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Abstract 

Background  The specificity of the ubiquitination process is mediated by the E3 ligases. Discriminating genuine 
substrates of E3s from mere interacting proteins is one of the major challenges in the field. We previously devel‑
oped BioE3, a biotin-based approach that uses BirA-E3 fusions together with ubiquitin fused to a low-affinity AviTag 
to obtain a site-specific and proximity-dependent biotinylation of the substrates. We proved the suitability of BioE3 
to identify targets of RING and HECT-type E3 ligases.

Methods  BioE3 experiments were performed in HEK293FT and U2OS stable cell lines expressing TRIPZ-bioGEFUb 
transiently transfected with BirA-cereblon (CRBN). Cells were seeded using biotin-free media, followed later 
by a short-biotin pulse. We evaluated the applicability of the BioE3 system to CRBN and molecular glues by Western 
blot and confocal microscopy, blocking the proteasome with bortezomib, inhibiting NEDDylation with MLN4924 
and treating the cells with pomalidomide. For the identification of endogenous substrates and neosubstrates we ana‑
lyzed the eluates of streptavidin pull-downs of BioE3 experiments by LC–MS/MS. Analysis of targets for which ubiquit‑
ination changes significantly upon treatment was done using two-sided Student’s t-test. Orthogonal validations were 
performed by histidine pull-down, GFP-trap and computational modelling.

Results  Here we demonstrate that BioE3 is suitable for the multi-protein complex Cullin-RING E3s ligases (CRLs), 
the most utilized E3-type for targeted protein degradation (TPD) strategies. Using CRBN as proof of concept, one 
of the substrate receptors of CRL4 E3 ligase, we identified both endogenous substrates and novel neosubstrates 
upon pomalidomide treatment, including CSDE1 which contains a G-loop motif potentially involved in the binding 
to CRBN in presence of pomalidomide. Importantly, we observed a major rearrangement of the endogenous ubiquit‑
ination landscape upon treatment with this molecular glue.
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Conclusions  The ability of BioE3 to detect and compare both substrates and neosubstrates, as well as how sub‑
strates change in response to treatments, will facilitate both on-target and off-target identifications and offer 
a broader characterization and validation of TPD compounds, like molecular glues and PROTACs.
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Background
Protein ubiquitination is a post-translational modifica-
tion involved in almost all cellular processes and plays a 
crucial role in the regulation of protein homeostasis [1]. 
Ubiquitin (Ub) is covalently attached to the target protein 
in an highly regulated enzymatic cascade that involves 
two activating E1s, around 40 conjugating E2s and more 
than 600 E3 ligases [2]. Furthermore, ubiquitination can 
be reversed by deubiquitinating enzymes (DUBs) [3]. 
Depending on their mechanism of Ub transfer to the sub-
strate protein, E3s are classified in three main families: 
RING (Really Interesting New Gene; around 600 mem-
bers), HECT (Homology to E6AP C Terminus, around 30 
members) and RBR (RING-Between-RING, around 15 
members) [4, 5].

Cullin-RING E3 ligases (CRLs) are the most abun-
dant class of RING E3s and are composed by multiple 
subunits [6]. These complexes contain a cullin scaffold, 
a RING finger protein (RBX1 or RBX2) that binds the 
E2, and distinct sets of adaptors and substrate recep-
tors that specifically recruit target proteins. CRL activ-
ity requires cullin NEDDylation and is downregulated 
by deNEDDylation mediated by the COP9 signalosome. 
CRLs are presently the most used subfamily for targeted 
protein degradation (TPD), a strategy that uses chemi-
cals to recruit undesired proteins-of-interest to an E3 
ligase for ubiquitination and degradation. CRLs based 
on cereblon (CRBN) and Von Hippel-Lindau tumor sup-
pressor (VHL) are currently the most commonly used in 
TPD. Specifically, CRBN is the substrate receptor of the 
CUL4–RBX1–DDB1–CRBN (CRL4CRBN) E3 complex. 
CRBN was identified as the target of immunomodula-
tory imide drugs (IMiDs) [7], which include thalidomide, 
pomalidomide and lenalidomide. These compounds and 
their derivatives have been the basis for many described 
protein degradation drugs, like monovalent molecular 
glues (MGs) and bivalent proteolysis targeting chime-
ras (PROTACs) [8, 9]. IMiDs bind to CRBN and alter its 
substrate specificity, acting as MGs and leading to ubiq-
uitination of non-native substrates (neosubstrates). Ubiq-
uitination by a particular E3 or on particular substrates 
can occur in diverse ways (on a single site, multiple sites, 
and with extended ubiquitin-chains of different linkages 
and topologies). This influences substrate fate and often, 
but not always, leads to protein degradation. Therefore, 
surveying endogenous ubiquitinated substrates and of 

