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a b s t r a c t 

The ubiquitin-specific protease USP8 plays a major role in controlling the stability and intracellular trafficking 

of numerous cell surface proteins among which the EGF receptor that regulates cell growth and proliferation in 

many physio-pathological processes. The function of USP8 at the endocytic pathway level partly relies on binding 

to and deubiquitination of the Endosomal Sorting Complex Required for Transport (ESCRT) protein CHMP1B. 

In the aim of finding chemical inhibitors of the USP8::CHMP1B interaction, we performed a high-throughput 

screening campaign using an HTRF® assay to monitor the interaction directly in lysates of cells co-expressing 

both partners. The assay was carried out in an automated format to screen the academic Fr-PPIChem library (Bosc 

N et al. , 2020), which includes 10,314 compounds dedicated to the targeting of protein-protein interactions (PPIs). 

Eleven confirmed hits inhibited the USP8::CHMP1B interaction within a range of 30% to 70% inhibition at 50 μM, 

while they were inactive on a set of other PPI interfaces demonstrating the feasibility of specifically disrupting 

this particular interface. In parallel, we adapted this HTRF® assay to compare the USP8 interacting capacity 

of CHMP1B variants. As anticipated from earlier studies, a deletion of the MIM (Microtubule Interacting and 

Trafficking domain Interacting Motif) domain or mutation of two conserved leucine residues, L192 and L195, in 

this domain respectively abolished or strongly impeded the USP8::CHMP1B interaction. By contrast, a CHMP1B 

mutant that displays a highly decreased ubiquitination level following mutation of four lysine residues in arginine 

interacted at a similar level as the wild-type form with USP8. Therefore, conserved leucine residues within the 

MIT domain rather than its ubiquitinated status triggers CHMP1B substrate recognition by USP8. 

I

 

d  

d  

a  

c  

r  

d  

t  

h  

T

s

R

s  

e  

d  

t  

(
 

s  

w  

(  

E  

m  

h

R

A

2

t

ntroduction 

Regulation of cell signaling and response to external stimuli strongly
epend on the endocytic process and associated ubiquitination/
eubiquitination events. Indeed, many plasma membrane receptors
re ubiquitinated following their activation through binding to their
ognate ligand leading to their internalization by endocytosis (for
eview, see [9] ). Ubiquitin-driven internalization of receptor is notably
ocumented in the case of receptor tyrosine kinases RTKs such as
he Epidermal Growth Factor (EGF) receptor EGFR. Their fate is then
ighly depending on the action of deubiquitinating enzymes (DUBs),
Abbreviations: ACTH, Adenocorticotrophin hormone; CD, Cushing’s disease; DUB

ransport; EGF, Epithelial Growth Factor; EGFR, Epithelial Growth Factor Recepto

creening; MIM, MIT Interacting Motif; MIT, Microtubule Interacting and Trafficking d

esonance Energy Transfer; WT, Wild-Type. 
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uch as the essential ubiquitin-specific protease USP8 ( [10] and refer-
nces therein), which modulate the balance between recycling of the
eubiquitinated proteins back to the cell surface and their trafficking
owards lysosomes after transiting through multivesicular bodies
MVBs), allowing signal desensitization through receptor degradation. 

Endocytosis and MVB biogenesis largely rely on the conserved Endo-
omal Sorting Complex Required for Transport (ESCRT) machinery [3] ,
hich is also involved in many other membrane remodeling processes

reviewed in [29] ). The ESCRT machinery consists of five complexes,
SCRT-0, -I, -II, -III and VPS4, that act sequentially at the endosomal
embrane during the intracellular trafficking of endocytosed membrane
, deubiquitinating enzyme; ESCRT, Endosomal Sorting Complex Required for 

r; HTRF®, Homogeneous Time-Resolved Fluorescence; HTS, high-throughput 

omain; PPI, protein-protein interaction; TR-FRET, Time-Resolved Fluorescence 
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argoes. Following the clustering of the internalized ubiquitinated car-
oes on the early endosomes, ESCRT-0, -I and –II initiate membrane
ending and ESCRT-III and VPS4 further direct membrane fission result-
ng in the release of cargo-containing intraluminal vesicles (ILVs) in the
orming MVBs [ 11 , 20 , 31 ]. Dynamics of the ESCRT machinery involve
he successive formation and disassembly of a variety of oligomeric com-
lexes through multiple protein-protein interaction events. Major com-
lexes formation implies Microtubule Interacting and Trafficking (MIT)
omains on effector proteins, such as VPS4 or USP8, and MIT Interacting
otifs (MIM) present on ESCRT-III proteins [ 7 , 24 , 27 ]. 

In the context of EGF stimulation, the MIT domain of USP8 is re-
uired for its interaction with ESCRT proteins, association with endo-
omal membranes and appropriate EGFR sorting [24] . Moreover, EGF
timulation induces a rapid and transient ubiquitination of CHMP1B that
s critical for physiological endocytic trafficking and signal regulation
fter EGFR activation [8] . Indeed, mutation of the four lysine residues
49, K52, K87 and K90 (mutant CHMP1B-4K > R) was shown to strongly
educe CHMP1B ubiquitination and to perturb EGFR trafficking in hu-
an cells with a delayed internalization and a stabilization of the re-

eptor at the plasma membrane. Remarkably, K87 and K90 residues are
ocated in a region subjected to massive conformational changes dur-
ng the closed/inactive to the open/active transition of CHMP1B [17] .
urthermore, mutation of the Drosophila endogenous Chmp1 gene in-
uces wing morphogenesis defects [28] . While the wild type (WT) hu-
an CHMP1B protein can rescue these defects, the mutated human pro-

ein CHMP1B-4K > R fails to do so, further indicating that these lysine
esidues are critical for CHMP1B function in a living organism [8] . 

