing are: BL#28906 (Chmp1-IR) and VDRC#v107623 (Usp8-IR) and neutralizing UAS
transgenes on second and third chromosomes are VDRC#3955 (UAS-LacZ) and
VDRC#58760 (UAS-BirA), respectively. The drivers used are MS1096 (BL#8860) and enGal4
combined with the Notch signaling reporter gene (BL#30729).
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Human CHMP1B wild-type and mutated constructs were sub-cloned into pUAST-attb
plasmid using EcoR1 and XhoI as restriction sites. Stable transgenic lines were generated by
injection into the fly stock attP40 in order to integrate each rescuing construct at the same
genomic location ensuring similar expression levels (genotype y1 x67 c23; PattP40). Therefore,
variability in the amounts of recombinant protein are the results of differences in protein stability rather than to variability of transcription levels.
Flies crosses and manipulation are described in supporting information (S1 Detailed
procedures).

DNA manipulation and plasmid construction
The construct expressing HA-Ubiquitin (HA-Ub) was obtained from Dr. Mathias Treier [59].
Mammalian expression constructs of human USP8 were cloned by PCR into pmyc-VN155
(I152L) vector at KpnI/SalI, and human CHMP1B wild-type and mutated sequences were
cloned into pHA-VC155 vector at KpnI/SalI. All PCR primers were purchased from SigmaAldrich. Constructs expressing FLAG-USP8, FLAG-USP8C748A and FLAG-USP8S680A were
kindly provided by Dr. M. Komada [63]. Full length and truncated GFP-tagged constructs of
CHMP1B were kindly provided by Dr. M. Maki [57]. GFP-CHMP1B was used as a template to
generate substitution of lysine to arginine (K>R) residues at position K42, K59, K87 or/and
K90 by site-directed mutagenesis using the QuikChange II Site-Direct Mutagenesis Kit (Agilent Technologies). GFP-CHMP1B and GFP-CHMP1B truncated constructs were used as a
template to generate HA- or VN- and VC- CHMP1B tagged constructs. Flag-USP8 construct
was used as a template to amplify the fragment at position 3311: 5’-AATCTTCAGCAGC
TTATATCC-3’ which was cloned into the pSilencer plasmid to generate the silencing construct shUsp8. Silencing CHMP1B in HeLa cells was achieved by stable transfection with
shRNA-CHMP1B TRCN0000159294(sh-94) (targets 3’UTR region) or shRNA-CHMP1B
TRCN0000165547(sh-47) (targets CDS region) from Mission Sigma shRNA library. Cells
stably transfected with non-target shRNA (indicated as Ctrl or shNT) were used as controls.

EGFR trafficking assay
RPMI culture medium (time 0) or EGF diluted at 100 ng/ml in RPMI/0.5% BSA was added to
serum-starved HeLa cells together with a primary antibody specifically directed against the
extracellular part of the EGFR (ATCC mAb Hybridoma 108, 1/100). EGFR bound to the antibody was let allowed to internalize for 10, 30 or 60 min of EGF stimulation. Then cells were
fixed, permeabilized and immunostained as described in supporting information (S1 Detailed
procedures).
Cell lysis, fractioning, sucrose gradient, gel filtration, immunoblotting and immunoprecipitation methods are described in supporting information (S1 Detailed procedures).