neosubstrates upon cellular treatment with molecular 
glues and PROTACs should be a crucial step in validation 
of this promising drug class.

Understanding substrate recognition by particular 
E3 ligases is a relevant area of research in the Ub field, 
especially in the light of new developments in TPD [10]. 
Assays that aid in the discovery and/or characterization 
of substrate specificity of E3 ligases will be an important 
addition to the chemical biology and drug discovery tool-
box. Different strategies to identify targets of E3 ligases 
have been developed. Proximity proteomics, which has 
been applied to members of the multi-subunit RING 
SCF (Skp, Cullin, F-box) complex and others, may iden-
tify interactors, some of which may be targets [11–13]. 
Other strategies involve the direct fusion of E3 ligases to 
Ub-like proteins (UbLs) (UBAIT, TULIP, and SATT) or 
Ub-binding domains [14–17]. Overexpression of an E3 
in combination with epitope-tagged Ub has also been 
used to identify candidate E3 substrates [18, 19], but 
some of these substrates might not be direct. To com-
plement these approaches, we recently developed BioE3 
[20], a biotin-based strategy based on two elements: (1) 
the fusion of the BirA enzyme, a biotin ligase that labels 
specifically a biotin acceptor peptide (AviTag), to the 
E3 ligase of interest; and (2) a UbL fused to an AviTag 
with lower affinity for BirA (bioGEF) [21]. The use of 
bioGEFUbLs allows a site-specific and proximity-depend-
ent biotinylation that leads to the specific labeling of 
the ubiquitinated substrates. Those can be captured by 
streptavidin pull-down and identified using liquid chro-
matography-mass spectrometry (LC–MS/MS) proteom-
ics. BioE3 was applied to the RING non-associated to 
cullins (RNF4, MIB1, MARCH5 and RNF214) and HECT 
(NEDD4) E3 ligases. Similar methods (E-STUB and Ub-
POD) have been described that support this bioUb-based 
approach to identify targets [22, 23].

Here we demonstrate how BioE3 can be used for the 
identification of both CRBN endogenous substrates and 
neosubstrates in presence of iMiDs. By fusing BirA to 
the N-terminus of CRBN, we show specific biotinyla-
tion in HEK293FT- and U2OS-TRIPZ-bioGEFUb cells. 
We validated Spalt-like 4 (SALL4) as a neosubstrate upon 
pomalidomide treatment, thus confirming the capacity of 
CRBN BioE3 to identify neosubstrates. Our proteomic 
study identified known and novel endogenous sub-
strates of CRBN, and potential pomalidomide-induced 
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neosubstrates, including CSDE1 (Cold Shock Domain 
Containing E1), with orthogonal validation and compu-
tational modelling to explore binding sites. Importantly, 
we discovered global differences in the ubiquitination of 
endogenous substrates upon pomalidomide treatment. 
By revealing changes in both endogenous substrates 
and neosubstrates of particular E3-drug combinations, 
we anticipate that BioE3 will be a very useful tool in the 
future development of TPD.