Besides its established implication in the endocytic process, USP8
as recently arisen as a promising therapeutic target in at least two
istinct pathological contexts associated with USP8 overexpression or
ain-of-function variants. On the one hand, in lung cancer cells exhibit-
ng chemoresistance to EGFR inhibitor-based treatments, overexpressed
SP8 may favor the stabilization of EGFR and/or other RTKs [ 6 , 13 ]. On

he other hand, genetic studies demonstrated that a strong proportion of
atients with the Cushing’s disease (CD) expresses gain-of-function vari-
nts of USP8 [ 14 , 16 , 22 , 23 , 30 ]. CD is a rare metabolic disorder where
 pituitary corticotroph microadenoma secretes deregulated amounts of
denocorticotrophin hormone (ACTH). Here, the USP8-dependent EGFR
tabilization would possibly induce enhanced expression of POMC , the
ene encoding the ACTH precursor [ 21 , 23 ]. 

In the present work, we report the development of a quantitative Ho-
ogeneous Time-Resolved Fluorescence (HTRF®) energy transfer assay
edicated to the detection and monitoring of the interaction between
SP8 and its endocytic substrate CHMP1B. This assay was performed
irectly on transfected cell lysates to detect the USP8::CHMP1B com-
lex. It was further adapted on a robotic platform for the automated
creening of the Fr-PPIChem chemical library of 10,314 compounds ded-
cated to target PPIs [5] with the aim of discovering inhibitors of this
nteraction. This screening campaign resulted in the selection of sev-
ral compounds capable to block the USP8::CHMP1B interaction. In a
econd step, this HTRF® assay was adapted for assessing the impact
f CHMP1B mutations on its interaction with USP8. We notably showed
hat two conserved leucine residues of the MIM domain (L192 and L195)
nown to mediate MIT::MIM interactions [ 4 , 15 , 26 , 33 ] are also required
or USP8::CHMP1B interaction. By contrast, the four lysine residues un-
ergoing ubiquitination are not necessary for this interaction, suggesting
hat substrate recognition of CHMP1B by USP8 is independent from its
biquitinated status. 

aterials and methods 

eagents 

Europium (Eu) cryptate- or d2-conjugated mouse monoclonal
ntibodies anti-c-myc (anti-myc-Eu #61MYCKLA or anti-myc-d2
61MYCDAA), and anti-HA (anti-HA-Eu #610HAKLA or anti-HA-d2
396 
610HADAA) were purchased from Cisbio (Perkin Elmer). For west-
rn and dot blots, the following antibodies were used: rat anti-HA
clone 3F10; Sigma-Aldrich; dilution 1:1000), mouse anti-myc (in-house
upernatant from the ECACC hybridoma clone 9E10; 1:50), mouse
nti-Flag R ○ (clone M2; Sigma-Aldrich #F1804; 1:1000), rabbit anti-
FP (Cell Signaling #2555; 1:1000), goat HRP-conjugated anti-mouse

gG (Sigma-Aldrich #A4416; 1:5000), donkey HRP-conjugated anti-rat
gG (Jackson Immunoresearch #712-036-153; 1:5000) and goat HRP-
onjugated TrueBlot R ○ anti-rabbit IgG (Rockland; 1:1000). Protease in-
ibitors (#P8340), BSA, TX100, Tween 20, DMSO and propidium io-
ide (#P4864) were from Sigma-Aldrich. KF was from Acros Organics.
epes was purchased from Thermofisher. The Fr-PPIChem [5] chemical

ibrary of 10,314 compounds was provided by the ANR PPIChem con-
ortium (ANR #: ANR-15-CE18-0023). Selected chemical compounds
ere purchased from Ambinter. All PCR primers were purchased from
igma-Aldrich or Eurofins ( Suppl. Table 1 ). Restriction enzymes were
rom New England Biolabs. 

NA constructs 

DNA fragments encoding human USP8 (from plasmid pCMV-FLAG-1
SP8, MRC, Dundee, UK), human CHMP1B (Genbank BC065933) and

ts mutants CHMP1B 

Δ𝛼4 𝛼5 𝛼6 [8] , CHMP1B 

ΔMIM (lacking residues 184-
99), CHMP1B 

L192D-L195D and CHMP1B 

L192A-L195A were PCR-amplified
rom cDNA clones and inserted into the mammalian expression vec-
ors pcDNA3.1 (Invitrogen) or pEGFP-C1 (Clontech). When needed, HA
r myc N-terminal tags were added by intermediate subcloning steps.
he complete inserts were sequenced by Genewiz or Eurofins Genomics.
lasmid DNAs were purified using Nucleospin Plasmid Quick Pure kits
Macherey-Nagel). 

ell culture and transfection 

Human embryonic kidney 293T cells (HEK293T; American Type Cul-
ure Collection, CRL-11268) and HeLa cells (American Type Culture Col-
ection, CCL-2) were maintained in Dulbecco’s modified Eagle’s medium
DMEM #31966-021; Gibco) supplemented with 10% heat inactivated
etal bovine serum (FBS; Hyclone) and 1% Penicillin/Streptomycin mix
Gibco), in a humid atmosphere with 5% CO 2 at 37 °C. 