Supporting information
S1 Fig. Expression of USP8 and CHMP1B BiFC constructs. HEK293T cells were transfected
with empty vectors or with Myc-VN-USP8 and HA-VC-CHMP1B-WT and truncated constructs, as indicated. Whole cell lysates were analyzed by immunoblot (IB) using either antiMyc or anti-HA antibodies to reveal transfected constructs. Total proteins are shown.
(TIF)
S2 Fig. CHMP1B conformation and ubiquitination pattern. A-H: Structural model of
CHMP1B conformational change. Lysine residues are shown as sticks. Alpha helices are numbered and colored as indicated. (A) CHMP1B closed conformation. (B) Side view of the
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CHMP1B closed conformation. (C, D) Close-up views showing the positions of K42, K59,
K87, K90, possibly implicated in ubiquitination. (E) Structure of CHMP1B open conformation
present in the CHMP1B polymer. (F) Side view of CHMP1B open conformation. (G, H)
Close-up views of the putatively ubiquitinated lysine residues in the open conformation.
I: Wild-type or mutated GFP-CHMP1B constructs were transfected into HEK293T cells
jointly with HA-ubiquitin (HA-Ub). Immunoprecipitations (IP) were carried out with antiGFP antibodies after strong denaturation of the lysate and proteins were analyzed by immunoblot (IB) using either anti-HA (Ub) or anti-GFP antibodies.
J: GFP-CHMP1B constructs were transfected into HEK293T cells jointly with HA-ubiquitin
(HA-Ub) and the indicated USP8 constructs. Immunoprecipitations (IP) were carried out
with anti-GFP antibodies after strong denaturation of the lysate and proteins were analyzed by
immunoblot (IB) using either anti-K48 or anti-HA (Ub) or anti-GFP (control) antibodies.
Whole cell lysate was analyzed by immunoblot with anti-GFP, anti-K48 or anti-Tubulin
(Tub).
K: Same experiments were performed in HEK293T in presence or absence of proteasomal
activity blocker MG132. IP GFP were analyzed by immunoblot (IB) using either anti-HA (Ub)
or anti-GFP antibodies. Whole cell lysates were analyzed by immunoblot with anti-Flag or
anti-Tubulin (Tub) antibodies.
(TIF)
S3 Fig. CHMP1B expression. A: Analysis of lysates from HeLa cells expressing or not a
shRNA-CHMP1B against 3’UTR region (sh94) or the CDS (sh47). Proteins were separated by
SDS-PAGE and revealed by IB using anti-CHMP1B on cut membranes to improve the efficiency of the antibody and allow the detection of oligomers.
B: Non-treated HEK293T cell lysates were incubated at 95˚C during the indicated times in the
presence of Laemmli buffer. Proteins were separated by SDS-PAGE and revealed by IB using
anti-CHMP1B.
C: IB controls: HEK293T cell lysates were either subjected to immunoprecipitation with antiFLAG or FK2 antibodies, or incubated with Protein G-Sepharose beads alone. Proteins were
then separated by SDS-PAGE and revealed by IB, using anti-CHMP1B (IP Flag lane, primary
antibody control) or without primary antibodies (no IgG lanes, secondary antibody control).
(TIF)
S4 Fig. CHMP1B ubiquitination in response to IL1β or EGF. A: HEK293T cells transfected
with HA-Ub and GFP-CHMP1B were stimulated with 10 ng/ml of IL1β 48 hours after transfection. At indicated times, cells were subjected to strong denaturation lysis and
GFP-CHMP1B was immunoprecipitated from the cleared lysates using anti-GFP antibodies.
Immunoprecipitated proteins were analyzed by Western blot using anti-GFP or anti-HA (Ub)
antibodies. The band indicated with an asterisk ( ) corresponds to IgG heavy chains.
B. HEK293T were subjected to EGF stimulation and cell lysates were fractionated at different
time points in cytoplasmic (Cytosol+Membrane (Mb)) and nuclear (Nucleus) fractions. All
ubiquitinated proteins were immunoprecipitated with the FK2 antibody and analyzed by
immunoblot using anti-CHMP1B antibodies. Cell fractions were analyzed with Lamp1 and
histone H2B antibodies prior to IP as markers of cytoplasmic and nuclear fractions, respectively.
(TIF)
S5 Fig. CHMP1B extinction in shRNA lines and expression of silencing resistant constructs. A: HeLa cells were stably transduced with shRNA non-target, shRNA-CHMP1B
TRCN0000159294 (targets 3’UTR region; indicated shCHMP1B-94) or shRNA-CHMP1B
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TRCN0000165547 (targets CDS region; indicated shCHMP1B-47) from Mission Sigma
shRNA library. Cells were then transfected with GFP-CHMP1B construct for 48 hours and
whole lysates were analyzed by immunoblot using anti-CHMP1B. Endogenous oligomers and
monomers are indicated. Note that signal corresponding to CHMP1B endogenous putative
dimers is masked by the over-expressed GFP-CHMP1B.
B: HeLa cells stably transduced with shRNA non-target, shRNA-CHMP1B-94 (targets 3’UTR
region) were transfected with HA-CHMP1B-WT and 4K>R constructs for 48 hours, stained
with anti-HA antibody and observed by confocal imaging to reveal expression of the rescuing
transgenes.
(TIF)
S6 Fig. EGFR trafficking through endosomal compartments. Control (shNT) and
shCHMP1B-94 silenced HeLa cells (shCHMP1B) were serum starved for 16 hours. An antibody
directed against the extracellular domain of EGFR was added in the culture medium together
with EGF and the EGFR/antibody complex was let allowed to internalize for the indicated
time of EGF stimulation before fixation. Co-staining of endosomal markers was performed
using standard procedures. A-C: Merged pictures of cells co-stained with EGFR and the indicated markers. EGFR staining is in red and endosomal markers (respectively EEA1, LAMP1
and RAB4) are in green, DNA is in blue (revealed by Hoechst). A’-C’ Quantifications of the
overlapping area between EGFR spots and indicated markers (in μm2) were performed using
the dedicated software (see methods). Scale bar: 40μm. Statistical significance was determined
using two-way ANOVA ( p<0.0001).
(TIF)
S7 Fig. Protein sequences comparison. Clustal analysis of the protein sequences of Vps46.1 of
Arabidopsis thaliana, CHMP1B of Homo sapiens and CHMP1 of Drosophila melanogaster.
Conserved lysine residues at position 87 and 90 (in the human sequence) are underlined in yellow, non-conserved lysine residues are in red.
(TIF)
S1 Detailed procedures.
(DOCX)