Methods
Cell culture
U2OS (ATCC HTB-96) and HEK293FT (Invitrogen) were 
cultured at 37ºC and 5% CO2 in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS, Biowest) and 1% penicillin/strepto-
mycin (Gibco). HEK293FT cells were used for Western 
blot and mass spectrometry experiments, whereas U2OS 
cells were used for confocal microscopy. For all BioE3 
experiments, cells were pre-cultured for 24  h in biotin-
free media supplemented with 10% dialyzed FBS (3.5 kDa 
MWCO; 150  mM NaCl; filter-sterilized) prior to trans-
fections, to allow robust labelling during biotin pulses. 
Cultured cells were maintained for a maximum of 20 pas-
sages and tested negative for mycoplasma.

Cloning
Plasmids were generated by standard cloning or Gib-
son Assembly (NEBuilder HiFi Assembly, NEB). XL10-
Gold bacteria (Agilent) were used. Depending on the 
construction, we used plasmid backbones derived from 
TRIPZ (Open Biosystems/Horizon) or Lenti-Cas9-
blast (Addgene #52,962, kindly provided by F. Zhang). 
TRIPZ-bioGEFUb and TRIPZ-bioGEFUbnc were previ-
ously described (Addgene #208,045, 208,044) [20]. CRBN 
ORF was amplified from hTERT-RPE1 cell cDNA by 
high-fidelity PCR (Platinum SuperFi DNA Polymerase; 
Invitrogen #12,351,010) and was inserted into the EcoR1-
Not1 sites of Lenti-EFS-BirAopt-GSQ-RBXN-P2A-blast 
(Addgene #208,048) [20]. CRBN mutation described 
in the text was introduced by 2-fragment overlap PCR 
and Gibson assembly or using primers: CRBN.W386A.
qc.for (agctggtttcctgggtatgccGCTactgttgcccagtgtaagatc) 
and CRBN.W386A.qc.rev (gatcttacactgggcaacagtAGCg-
gcatacccaggaaaccagct). Constructions were validated by 
Sanger sequencing. Further construct details are avail-
able upon request.

Lentiviral transduction
Packaging of lentiviral expression constructs was done 
in HEK293FT cells by transfecting psPAX2 and pMD2.G 
(kindly provided by D. Trono; Addgene #12,260, #12,259) 
and pTAT (kindly provided by P. Fortes; for TRIPZ-based 

vectors) using calcium phosphate. After 12–18  h trans-
fection media were removed and replaced with fresh 
media. Lentiviral supernatants were collected twice (24 h 
each), pooled, filtered (0.45  µm), supplemented with 
sterile 8.5% PEG6000, 0.3  M NaCl, and incubated for 
12–18 h at 4 °C. Lentiviral particles were concentrated by 
centrifugation (1, 500 × g, 45 min, 4 °C). HEK293FT and 
U2OS cells were transduced with non-concentrated or 
5 × concentrated virus, respectively. Drug selection was 
performed with 1 µg/ml puromycin (ChemCruz).

Transfections and drug treatments
HEK293FT and U2OS cells were transfected using cal-
cium phosphate or Lipofectamine 3000 (Thermo Fisher), 
respectively. TRIPZ cell lines stably transduced were 
induced with DOX (doxycycline hyclate 1  µg/ml; 24  h; 
Sigma-Aldrich) prior to biotin treatment (50  µM; 2  h; 
Sigma-Aldrich). BTZ (200  nM; MedChemExpress), 
MLN4924 (1 µM, MedChemExpress) and pomalidomide 
(10  µM, MedChemExpress) treatments were performed 
without biotin prior to cell lysis or immunostaining at the 
indicated time-points.