For transient transfection, HEK293T cells ( ≈ 70,000 cells per cm 

2 )
ere seeded in DMEM/10% FBS, in poly-L-lysine (Sigma-Aldrich)-

oated microplates or Petri dishes (Falcon). After overnight growth,
ransfection was carried out using Fugene HD reagent (Promega), ac-
ording to the manufacturer protocol, in the following conditions: 300
g of total DNA in 15 𝜇L of DNA:Fugene (1 μg:2 μL ratio) mix per cm 

2 .
 molar ratio of 1:1 to 2:1 USP8:CHMP1B (WT or variant) encoding
lasmids was usually used for co-transfections. 

reparation of cell lysates for HTRF® assays 

Forty-eight hours after cell transfection, cells were rinsed in PBS (137
M NaCl, 10 mM Na phosphate, 2.7 mM KCl, pH 7.4) and lysed in 75
L/cm 

2 of cold lysis buffer (1% Triton X-100 in 20 mM Tris, 150 mM
aCl, pH 7.4 (TBS)), supplemented with protease inhibitors for 30 min
t 4 °C. Cell debris and nuclei / DNA were further disrupted by strong
ixing on a cell disrupter (Disruptor Genie, Scientific industries) at 4 °C

or 10 min, and pelleted at 20,000 x g for 5 to 15 min at 4 °C. The cleared
ysates were stored frozen at -80 °C for up to six months. Usually, cell
ysate replicates were produced from cells simultaneously transfected in
hree cell culture wells with the same DNA:Fugene mix. 

o-immunoprecipitation 

HEK293T cells transiently expressing GFP-CHMP1B, GFP-
HMP1B 

L192D-L195D or GFP-CHMP1B 

L192A-L195A together with Flag-
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SP8 or empty vector were lysed in 50 mM Tris pH 7.5, 150 mM
aCl, 1mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate plus
rotease inhibitors. Cleared lysates were incubated with anti-Flag R ○

2 agarose beads (Sigma-Aldrich) for 2 h. Beads were washed four
imes in the same buffer and resuspended in denaturing Laemmli
uffer. Immunocomplexes were analyzed by western blot using mouse
nti-Flag R ○ and rabbit anti-GFP antibodies. Goat TrueBlot R ○ anti-rabbit
econdary antibodies were used to visualize GFP-CHMP1B proteins. 

estern Blot 

Cell lysates were subjected to electrophoresis on 4-15% gradient
DS-polyacrylamide gels (Stain free precast gels; Biorad). Proteins were
ransferred to PVDF membranes (Immobilon P, Millipore). Total pro-
eins were visualized by stain free detection prior to transfer for com-
arison of sample loads, when necessary. After blocking in 5% nonfat
ry milk or 3% BSA in TBS containing 0.05% Tween 20 (TBST) for 3 h
t room temperature, membranes were incubated with primary antibod-
es overnight at 4 °C, in TBST containing either 2% nonfat dry milk or
% BSA. After three washes of 10 min each in TBST, HRP-conjugated
econdary antibodies were applied for 1 h. Membranes were extensively
ashed and signals resulting from the reaction with the Immobilon Forte
estern HRP substrate (Millipore) were imaged with the ImageLab 6.0.1

oftware in a ChemiDoc imager (BioRad). 

HMP1B species quantification on dot blots 

Dot blot quantification of WT or mutated forms of HA-CHMP1B was
erformed on transfected cell lysates serially diluted in PBS. Serial di-
utions were loaded as spots of 2 to 4 μL on nitrocellulose membranes
Protran BA83, Whatman). Membranes were air dried, rinsed in PBS,
nd successively incubated with the anti-HA primary and anti-rat HRP-
onjugated secondary antibodies, as described in the “Western blot ” sec-
ion. The intensity of the spots was quantified with the ImageLab 6.0.1
oftware and plotted against the corresponding undiluted lysate volume.
inear fit of the curves by GraphPad Prism 9.2.0 (GraphPad Software,
a Jolla, CA) provided slope values proportional to the CHMP1B species
oncentrations in the tested cell lysates. These values were used for nor-
alization. 

TRF® Assay 

The assay was conducted in 384-well white, flat bottom, small vol-
me, polystyrene microplates (Greiner, #784075). All optimization ex-
eriments were performed as dose-response experiments carried out in
riplicates. Serial dilutions of cell lysates were prepared in lysis buffer
nd contained up to 10 μL of cell lysate in a total volume of 10 μL.
hese dilutions were mixed with 10 𝜇L of the donor/acceptor antibody
air (anti-myc-Eu/anti-HA-d2 or anti-HA-Eu/anti-myc-d2), diluted as
ecommended by the manufacturer in HTRF® buffer (50 mM Hepes, pH
.5, 0.4 M KF, 0.1% BSA, 0.05% Tween 20). The plates were then briefly
entrifuged at 200 × g for 30 s in an Eppendorf 5810 centrifuge with
he A-4-62 swinging-bucket rotor (Eppendorf). Each well fluorescence
as recorded after 3 to 5 h of incubation at room temperature, using
n Infinite M1000 microplate reader (Tecan). This time range was per-
itted by the HTRF® signal stability. Europium was used as TR-FRET
onor and excited at 340 nm. d2 served as TR-FRET acceptor. Donor
nd acceptor emissions were acquired sequentially with a 60 𝜇s delay
fter excitation, during a window time of 500 𝜇s, at 620 and 665 nm,
espectively. 

Optimization of the assay and subsequent high-throughput screening
f the Fr-PPIChem chemical library were carried out on cell lysates co-
xpressing myc-USP8 and WT HA-CHMP1B. The negative controls pro-
ucing the background FRET signal were either the lysis buffer alone,
397 
r cell lysates prepared from myc-USP8 and HA-CHMP1B 

Δ𝛼4 𝛼5 𝛼6 co-
ransfected cells. 

uantitative HTRF® assay on CHMP1B variants 

The assay was performed on a mix of lysates of cells transfected with
yc-USP8 or with WT or mutant HA-CHMP1B constructs. Lysates were
iluted in non-transfected cell lysate to keep the total protein concen-
ration constant between samples. Serial dilutions of WT or mutant HA-
HMP1B lysates combined with a fixed amount of a myc-USP8 lysate

n a final volume of 10 μL were pre-incubated at room temperature for
 h to allow USP8::CHMP1B complex formation before conducting the
TRF® assay, using lysis buffer as negative control. The HTRF® signals
ere then normalized to the relative WT or mutant CHMP1B protein
mount, as quantified by dot blot. 