Acknowledgments
We thank N. Miguet for her help in the sucrose gradient and gel filtration analyses, F. Diab
who contributed to this study as a Master student, M. Comte for help in EGFR hybridoma
preparation, C. Pillet for technical help, Dr. L. Aubry, Dr. Y. Bellaiche, Dr. A. Fuchs, Dr. E.
Poudevigne, Pr. R. Sadoul, and D. Thevenon for valuable suggestions and discussion. We
thank Dr. M. Maki and Dr. M. Komada for providing GFP-CHMP1B and Flag-USP8 plasmids, respectively, and Dr. W. Sundquist and Dr A. Frost for the coordinates of the CHMP1B
closed conformation model.

Author Contributions
Conceptualization: Xènia Crespo-Yàñez, Winfried Weissenhorn, Marie-Odile Fauvarque.
Formal analysis: Xènia Crespo-Yàñez, Carmen Aguilar-Gurrieri, Agnès Journet, Emmanuel
Taillebourg, Emmanuelle Soleilhac, Winfried Weissenhorn, Marie-Odile Fauvarque.
Investigation: Xènia Crespo-Yàñez, Carmen Aguilar-Gurrieri, Anne-Claire Jacomin, Agnès
Journet, Magda Mortier.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007456 June 22, 2018

19 / 24

USP8/UBPY-dependent CHMP1B regulation

Project administration: Marie-Odile Fauvarque.
Software: Emmanuel Taillebourg, Emmanuelle Soleilhac.
Supervision: Emmanuel Taillebourg, Emmanuelle Soleilhac, Winfried Weissenhorn, MarieOdile Fauvarque.
Validation: Xènia Crespo-Yàñez, Agnès Journet, Magda Mortier.
Visualization: Xènia Crespo-Yàñez, Emmanuel Taillebourg, Emmanuelle Soleilhac, MarieOdile Fauvarque.
Writing – original draft: Xènia Crespo-Yàñez, Marie-Odile Fauvarque.
Writing – review & editing: Xènia Crespo-Yàñez, Anne-Claire Jacomin, Agnès Journet,
Emmanuel Taillebourg, Emmanuelle Soleilhac, Winfried Weissenhorn, Marie-Odile
Fauvarque.

References
1.

Baldys A, Raymond JR (2009) Critical role of ESCRT machinery in EGFR recycling. Biochemistry 48:
9321–9323. https://doi.org/10.1021/bi900865u PMID: 19673488

2.

Jones S, Rappoport JZ (2014) Interdependent epidermal growth factor receptor signalling and trafficking. Int J Biochem Cell Biol 51: 23–28. https://doi.org/10.1016/j.biocel.2014.03.014 PMID: 24681003

3.

Scott CC, Vacca F, Gruenberg J (2014) Endosome maturation, transport and functions. Semin Cell Dev
Biol 31: 2–10. https://doi.org/10.1016/j.semcdb.2014.03.034 PMID: 24709024

4.