Western blot analysis
To remove excess biotin, we washed cells with 1 × PBS 
and then we lysed them in highly stringent washing buffer 
(WB) 5 (WB5: 8 M urea, 1% SDS in 1 × PBS) containing 
1 × protease inhibitor cocktail (Roche) and 50 µM N-Eth-
ylmaleimide (NEM, Alfa Aesar). Samples were sonicated 
and centrifuged (16,000 × g, 30 min at room temperature, 
RT). Protein concentration was determined by the BCA 
Protein Assay (Pierce) following manufacturer’s instruc-
tions. For SDS-PAGE, 20  µg of protein was loaded and 
transferred to nitrocellulose membranes. PBT (1 × PBS, 
0.1% Tween-20) was used for blocking, except for anti-
biotin blots, where casein-based blocking solution 
(Sigma) was used. Primary antibodies were incubated for 
2 h at RT or overnight at 4ºC and secondary antibodies for 
45 min at RT. Antibodies were used as follows: anti-bio-
tin-HRP (1/1,000, Cell Signaling Technology Cat#7075S); 
anti-BirA (1/1,000, SinoBiological Cat#11,582-T16); anti-
AviTag (1/1,000, GenScript Cat#A00674); anti-NEDD8 
(1/1,000, Abcam Cat# ab81264); anti-GAPDH (1/5,000, 
Proteintech Cat# 60,004–1-Ig); anti-CSDE1 (1/1,000, 
Proteintech Cat#13,319–1-AP); anti-GFP (1/1,000, Roche 
Cat#11,814,460,001); anti-GFP (1/2,000, rabbit poly-
clonal serum; generated in-house against recombinant 
GFP protein); anti-HA-tag (1/2,000, Cell Signaling Tech-
nology Cat#3724); anti-Mouse-HRP (1/5,000, Jackson 
ImmunoResearch Cat#115–035–062); anti-Rabbit-HRP 
(1/5,000, Jackson ImmunoResearch Cat#111–035–045). 
We used Super Signal West Femto (ThermoFisher) or 
Clarity ECL (BioRad) to detect the proteins using an 
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iBright CL1500 (Thermo Fisher). Uncropped blots are 
provided as Supplementary Material 12.

Immunostaining and confocal microscopy
U2OS cells were seeded on 11  mm coverslips (20,000 
cells per well; 24 well plate). After washing the cells with 
1 × PBS they were fixed with 4% PFA supplemented with 
0.1% Triton X-100 in 1 × PBS for 20  min at RT. Then, 
coverslips were washed 3 times with 1 × PBS and incu-
bated in blocking buffer (2% fetal calf serum, 1% BSA 
in 1 × PBS) for 30  min at RT. Primary antibodies were 
incubated for 1 h at 37ºC and cells were washed 3 times 
with 1 × PBS. Primary antibodies were used as follow: 
anti-BirA (1/200, Novus Biologicals Cat#NBP2-59,939); 
anti-NEDD8 (1/100, Abcam Cat# ab81264). Secondary 
antibodies and fluorescent streptavidin were incubated 
for 30 min at 37ºC. After that, nuclei were stained with 
DAPI (300 ng/ml in 1 × PBS, Sigma Aldrich) for 10 min. 
Secondary antibodies (ThermoFisher) were all used at 
1/200: anti-Mouse Alexa Fluor 488 (Cat#A-11029), anti-
Rabbit Alexa Fluor 647 (Cat#A-21244), anti-Mouse Alexa 
Fluor 647 (Cat#A-31571). Streptavidin Alexa Fluor 594 
(1/200, Cat#016–290-084, Jackson ImmunoResearch) 
was also used. Images were taken with a confocal micro-
scope (Leica SP8 Lightning) using 63 × Plan ApoChromat 
NA1.4 objective.

Pull‑down of biotinylated proteins
The lysates cleared in WB5 were normalized to the same 
protein concentration and incubated overnight at RT 
with equilibrated NeutrAvidin-agarose beads (Ther-
moFisher) at a ratio of 1/50 (Vbeads/ Vlysate). The high affin-
ity between biotin and streptavidin allows stringent series 
of washes, as follows (VWB/2Vlysate): 2 × WB1 (8 M urea, 
0.25% SDS); 3 × WB2 (6  M Guanidine-HCl); 1 × WB3 
(6.4 M urea, 1 M NaCl, 0.2% SDS); 3 × WB4 (4 M urea, 
1 M NaCl, 10% isopropanol, 10% ethanol and 0.2% SDS); 
1 × WB1; 1 × WB5; and 3 × WB6 (2% SDS; WB1-6 pre-
pared in 1 × PBS). Biotinylated proteins were eluted from 
the beads using 1 volume of Elution Buffer (4 × Laemmli 
buffer, 100 mM DTT; 80 µl for LC–MS/MS experiments) 
by heating at 99  °C for 5 min twice, followed by vortex-
ing. Beads were separated using 0.8 µm clarifying filters 
(2,000 × g, 2 min; Vivaclear Mini, Sartorius).