igh-Throughput Screening (HTS) and validation of primary hits 

Chemicals from the Fr-PPIChem were obtained as 1 mM solutions
n 100% DMSO. They were diluted extemporaneously in lysis buffer
t 50 μM to perform HTS on simplicates. The positive control was a
ell lysate prepared from HA-CHMP1B and myc-USP8 co-transfected
ells defining the highest signal for USP8::CHMP1B interaction (100%
nteraction). A lysate from cells co-transfected with the truncated
A-CHMP1B 

Δ𝛼4 𝛼5 𝛼6 construct and myc-USP8 was used as negative
ontrol producing the minimal background signal (no interaction).
oth cell lysates were prepared in sufficient amount for the screen-

ng campaign and hit confirmation assays. Five microliters of the
ell lysate adequately diluted in lysis buffer were pre-incubated for
0 min at RT with 5 μL of DMSO or compounds, prior to addition
f 10 μL of the HTRF® paired antibodies. After 3 to 5 h at room
emperature, each well fluorescence was recorded as described in
he “HTRF® assay ” section. All reagents were dispensed into the
84-well microplates using the robotic facilities of the CMBA platform
 https://www.cea.fr/drf/IRIG/english/Pages/Platform/CMBA.aspx ). 
ositive and negative control wells (32 of each per 384-well assay
late, homogeneously distributed in the two first and two last columns)
ontained 5% (v/v) DMSO. These controls were used for calcula-
ion of the statistical Z’ factor (see “Data analysis ” section) for each
late. 

ata analysis 

For each well, the HTRF® signal was expressed as a raw TR-FRET ra-
io: R sample = F 665nm 

/F 620nm 

x 10 4 , where F xnm 

is the fluorescence value
ead at a wavelength of x nm. The factor of 10 4 was used for easier read-
ng. The signal was further transformed by background substraction and
ormalization, giving a percentage of ΔF: % ΔF sample = (R sample -R N )/R N 

 100, where R N is the mean HTRF® signal from the negative control
ells. Data reliability and robustness were evaluated by calculating the
 ′ factor [34] using the following formula: Z’ = 1 – 3 x ( 𝜎P + 𝜎N ) /
R P – R N |, where 𝜎P and 𝜎N (R P and R N ) are the standard deviations
resp. means) for the HTRF® signal of the positive and negative con-
rols of interaction, respectively. If higher than 0.5, this factor indicates
hat the difference between the responses given by negative and posi-
ive controls is high and reproducible enough to allow valid detection
f bioactive compounds. 

Screen data were analyzed using the in-house TAMIS software
 https://www.bge-lab.fr/Pages/CMBA/TAMIS.aspx ). Standard devia-
ion and mean of the HTRF® signal for both controls as well as the Z’
actor were calculated for each plate. The effect of a compound on the
nteraction was normalized to both controls, and expressed as a percent-
ge of inhibition calculated as follows: (% of inhibition) compound = 100 -
R compound - R N )/(R P - R N ) x 100, where R compound is the HTRF® signal
easured in the presence of the compound. 

https://www.cea.fr/drf/IRIG/english/Pages/Platform/CMBA.aspx
https://www.bge-lab.fr/Pages/CMBA/TAMIS.aspx
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The software GraphPad Prism 9.2.0 was used to generate graphs and
alculate IC50 values for inhibitory compounds applying a weighted
our parameter logistic model regression analysis. 

rimary hit selection and validation 

The inhibition threshold for hit selection was determined with the
AMIS software as three times the standard deviation of the positive
ontrols of interaction (0% inhibition). Among this first hit selection,
ompounds suspected to interfere with the HTRF® process, for exam-
le producing a saturating fluorescent signal at 620 nm, were retrieved
s well as frequent hitters, i.e. molecules inducing more than 40% in-
ibition in at least four unrelated screening campaigns (Dr X. Morelli
nd Dr P. Roche, personal communication). The remaining compounds
ere ordered as powder (Ambinter, see Suppl. Table 2 ), and 10 mM

tock solutions were prepared in 100% DMSO. Compounds were seri-
ig. 1. Detection of the USP8::CHMP1B complex in lysates of co-transfected 

onstructs used in this study. The myc, HA and GFP tags, as well as the MIT and M

amino acid residues numbering). Asterisks ( ∗ ) indicate positions of the mutated res

ransfection with HA-CHMP1B and myc-USP8 provides the positive control sample. Th

he non-relevant protein construct PLBL2-myc, HA-CHMP1B Δ𝛼4 𝛼5 𝛼6 and myc-USP8, o

urves. Serial dilutions corresponding to 0.1 to 10 μL of undiluted lysates were incub

eading. Lysates of cells co-transfected with HA-CHMP1B and myc-USP8 were also as

egative control. The curves represent the mean HTRF® signal detected for technical

f the HA-CHMP1B 𝚫𝜶4 𝜶5 𝜶6 deletion mutant. Cell lysates (3 μL for myc-USP8/HA-CH

r anti-myc immunoblotting. The HA-CHMP1B Δ𝛼4 𝛼5 𝛼6 protein is hardly detectable (as

ere analyzed by anti-HA or anti-myc immunoblotting. PLBL2-myc is expressed in eq

398 
lly diluted in lysis buffer (8 points from 0.8 to 50 𝜇M compound), and
heir inhibitory effect was tested in triplicates for each dilution on the
ysate previously used for the screening campaign. Positive and negative
ontrols containing 0.5% DMSO were included. 

ell growth and death analysis 

The IncuCyte R ○ ZOOM live-cell imaging system (Sartorius, Göttin-
en, Germany) was used for kinetic monitoring of cell growth and cy-
otoxicity evaluation. HeLa cells were seeded at 6,000 cells per well
n 80 𝜇L of fresh culture medium in microclear 96-well tissue culture
icroplates (Greiner, #655090) and incubated overnight at 37 °C in a
umidified atmosphere (5% CO 2 ). Cellular toxicity was assessed using
ropidium iodide (PI) at 0.5 μg/ml final concentration in the presence
f inhibitors tested at 8 concentrations from 0.39 to 50 μM or 0.25%
MSO as a control, in triplicates. Three images per well were automat-
cells using the HTRF® technology. (A) Schematic representation of the 