Katzmann DJ, Babst M, Emr SD (2001) Ubiquitin-dependent sorting into the multivesicular body pathway requires the function of a conserved endosomal protein sorting complex, ESCRT-I. Cell 106: 145–
155. PMID: 11511343

5.

MacDonald C, Buchkovich NJ, Stringer DK, Emr SD, Piper RC (2012) Cargo ubiquitination is essential
for multivesicular body intralumenal vesicle formation. EMBO reports 13: 331–338. https://doi.org/10.
1038/embor.2012.18 PMID: 22370727

6.

Wollert T, Hurley JH (2010) Molecular mechanism of multivesicular body biogenesis by ESCRT complexes. Nature 464: 864–869. https://doi.org/10.1038/nature08849 PMID: 20305637

7.

Peel S, Macheboeuf P, Martinelli N, Weissenhorn W (2011) Divergent pathways lead to ESCRT-III-catalyzed membrane fission. Trends Biochem Sci 36: 199–210. https://doi.org/10.1016/j.tibs.2010.09.004
PMID: 21030261

8.

Henne W, Stenmark H, Emr SD (2013) Molecular mechanisms of the membrane sculpting ESCRT
pathway. Cold Spring Harb Perspect Biol. 5(9). pii: a016766. https://doi.org/10.1101/cshperspect.
a016766

9.

McCullough J, Colf LA, Sundquist WI (2013) Membrane fission reactions of the mammalian ESCRT
pathway. Annu Rev Biochem 82: 663–692. https://doi.org/10.1146/annurev-biochem-072909-101058
PMID: 23527693

10.

Saksena S, Wahlman J, Teis D, Johnson AE, Emr SD (2009) Functional reconstitution of ESCRT-III
assembly and disassembly. Cell 136: 97–109. https://doi.org/10.1016/j.cell.2008.11.013 PMID:
19135892

11.

Shim S, Kimpler LA, Hanson PI (2007) Structure/function analysis of four core ESCRT-III proteins
reveals common regulatory role for extreme C-terminal domain. Traffic 8: 1068–1079. https://doi.org/
10.1111/j.1600-0854.2007.00584.x PMID: 17547705

12.

Lata S, Roessle M, Solomons J, Jamin M, Gottlinger HG, et al. (2008) Structural basis for autoinhibition
of ESCRT-III CHMP3. J Mol Biol 378: 818–827. https://doi.org/10.1016/j.jmb.2008.03.030 PMID:
18395747

13.

Bajorek M, Schubert HL, McCullough J, Langelier C, Eckert DM, et al. (2009) Structural basis for
ESCRT-III protein autoinhibition. Nature structural & molecular biology 16: 754–762.

14.

Muziol T, Pineda-Molina E, Ravelli RB, Zamborlini A, Usami Y, et al. (2006) Structural basis for budding
by the ESCRT-III factor CHMP3. Dev Cell 10: 821–830. https://doi.org/10.1016/j.devcel.2006.03.013
PMID: 16740483

15.

Xiao J, Chen XW, Davies BA, Saltiel AR, Katzmann DJ, et al. (2009) Structural basis of Ist1 function
and Ist1-Did2 interaction in the multivesicular body pathway and cytokinesis. Mol Biol Cell 20: 3514–
3524. https://doi.org/10.1091/mbc.E09-05-0403 PMID: 19477918

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007456 June 22, 2018

20 / 24

USP8/UBPY-dependent CHMP1B regulation

16.

Bodon G, Chassefeyre R, Pernet-Gallay K, Martinelli N, Effantin G, et al. (2011) Charged multivesicular
body protein 2B (CHMP2B) of the endosomal sorting complex required for transport-III (ESCRT-III)
polymerizes into helical structures deforming the plasma membrane. J Biol Chem 286: 40276–40286.
https://doi.org/10.1074/jbc.M111.283671 PMID: 21926173

17.

Ghazi-Tabatabai S, Saksena S, Short JM, Pobbati AV, Veprintsev DB, et al. (2008) Structure and disassembly of filaments formed by the ESCRT-III subunit Vps24. Structure 16: 1345–1356. https://doi.org/
10.1016/j.str.2008.06.010 PMID: 18786397

18.

Guizetti J, Schermelleh L, Mantler J, Maar S, Poser I, et al. (2011) Cortical constriction during abscission involves helices of ESCRT-III-dependent filaments. Science 331: 1616–1620. https://doi.org/10.
1126/science.1201847 PMID: 21310966

19.