Liquid Chromatography Mass Spectrometry (LC–MS/MS)
Pull-down experiments for mass-spectrometry were 
performed independently in triplicates. For each rep-
licate, four confluent 15  cm dishes (8 × 107 cells, 2  ml 
of lysis per plate; 8 ml total) were analyzed by LC–MS/
MS. Samples eluted from the NeutrAvidin beads were 
separated in SDS-PAGE and stained with Sypro Ruby 
(Invitrogen) following manufacturer’s instructions. Gel 

lanes were carefully cut to ensure consistency and repro-
ducibility. Slices were subsequently washed in milli-Q 
water. Reduction and alkylation were performed (10 mM 
DTT in 50 mM ammonium bicarbonate, 56  °C, 20 min, 
followed by 50  mM chloroacetamide in 50  mM ammo-
nium bicarbonate, 20  min, protected from light). Gel 
pieces were dried and incubated with trypsin (12.5  µg/
ml in 50 mM ammonium bicarbonate, 20 min, ice-cold). 
After rehydration, the trypsin supernatant was discarded. 
After hydration with 50  mM ammonium bicarbonate, 
gel pieces were incubated at 37  °C overnight. Following 
digestion, 0.1% TFA was used to clean acidic peptides, 
which were dried in a RVC2 25 SpeedVac concentrator 
(Christ). Peptides were resuspended in 10 µl 0.1% formic 
acid (FA) and sonicated for 5 min prior to analysis.

Samples were analyzed using a timsTOF Pro mass 
spectrometer (trapped ion mobility spectrometry/quad-
rupole time of flight hybrid, Bruker Daltonics) coupled 
online to a EVOSEP ONE (Evosep), which uses parallel 
accumulation–serial fragmentation (PASEF), at the pro-
teomics platform of CIC bioGUNE. Sample (200 ng) was 
directly loaded in a 15 cm performance column (Evosep) 
applying a 30 samples per day method and data depend-
ent acquisition mode.

Mass spectrometry data analysis
DIA data was processed with DIA-NN software for 
protein identification and quantification using default 
parameters. Searches were carried out against a database 
consisting of Homo sapiens protein entries from Uniprot 
in library-free mode. We considered carbamidomethyla-
tion of cysteines and oxidation of methionines as fixed 
and variable modifications, respectively. Match between 
runs was applied and precursor FDR was set at 1%. Data 
was processed and analyzed by Perseus (version 1.6.15) 
[24]. Proteins identified by at least 2 peptides and pre-
sent in at least 2 out of 3 replicates in at least one group 
were included in the analysis. Statistical significance was 
assessed using a two-sided Student’s t-test. Data were 
loaded into GraphPad Prism 10 version 10.0.2 to build 
the corresponding volcano-plots.

Network analysis was conducted using STRING 
version 1.4.2 in Cytoscape version 3.9.1, applying a 
high-confidence interaction score of 0.7 [25, 26]. Size, 
transparency and width of the edges were continuously 
mapped to the Log2 fold change. The Molecular COm-
plex DEtection (MCODE) plug-in version 1.5.1 was 
used to identify highly connected subclusters of proteins 
(degree cutoff of 2; Cluster finding: Haircut; Node score 
cutoff of 0.2; K-Core of 2; Max. Depth of 100) [27]. Gene 
ontology analysis was performed using g:Profiler web 
server version e108_eg55_p17_0254fbf and REVIGO [28, 
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29]. Venn diagrams were drawn using InteractiVenn web 
tool [30].