IM domains are indicated with their respective position in the tagged proteins 

idues. (B to E) HEK293T cells transfected as indicated on each panel. Co- 

e other conditions are negative controls: co-transfections with HA-CHMP1B and 

r empty vectors, or no transfection. (B and C) Typical HTRF® dose-response 

ated with anti-myc-Eu and anti-HA-d2 antibodies for 4 h prior to fluorescence 

sayed in the presence of the donor antibody anti-myc-Eu alone (B) , as another 

 triplicates, using the lysis buffer as the background reference. (D) Expression 

MP1B and 21 μL for myc-USP8/HA-CHMP1B Δ𝛼4 𝛼5 𝛼6 ) were analyzed by anti-HA 

terisk ∗ ). (E) Expression of the non-relevant PLBL2-myc protein. Cell lysates 

uivalent amounts as myc-USP8. 



A. Journet, C. Barette, L. Aubry et al. SLAS Discovery 27 (2022) 395–404 

i  

p  

c  

e  

P  

c  

e  

(  

u  

p  

a

R

A

c

 

s  

T  

f  

I  

(  

i  

d  

o
s  

h  

i  

a  

d  

A  

c  

p  

s  

c  

t  

s  

C  

l  

i  

t  

s  

i  

F  

P  

p  

T  

t  

t
 

p  

C  

o  

c  

i

S  

 

c  

s  

a  

t  

i  

t  

Fig. 2. Screening preliminary experiments. (A) DMSO tolerance of the 

HTRF® reaction . Serial dilutions corresponding to 0.3 to 10 μL of undiluted 

cell lysates from co-transfections of HEK293T cells with myc-USP8 and HA- 

CHMP1B constructs were tested by incubation with anti-myc-Eu and anti-HA- 

d2 antibodies in the presence of increasing concentrations of DMSO, for 4 h 

prior to fluorescence reading. The curves represent the mean HTRF® response 

of technical triplicates, using the lysis buffer as the background reference. One 

representative experiment out of three is shown. (B) Dose-response analysis 

of the USP8::CHMP1B interaction in the lysate used for the screening cam- 

paign . HEK293T cells were co-transfected with myc-USP8 and HA-CHMP1B or 

HA-CHMP1B Δ𝛼4 𝛼5 𝛼6 (negative control). Serial dilutions corresponding to 0.1 to 

5 μL of the undiluted lysates were assayed in 32 technical replicates for determi- 

nation of the Z’ factor and of the optimal myc-USP8/HA-CHMP1B lysate amount 

to use for the screening of the Fr-PPIChem library. 
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cally acquired every 4 h over a period of 60 h with a 10 × objective, in
hase contrast and in the red fluorescence channel (PI staining). Phase
ontrast image analysis allows monitoring of cell growth (cell conflu-
nce % parameter). A threshold based on the fluorescence intensity of
I staining was applied for the selection of the PI + dead cells (PI + cell
ount parameter). The Area Under the Curve (AUC) was generated from
ach kinetic curve and condition in the open-source R studio software
 https://www.rstudio.com/ ). The software GraphPad Prism 9.2.0 was
sed to generate graphs and calculate IC50 values for inhibitory com-
ounds applying a weighted four parameter logistic model regression
nalysis. 

esults 

ssessing USP8::CHMP1B interaction by a quantitative HTRF® assay in 

ell lysates 

In order to better characterize the USP8::CHMP1B interaction, and to
earch for chemical modulators thereof, we adapted the Homogeneous
ime-Resolved Fluorescence (HTRF®) technology directly on lysates
rom cells co-expressing CHMP1B and USP8, each bearing a specific tag.
n the final setup, the interaction between HA-CHMP1B and myc-USP8
 Fig. 1 A ) was detected by the means of anti-HA and anti-myc antibod-
es respectively coupled to Europium cryptate (fluorescence donor) and
2 (acceptor fluorophore). This interaction was robust and repeatedly
bserved in independent experiments ( Figs. 1 B,C and 2 ). The HTRF®
ignal obtained was dependent on the dose of the lysate and exhibited a
ook effect at high lysate volumes, a phenomenon classically observed
n immunoassays for analyte concentrations at which antibody amounts
re limiting. Accordingly, increasing the antibody concentration slightly
isplaced this effect towards higher lysate amounts ( Suppl. Fig. S1A ).
ll negative controls tested (non-transfected cell lysates, or lysates from
ells transfected with empty vectors, or use of the donor antibody alone)
roduced no signal regardless of the dose of lysate used, as did the ly-
is buffer used as a reference negative control ( Fig. 1 B,C ). A truncated
onstruct HA-CHMP1B 

Δ𝛼4 𝛼5 𝛼6 lacking the C-terminal part of CHMP1B
hat mediates its interaction with USP8 [ 8 , 24 ] failed to produce any
ignal ( Fig. 1 C and Suppl. Fig. S1B ). Noteworthy, this truncated HA-
HMP1B 

Δ𝛼4 𝛼5 𝛼6 protein was hardly detectable in co-transfected cell
ysates suggesting that it is unstable ( Fig. 1 D ). Therefore, this control
s rather similar to a negative control expressing myc-USP8 only. Co-
ransfection of either HA-CHMP1B or myc-CHMP1B with Flag-USP8 in-
tead of myc-USP8 both led to a dose-dependent HTRF® signal, indicat-
ng that the nature of the tags was not critical for the interaction ( Suppl.

ig. S1B,C ). Conversely, lysates of cells co-expressing HA-CHMP1B and
LBL2-myc, the myc-tagged version of a non-relevant soluble lysosomal
rotein [12] , did not produce any HTRF® signal in this assay ( Fig. 1 B,E).
aken together, these results indicate that the observed signal is at-
ributable to a specific interaction between CHMP1B and USP8 and not
o the associated HA and myc tags. 