Lata S, Schoehn G, Jain A, Pires R, Piehler J, et al. (2008) Helical Structures of ESCRT-III Are Disassembled by VPS4. Science 321: 1354–1357. https://doi.org/10.1126/science.1161070 PMID:
18687924

20.

Shen QT, Schuh AL, Zheng Y, Quinney K, Wang L, et al. (2014) Structural analysis and modeling
reveals new mechanisms governing ESCRT-III spiral filament assembly. J Cell Biol 206: 763–777.
https://doi.org/10.1083/jcb.201403108 PMID: 25202029

21.

Hanson PI, Roth R, Lin Y, Heuser JE (2008) Plasma membrane deformation by circular arrays of
ESCRT-III protein filaments. J Cell Biol 180: 389–402. https://doi.org/10.1083/jcb.200707031 PMID:
18209100

22.

McCullough J, Clippinger AK, Talledge N, Skowyra ML, Saunders MG, et al. (2015) Structure and membrane remodeling activity of ESCRT-III helical polymers. Science 350: 1548–1551. https://doi.org/10.
1126/science.aad8305 PMID: 26634441

23.

Tang S, Henne MW, Borbat PP, Buchkovich NJ, Freed JH, et al. (2015) Structural basis for activation,
assembly and membrane binding of ESCRT-III Snf7 filaments. eLife 4.

24.

Tang S, Buchkovich NJ, Henne WM, Banjade S, Kim YJ, et al. (2016) ESCRT-III activation by parallel
action of ESCRT-I/II and ESCRT-0/Bro1 during MVB biogenesis. Elife 5.

25.

Caballe A, Wenzel DM, Agromayor M, Alam SL, Skalicky JJ, et al. (2015) ULK3 regulates cytokinetic
abscission by phosphorylating ESCRT-III proteins. Elife 4: e06547. https://doi.org/10.7554/eLife.06547
PMID: 26011858

26.

Maemoto Y, Shibata H, Maki M (2013) Identification of phosphorylation sites in the C-terminal region of
charged multivesicular body protein 1A (CHMP1A). Biosci Biotechnol Biochem 77: 1317–1319. https://
doi.org/10.1271/bbb.130065 PMID: 23748770

27.

Agromayor M, Martin-Serrano J (2006) Interaction of AMSH with ESCRT-III and deubiquitination of
endosomal cargo. The Journal of biological chemistry 281: 23083–23091. https://doi.org/10.1074/jbc.
M513803200 PMID: 16760479

28.

Solomons J, Sabin C, Poudevigne E, Usami Y, Hulsik DL, et al. (2011) Structural basis for ESCRT-III
CHMP3 recruitment of AMSH. Structure (London, England: 1993) 19: 1149–1159.

29.

Davies CW, Paul LN, Das C (2013) Mechanism of recruitment and activation of the endosome-associated deubiquitinase AMSH. Biochemistry 52: 7818–7829. https://doi.org/10.1021/bi401106b PMID:
24151880

30.

Row PE, Liu H, Hayes S, Welchman R, Charalabous P, et al. (2007) The MIT domain of UBPY constitutes a CHMP binding and endosomal localization signal required for efficient epidermal growth factor
receptor degradation. The Journal of biological chemistry 282: 30929–30937. https://doi.org/10.1074/
jbc.M704009200 PMID: 17711858

31.

Kato M, Miyazawa K, Kitamura N (2000) A Deubiquitinating Enzyme UBPY Interacts with the Src
Homology 3 Domain of Hrs-binding Protein via a Novel Binding Motif PX(V/I)(D/N)RXXKP. Journal of
Biological Chemistry 275: 37481–37487. https://doi.org/10.1074/jbc.M007251200 PMID: 10982817

32.

Guo EZ, Xu Z (2015) Distinct mechanisms of recognizing endosomal sorting complex required for transport III (ESCRT-III) protein IST1 by different microtubule interacting and trafficking (MIT) domains. J
Biol Chem 290: 8396–8408. https://doi.org/10.1074/jbc.M114.607903 PMID: 25657007

33.