Immobilized metal affinity chromatography for validations
For orthogonal validations, HEK293FT cells were 
co-transfected with the indicated constructs and 
pcDNA3-6xHIS-Ub (gift from M. Rodriguez, CRNS-
LCC, Toulouse), lysed in lysis buffer (8  M urea, 0.1  M 
Na2HPO4/NaH2PO4 pH 8.0, 0.01  M Tris–HCl pH 8.0, 
20  mM imidazole pH 8.0, 5  mM β-mercaptoethanol, 
and 0.1% Triton X-100), supplemented with 1 × protease 
inhibitor cocktail (Roche) and 50 µM PR619 DUB inhibi-
tor (Merck). Samples were then sonicated and cleared 
by centrifugation (25, 000 × g, 30  min at RT). Cleared 
lysates were adjusted to the same protein concentration 
before incubating them with 1/50 (volbeads/vollysate) equil-
ibrated Ni–NTA agarose beads (Invitrogen) overnight 
at RT. Beads were then washed three times using WBB 
(8  M urea, 0.1  M Na2HPO4/NaH2PO4 pH 8.0, 0.01  M 
Tris–HCl pH 8.0, 20  mM imidazole pH 8.0, 2.5  mM 
β-mercaptoethanol, and 0.1% Triton X-100), and two 
times using WBC (8 M urea, 0.1 M Na2HPO4/NaH2PO4 
pH 6.3, 0.01 M Tris–HCl pH 6.3, 10 mM imidazole pH 
7.0, 2.5 mM β-mercaptoethanol, and 0.1% Triton X-100). 
Proteins were eluted with 1 volbeads of Elution Buffer (4 M 
urea, 50 mM NaH2PO4/Na2HPO4, 5 mM Tris/HCl pH 8, 
500 mM, imidazole pH 7.0, 1.25 mM β-mercaptoethanol, 
and 0.05% Triton X-100). Eluates were analyzed by west-
ern blotting with appropriate antibodies.

GFP‑trap pull‑down
All steps were performed at 4ºC. HEK293FT cells were 
collected 48  h after transfection, washed 3 times with 
1 × PBS and lysed in RIPA lysis buffer (50 mM Tris–HCl 
pH 8, 150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium 
deoxycholate, and 0.1% SDS) supplemented with 1 × pro-
tease inhibitor cocktail (Roche), BTZ (MedChemEx-
press) and 50  µM PR619 (Merck). Lysates were kept on 
ice for 30 min and cleared by centrifugation (25,000 × g, 
30  min at 4ºC). Cleared lysates were incubated with 
15  µl of equilibrated GFP-Selector beads (Nanotag Bio-
technologies) overnight at 4ºC in a rotating wheel. Beads 
were washed 4 times with RIPA lysis buffer, twice with 
RIPA/4 M urea, and once more with RIPA. The samples 
were eluted in 2 × Laemmli buffer by boiling for 5  min 
at 95ºC. Eluates were analyzed by western blotting with 
appropriate antibodies.

Molecular modelling
The G-loop regions of CSDE1 were identified by com-
paring the position of α-carbon atoms between the 
CSDE1 AlphaFold model AF-O75534-F1 and the crys-
tallographic structure of SALL4 with PDB id: 7BQU. 

The structure for the first CSDE1 domain was obtained 
from the AlphaFold model AF-O75534-F1 and the sec-
ond domain was extracted from the NMR model with 
PDB id: 2YTV. The ternary complexes were modeled by 
superimposing each of the G-loop sequences of CSDE1 
to the structure of CK1α in complex with CRBN (PDB 
id 5FQD) as reference and the pomalidomide-binding 
mode in the thalidomide-binding domain was taken 
from the crystallographic structure with PDB id: 6H0F. 
The AMBERff14SB and GAFF2 force fields were used to 
assign atom types for the proteins and pomalidomide, 
respectively. The partial charges for pomalidomide were 
derived using the RESP protocol at the HF/6-31G(d) 
level of theory, calculated using Gaussian16 [31]. The 
Zn2 + cation coordinated with CRBN was modeled with 
the bound model, using the ZAFF parameters [32]. The 
systems were solvated on a truncated octahedral box of 
TIP3P water molecules, and neutralized with salt coun-
terions. Following the protocol we have recently reported 
[33], each system was minimized, heated to 298  K, and 
equilibrated to 1  bar. Each H-bond in the ternary com-
plex interface was evaluated using 100 independent 
steered molecular dynamics trajectories. Starting posi-
tions and velocities for each system were sampled from 
independent classical MD 10 ns trajectories, using a flat-
bottom restraint to keep the H-bonds between 2.5 and 
3.5 Å. Then the H-bonds were brought to a 2.5 Å distance 
to start a constant speed steering at a speed of 0.5 Å/
ns, using the stiff spring approximation. All simulations 
were performed with the CUDA accelerated version of 
PMEMD from the Amber23 package [34]. The potential 
mean force (PMF) of each H-bond was computed using 
the Jarzynski equality on the resulting work profiles [35]. 
The error estimations for the PMF profiles were obtained 
by bootstrapping 25 times with 25 replica subsamples.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 
10 using two-tailed unpaired Student’s t-test. Differ-
ences were considered significant when p-value < 0.05 (*). 
Quantification of protein levels in Western blots and sta-
tistical analysis are shown in Supplementary Material 13.