In conclusion, the HTRF® approach, commonly applied to purified
roteins, was here used to detect the interaction between USP8 and
HMP1B directly in cell lysates. Our results both confirmed the capacity
f USP8 to interact with the ESCRT protein CHMP1B and defined a spe-
ific assay to detect the USP8::CHMP1B interaction within cell lysates
n a dose-dependent manner. 

election of chemicals disrupting the USP8::CHMP1B complex in cell lysates

To identify compounds capable of disrupting the USP8::CHMP1B
omplex, we used the Fr-PPIChem [5] chemical library counting 10,314
mall molecules specifically designed to target protein interfaces, that
re dissolved in pure DMSO. No effect of DMSO in a range from 0.1
o 5% was observed on the intensity of the HTRF® signal, indicat-
ng that this solvent is compatible with the HTRF® test ( Fig. 2 A ). For
he screening campaigns, positive and negative controls of interaction
399 
ere lysates of cells co-transfected respectively with both myc-USP8
nd HA-CHMP1B constructs that produced the highest signal specific
or the USP8::CHMP1B interaction, or with myc-USP8 and the non-
nteracting, deletion mutant HA-CHMP1B 

Δ𝛼4 𝛼5 𝛼6 that produced the min-
mal or background signal ( Fig. 1 C ). Both cell lysates were prepared in
uantities sufficient for the entire screening campaigns. 

The statistical robustness of this HTRF® assay was validated by cal-
ulation of the Z’ statistical factor [34] (See Materials and Methods).
riefly, after automation of the process on the robotic platform, a dose-
esponse experiment was performed on serial dilutions (from 0.1 to 5 μL
f undiluted lysate) of the positive and negative control lysates, using
2 replicates for each dilution ( Fig. 2 B ). The calculated Z’ factor for
ach volume of undiluted lysate was higher than 0.5 above 0.6 μL, and
xceeded 0.8 for volumes greater than 1 μL, indicating that the assay
s well suited for HTS. The classical HTRF® curve reached a maximum
 ΔF of about 700% for 2.5 μL of the positive control lysate. Considering

hese data, the chemical library was screened using 2 μL of undiluted

https://www.rstudio.com/
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Fig. 3. Hit selection and confirmation from the Fr-PPIChem library. (A) 

Scatter plot of the percentage of inhibition of the Fr-PPIChem compounds. 

The hit threshold (3SD of the positive control of interaction) is equal to 22% of 

inhibition and corresponds to a hit rate of 0.31%. (B to D) Inhibition curves 

of each selected hit. The 14 molecules identified as inhibitors in the primary 

screen were tested in increasing concentrations (from 0.08 to 50 μM) in the 

HTRF® assay, in two microplates (z’ = 0.64 and 0.76, respectively). HTRF® sig- 

nals were compared to that of a DMSO control to calculate a percentage of inhi- 

bition of the myc-USP8::HA-CHMP1B interaction. The curves were obtained as 

sigmoidal fit of technical triplicates. One representative experiment is shown 

out of two. Cpd: compound. 

 

t  

t  

(  

l  

t  
ell lysate per sample leading to a high signal-to-background ratio while
till in the linear part of the curve (0.81 < calculated Z’ < 0.85). 

The Fr-PPIChem library was then screened at the concentration of
0 μM using the same robotic protocol. One plate out of 33 (correspond-
ng to 320 compounds) was excluded from the analysis due to techni-
al problems during the screening campaign. The results were analyzed
ith the in-house TAMIS software ( Fig. 3 A ). Z’ factors values ranged

rom 0.63 to 0.81 (mean 0.74, SD 0.05, n = 32 plates; Suppl. Fig. S2 ).
hirty-one compounds inducing a signal inhibition above the 22% in-
ibition threshold were selected and filtered again to exclude frequent
itters and flagged compounds (see Material and Methods). This proce-
ure led to the final selection of 19 primary hits. Selected compounds
ere prepared from fresh powders and tested at 50 μM and 10 μM in trip-

icates to confirm their ability to disrupt the USP8::CHMP1B complex.
ive compounds were excluded after this secondary screening because
hey showed no robust inhibition. The inhibitory effect of the other 14
its was further analyzed by dose-response HTRF® assays at compound
oncentrations ranging from 0.8 to 50 μM. Based on the results, the 14
onfirmed hits were classified into three groups of maximum inhibitory
apacity, corresponding to respectively high, medium and low inhibi-
ion ( > 60% inhibition, 30-60% inhibition, and < 30% inhibition), with
C50s ranging from 2.1 μM to > 40 μM (average of two experiments;
ig. 3 B-D ). In this final step, three compounds (#15, 17 and 18) did
ot reach the primary screening threshold of 22% of inhibition while
he other 11 compounds were considered as confirmed hits as they dis-
layed robust inhibition of the USP8::CHMP1B interaction (see chemi-
al structure for compounds # 2, 3, 4, 6, 8, 11 and 13 in Fig. 4 ; Suppl.

able 2 ). One analog of compound #4 present in the Fr-PPIChem dis-
layed no inhibition of the USP8::CHMP1B interaction in the primary
creen ( Suppl. Table 2 ). 