Berlin I, Schwartz H, Nash PD (2010) Regulation of epidermal growth factor receptor ubiquitination and
trafficking by the USP8.STAM complex. J Biol Chem 285: 34909–34921. https://doi.org/10.1074/jbc.
M109.016287 PMID: 20736164

34.
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Ali N, Zhang L, Taylor S, Mironov A, Urbé S, et al. (2013) Recruitment of UBPY and ESCRT exchange
drive HD-PTP-dependent sorting of EGFR to the MVB. Current biology: CB 23: 453–461. https://doi.
org/10.1016/j.cub.2013.02.033 PMID: 23477725

46.

Row PE, Prior IA, McCullough J, Clague MJ, Urbe S (2006) The ubiquitin isopeptidase UBPY regulates
endosomal ubiquitin dynamics and is essential for receptor down-regulation. J Biol Chem 281: 12618–
12624. https://doi.org/10.1074/jbc.M512615200 PMID: 16520378

47.

Savio MG, Wollscheid N, Cavallaro E, Algisi V, Di Fiore PP, et al. (2016) USP9X Controls EGFR Fate
by Deubiquitinating the Endocytic Adaptor Eps15. Curr Biol 26: 173–183. https://doi.org/10.1016/j.cub.
2015.11.050 PMID: 26748853

48.

Bowers K, Piper SC, Edeling MA, Gray SR, Owen DJ, et al. (2006) Degradation of endocytosed epidermal growth factor and virally ubiquitinated major histocompatibility complex class I is independent of
mammalian ESCRTII. J Biol Chem 281: 5094–5105. https://doi.org/10.1074/jbc.M508632200 PMID:
16371348

49.

Mizuno E, Iura T, Mukai A, Yoshimori T, Kitamura N, et al. (2005) Regulation of epidermal growth factor
receptor down-regulation by UBPY-mediated deubiquitination at endosomes. Molecular biology of the
cell 16: 5163–5174. https://doi.org/10.1091/mbc.E05-06-0560 PMID: 16120644

50.

Byun S, Lee SY, Lee J, Jeong CH, Farrand L, et al. (2013) USP8 is a novel target for overcoming gefitinib resistance in lung cancer. Clin Cancer Res 19: 3894–3904. https://doi.org/10.1158/1078-0432.
CCR-12-3696 PMID: 23748694

51.

Oh YM, Lee SB, Choi J, Suh HY, Shim S, et al. (2014) USP8 modulates ubiquitination of LRIG1 for Met
degradation. Sci Rep 4: 4980. https://doi.org/10.1038/srep04980 PMID: 24828152

52.

Ma ZY, Song ZJ, Chen JH, Wang YF, Li SQ, et al. (2015) Recurrent gain-of-function USP8 mutations in
Cushing’s disease. Cell Res 25: 306–317. https://doi.org/10.1038/cr.2015.20 PMID: 25675982

53.

Perez-Rivas LG, Theodoropoulou M, Ferrau F, Nusser C, Kawaguchi K, et al. (2015) The Gene of the
Ubiquitin-Specific Protease 8 Is Frequently Mutated in Adenomas Causing Cushing’s Disease. J Clin
Endocrinol Metab 100: E997–1004. https://doi.org/10.1210/jc.2015-1453 PMID: 25942478

54.

Reincke M, Sbiera S, Hayakawa A, Theodoropoulou M, Osswald A, et al. (2015) Mutations in the deubiquitinase gene USP8 cause Cushing’s disease. Nat Genet 47: 31–38. https://doi.org/10.1038/ng.3166
PMID: 25485838

55.

Perez-Rivas LG, Reincke M (2016) Genetics of Cushing’s disease: an update. J Endocrinol Invest 39:
29–35. https://doi.org/10.1007/s40618-015-0353-0 PMID: 26208471

56.

Agromayor M, Carlton JG, Phelan JP, Matthews DR, Carlin LM, et al. (2009) Essential role of hIST1 in
cytokinesis. Mol Biol Cell 20: 1374–1387. https://doi.org/10.1091/mbc.E08-05-0474 PMID: 19129480

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007456 June 22, 2018

22 / 24

USP8/UBPY-dependent CHMP1B regulation

57.

Maemoto Y, Osako Y, Goto E, Nozawa E, Shibata H, et al. (2011) Calpain-7 binds to CHMP1B at its
second alpha-helical region and forms a ternary complex with IST1. J Biochem 150: 411–421. https://
doi.org/10.1093/jb/mvr071 PMID: 21616915

58.
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