Results
Applying BioE3 to study Cullin‑RING E3 ligases (CRL)
We previously used BioE3 for detecting specific targets 
of RING and HECT type E3 ligases [20], but the poten-
tial of BioE3 to detect targets of E3s multi-protein com-
plexes like the CRLs was not tested. First, we considered 
the orientation of the BirA enzyme within the fusion 
protein, which could produce steric problems. We per-
formed BioE3 experiments with BirA fused to the N- or 
C-terminus of CRBN and we observed a similar pattern 
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of biotinylated proteins (Fig. S1a). Based on this and pre-
vious reports [36, 37], we continued using a fusion of 
BirA to the N-terminus of CRBN (Fig.  1a, b) and tran-
siently transfected it into stable cell lines expressing the 
bioGEFUb in a doxycycline (DOX)-dependent manner 
(TRIPZ-bioGEFUb). The low-affinity bioGEF AviTag ena-
bles site-specific and proximity-dependent biotinyla-
tion [21]. In this way, after DOX induction for 24 h and 
controlled biotin pulses, substrates modified by the 
CRL4BirA−CRBN and labelled with biotinylated bioGEFUb 
can be purified using streptavidin pull-down for identi-
fication by LC–MS/MS, or imaged by immunofluores-
cence and confocal microscopy (Fig. 1a, b).

To test the specificity of the system, we performed 
BioE3 using BirA-CRBN and HEK293FT-TRIPZ-bioGE-

FUb cells, inducing the expression of bioGEFUb with DOX 
and performing a 2-h biotin pulse. We observed bioti-
nylated proteins, indicating the activity of BirA-CRBN 
fusion (Fig. 1c), similarly to what was previously reported 
by Huang and collaborators for CRBN-BirA [22]. Addi-
tionally, when proteasome activity was blocked with 
bortezomib (BTZ) we observed a further accumulation of 
biotinylated proteins that was reversed upon inhibition 
of NEDDylation with MLN4924 (Fig. 1c).

We then confirmed co-localization of the BirA-CRBN 
fusion protein with NEDD8 in the cytoplasm by confo-
cal microscopy in U2OS-TRIPZ-bioGEFUb cells (Fig. 1d), 
which suggests that the fusion was correctly incorporated 
into the CRL complex. Upon proteasomal inhibition we 
observed an increase in biotinylated proteins (Fig.  1d, 
Strep panel) that co-localized with the BirA enzyme, 
indicating specific biotinylation. MLN4924 treatment 
reduced the biotin labeling and dispersed the NEDD8 
signal. Taken together, these data suggest that the BioE3 
system is biotinylating CRBN substrates in a CRL-
dependent manner.