The most potent inhibitory compounds were tested in cell culture
o assess their effect on cell growth and viability and define their max-
mal non-toxic dose for future studies in living cells. The confluence
growth) and propidium iodide incorporation (dead cells) were quanti-
ed in HeLa cells treated during 60 h with compounds #2, 3, and 4 at
oncentrations ranging from 0.39 to 50 μM ( Fig. 5 ). Among the three
olecules, compound #2 is the less toxic on HeLa cells with an IC50
igher than 30 μM whereas compounds #3 and 4 display moderate cell
oxicity with a respective IC50s of 14.7 and 10.4 μM (mean of three
ndependent experiments). 

wo conserved leucine residues rather than CHMP1B ubiquitination state 

rigger CHMP1B binding to USP8 

We next took advantage of the HTRF® assay to explore the conse-
uences of mutations in CHMP1B on its capacity to bind USP8. As men-
ioned earlier, CHMP1B interaction with USP8 involves a C-terminal
IM-containing region covering the last three helices ( 𝛼4 𝛼5 𝛼6) of the

SCRT protein, which mediates binding to the N-terminal MIT domain
f USP8 [ 8 , 24 ]. Within the ESCRT machinery, MIM/MIT recognition
upports several protein-protein interactions, as shown for example for
he couples IST1/calpain7 [19] , IST1/MITD1 [15] , CHMP1B/VPS4B
26] or CHMP1B/LIP5 [25] . Moreover, structural and/or point muta-
ion studies evidenced the role of conserved leucine residues within the
IM domain in the binding interface with the MIT domain. Substitution

f leucine residues by aspartate or alanine residues abrogates or strongly
nterferes with MIT binding in the couples IST1/MITD1 [15] , IST1/VPS4
4] , CHMP1B/VPS4B [ 26 , 33 ] or CHMP1B/Spastin [33] . By analogy,
eletion of the MIM domain or point mutations of the conserved
192 and L195 leucine residues in CHMP1B should similarly affect
he USP8::CHMP1B interaction. Co-immunoprecipitation experiments
ndeed confirmed that the substitution of leucine residues L192 and
195 from the MIM domain by either aspartate (CHMP1B 

L192D-L195D )
r alanine (CHMP1B 

L192A-L195A ) residues massively impaired the pull-
own of GFP-tagged CHMP1B by Flag-USP8 ( Fig. 6 A ). 
400 
The HTRF® assay was then modified to analyze the interac-
ion between USP8 and either CHMP1B-WT or CHMP1B 

L192D-L195D or
wo additional CHMP1B variants: a MIM domain-truncated CHMP1B
CHMP1B 

ΔMIM ) and the CHMP1B-4K > R version of the protein. In pre-
iminary experiments using HEK293T cells co-expressing myc-USP8 and
he HA-CHMP1B variants, we observed a significant variation in the ex-
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Fig. 4. Chemical structure of 7 confirmed hits. 

Fig. 5. Effect on cell growth and cytotoxicity of the three most potent hits. The effect of compounds # 2, 3 and 4 was evaluated on HeLa cells, by phase contrast 

(cell growth) and propidium iodide fluorescence (dead cells) imaging, every 4 h for a duration of 60 h. Compounds were tested in technical triplicates at eight 

concentrations from 0.39 to 50 μM. DMSO at 0.25% was used as a control. (A) Phase contrast and fluorescence images taken after 60 h of culture in presence 

of the molecules at 25 μM or 50 μM. Scale bar: 100 μm. (B) Confluence and death dose-response curves. The Area Under the Curve (AUC) was generated from 

each kinetic curve and condition in the open-source R studio software ( https://www.rstudio.com/ ). The curves shown are issued from one representative experiment 

out of three. 

401 

https://www.rstudio.com/
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Fig. 6. CHMP1B mutants binding to USP8. (A) Co-immunoprecipitation of CHMP1B mutants with USP8. HEK293T cells were co-transfected with Flag-USP8 and 

GFP-CHMP1B, GFP-CHMP1B L192D-L195D or GFP-CHMP1B L192A-L195A constructs. Immunoprecipitation was carried out with the anti-Flag antibody. USP8 and CHMP1B 

proteins were revealed by western blot using respectively anti-Flag or anti-GFP antibodies. Total protein amount is shown. One representative experiment out of two 

is presented. (B) USP8 and CHMP1B expressed in separate cell cultures can interact in mixed lysates. Lysates of HEK293T cells overexpressing HA-CHMP1B 

or myc-USP8 were mixed in a 1:1 ratio and incubated for 1h prior to serial dilution in lysis buffer and monitoring of the protein interaction by HTRF® in technical 

triplicates. The resulting signal was compared to that of a lysate of cells co-expressing the two proteins. (C) CHMP1B species relative expression . Three replicate 

transfections of HEK293T cells were carried out for production of lysates for each HA-CHMP1B species. The amount of HA-CHMP1B (WT or mutant) expressed in 

cell lysates was plotted as a percentage of the WT HA-CHMP1B present in a reference lysate (WT1; mean + /- SD from 3 to 5 dot blot quantifications) (see Suppl. 

Fig S4 ). WT, wild-type CHMP1B; 4KR, CHMP1B-4K > R; LLDD, CHMP1B L192D-L195D ; ΔMIM, CHMP1B ΔMIM . (D to G) Adjusted HTRF® dose-response curves of HA- 

CHMP1B species. Serial dilutions of each HA-CHMP1B (WT or mutant) overexpressing cell lysate were mixed with a given amount of the myc-USP8 cell lysate. The 

HTRF® analysis of the USP8::CHMP1B interaction was carried out after 1 h incubation at room temperature. Dose-response curves were plotted as a function of the 

normalized HA-CHMP1B amount in the lysate (see Suppl. Figure S4C,D ) . Each panel corresponds to one HA-CHMP1B species. D : wild-type (WT); E : CHMP1B-4K > R 

(4KR); F : CHMP1B L192D-L195D (LLDD); G : CHMP1B ΔMIM ( ΔMIM). The WT1 reference lysate curve is drawn on each graph for comparison. Each curve represents the 

mean of three independent HTRF® experiments, and three biological replicates were analyzed for each CHMP1B species. 

402 
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ression level of the different CHMP1B constructs resulting in strong dif-
erences in the USP8/CHMP1B abundance ratio. Such variations made
t impossible to compare CHMP1B variant properties regarding USP8
inding on single samples. To get around this problem, we first assessed
f myc-USP8::HA-CHMP1B complexes can form after mixing individ-
al lysates from cells expressing separately each of the two proteins
SP8 or CHMP1B. We indeed observed a dose-dependent HTRF® sig-
al very similar to that observed with a doubly transfected cell lysate
ndicating that the USP8::CHMP1B complex properly forms ex cellulo

 Fig. 6 B ). Thus, aiming at a better control of the USP8/CHMP1B ra-
io in the samples assayed by HTRF®, cells were separately transfected
ith either myc-USP8 or one of the HA-CHMP1B constructs (WT or
ne of the mutants HA-CHMP1B-4K > R, HA-CHMP1B 

L192D-L195D and
A-CHMP1B 

ΔMIM ). This strategy allowed to fix the amount of myc-
SP8 present in each HTRF® assay while changing the amount of HA-
HMP1B lysate ( Suppl. Fig. S3A ). For each HA-CHMP1B construct, trip-

icates of cell lysates were prepared in three sets of independent trans-
ections, and for each cell lysate, the HA-CHMP1B abundance was nor-
alized to that of a reference lysate containing WT HA-CHMP1B (WT1)

y dot blot quantification ( Suppl. Fig. S3B-D and Fig. 6 C ). 
The HTRF® results of three independent experiments were plotted

gainst the normalized amount of HA-CHMP1B ( Fig. 6 D-G ). These ex-
eriments revealed that deletion of the MIM domain of CHMP1B totally
bolished CHMP1B interaction with myc-USP8, as expected. In agree-
ent with the co-immunoprecipitation experiment results, only a very
eak HTRF® signal was obtained with the CHMP1B 

L192D-L195D protein
about 15% of the WT signal), indicating that interaction with USP8 is
assively, even if not completely, affected by the mutation of the two

eucine residues. In contrast, the mutation of the ubiquitinated lysine
esidues in CHMP1B-4K > R did not affect the ability of the protein to
nteract with myc-USP8, indicating that ubiquitination of the CHMP1B
ubstrate, at least on these particular sites, is not a prerequisite for bind-
ng to USP8. 

iscussion 

This work confirms the interaction between the deubiquitinase USP8
nd the ESCRT-III component CHMP1B and establishes a statistically
obust HTRF® assay allowing its detection and quantification in cell
ysates. We demonstrate that this complex forms both in lysates from
ells co-expressing the two proteins and in vitro , in mixes of lysates from
ells transfected with each individual protein construct. The fact that
he USP8::CHMP1B complex forms when mixing cell lysates indicates
hat the induction of the endocytic process is not a prerequisite for this
nteraction to occur, at least in overexpression conditions. 

We demonstrated the requirement of the C-terminal MIM domain of
HMP1B and in particular, of conserved leucine residues in this motif in
he formation of the USP8::CHMP1B complex, as anticipated from pre-
ious studies on other MIM/MIT domain pairs. These leucine residues
192 and L195 were previously shown to mediate CHMP1B interaction
ith VPS4B [ 26 , 33 ], Spastin [33] and Ist1 [32] suggesting a competi-

ion between CHMP1B partners for binding the CHMP1B MIM interface.
utation of four lysine residues triggering ubiquitination of CHMP1B

id not affect the ability of the protein to interact with USP8, indicat-
ng that ubiquitination of the CHMP1B substrate may not be required
or CHM1P1B substrate recognition by USP8. This methodological ap-
roach may be extended to the analysis of USP8 interactions with other
artners, such as Ist1 [1] or 14-3-3 [18] , an adaptor protein that func-
ions as a negative regulator of the deubiquitinase. 

Using the HTRF® assay, we screened 9,994 compounds out of a ded-
cated library of 10,314 compounds specifically designed by in silico
ethods to target hydrophobic protein sequences and therefore PPI in-

erfaces [5] . This screen resulted in the identification of a final set of
1 confirmed hits able to disrupt at various extents the USP8::CHMP1B
omplex previously formed in living cells. A review of these hits on the
ubChem website ( https://pubchem.ncbi.nlm.nih.gov/ ) revealed that
403 
atents related to resin manufacturing have been deposited for com-
ound #2 while compounds #3 and 9 have been found active in other
ioassays, targeting a wide array of proteins in the case of compound
3. According to Bosc and collaborators [5] , the activity rate of the FR-
PIChem library in this particular screen for PPI inhibitors would be
bout 10 times higher than might be expected for a random library ( i.e
0,1% vs less than 0,01%), although this value must be taken with cau-

ion as different interfaces may lead to different values of activity rate.
uch compounds could serve as chemical tools for the dynamic analysis
f the role of USP8::CHMP1B complex in endocytosis without interfering
ith the catalytic-dependent functions of USP8 on many substrates. 

Inhibiting USP8 catalytic activity has been proposed in several stud-
es as a powerful mean to control cell proliferation or ACTH secre-
ion in therapeutic perspectives for treating cancers or Cushing’s dis-
ase [ 2 , 6 , 13 , 14 ]. The finding of chemicals that prevent the formation
f active USP8-protein complexes may open new avenues in the design
f alternative therapeutic strategies. Such compounds may indeed bind
SP8 and either prevent USP8-dependent pathological outcomes (with-
ut affecting its overall functions) or be developed as tools for inducing
argeted protein degradation. The chemical library screen presented in
his study is part of this approach. It allowed successful selection of sev-
ral specific inhibitors of the USP8::CHMP1B interaction that were not
elected on several other PPIs, therefore bringing the proof of concept
hat breaking this interface in a specific manner is a reachable goal and
ay lead to the discovery of USP8 specific chemical binders in the near

uture. This approach, which is based on the quantification of the inter-
ction between two proteins directly in a cell lysate, could be used not
nly for the identification of inhibitors but also for the identification of
tabilizers of all kinds of protein complexes. 
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