Next, we tested wild type (WT) bioGEFUb for its use in 
CRBN-BioE3. In previous experiments [20], we used a 
non-cleavable version of Ub bearing the L73P mutation 
(Ubnc) to prevent the recycling of biotinylated bioGEFUb 

by suppressing access of DUBs. However, to analyze 
HECT-type E3s (e.g. NEDD4), we found that it is neces-
sary to use the bioGEFUb, since bioGEFUbnc was not effi-
ciently passed from E2 to E3 [20]. We performed BioE3 
experiments both in HEK293FT-TRIPZ-bioGEFUb and 
HEK293FT-TRIPZ-bioGEFUbnc stable cell lines (Fig. S1b) 
and observed higher abundance of biotinylated proteins 
when using bioGEFUb. Importantly, as shown in Fig.  1d, 
biotinylated material was restricted to BirA-CRBN locali-
zation, indicating the specificity of labelling in our condi-
tions, so bioGEFUb was used for the rest of experiments 
shown here.

BioE3 identifies SALL4 as a neosubstrate of CRBN
The transcription factor SALL4 is one of the best-known 
neosubstrates of CRBN induced by pomalidomide [38–
40], so we aimed to identify SALL4 by BioE3 upon treat-
ment with pomalidomide as a proof of concept. We used 
a CRBN mutant deficient in IMiD-binding (BirA-CRB-
NW386A) [41] that should act as a negative control for the 
identification of neosubstrates upon pomalidomide treat-
ment. We performed BioE3 experiments in HEK293FT- 
and U2OS-TRIPZ-bioGEFUb cell lines transiently 
transfected with the WT or mutant versions of BirA-
CRBN, blocking the proteasome with BTZ and treating 
the cells with the IMiD drug pomalidomide (Fig. S1c). 
By Western blot we noticed a change in the biotinylation 
pattern when treating the samples with pomalidomide, 
suggesting that BioE3 is sensitive to molecular glues and 
can differentiate the endogenous targets from the neo-
substrates. BirA-CRBNW386A also produced biotinylation 
of proteins, but without changing the pattern observed 
after adding the IMiD (Fig. S1c). By confocal microscopy, 
we could validate the suitability of the mutant for BioE3 
experiments: interestingly, BirA-CRBNWT displayed a 
nuclear localization after pomalidomide treatment that 
was not observed with BirA-CRBNW386A, together with 
an increase in the nuclear biotinylated material (Fig. 2a, 
Strep panel).

(See figure on next page.)
Fig. 1  BioE3 labels CRL-dependent ubiquitinated substrates of CRBN. a, b Schematic representation of the BioE3 strategy adapted to the substrate 
receptor CRBN (a) and the constructs used in this work (b). TRIPZ, all-in-one inducible lentiviral vector; bioGEF, low affinity AviTag (see text); DOX, 
doxycycline; TetON, tetracycline inducible promoter; PUROR, puromycin resistant cassette; EFS, elongation factor 1α short promoter. c Western 
blot of BioE3 experiment performed on HEK293FT stable cell line expressing TRIPZ-bioGEFUb and transfected with EFS-BirA-CRBN. Indicated 
samples were treated with 100 nM bortezomib (BTZ) for 24 h, 200 nM BTZ for 6 h and/or 1 µM MLN4924 for 6 or 24 h. Molecular weight markers 
are shown to the left of the blots in kDa, antibodies used are indicated to the right. AviTag antibodies highlight all the ubiquitinated proteins, 
while biotin shows those ubiquitinated by CRBN. d Confocal microscopy images of BioE3 experiment performed on U2OS stable cell line expressing 
TRIPZ-bioGEFUb transfected with BirA-CRBN. Indicated samples were treated with 200 nM BTZ for 6 h and/or 1 µM MLN4924 for 24 h. Biotinylated 
material is stained with fluorescent streptavidin (Strep, magenta) and BirA (green) and NEDD8 (blue) with specific antibodies. Scale bar: 8 µm. All 
BioE3 experiments were performed by pre-incubating the cells in dialyzed FBS-containing media prior to transfections, doxycycline (DOX) induction 
at 1 µg/ml for 24 h and biotin supplementation at 50 µM for 2 h
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Fig. 1  (See legend on previous page.)
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Considering that the endogenous expression level of 
SALL4 in HEK293FT cells is low [42], we decided to per-
form the BioE3 experiment with exogenously expressed 
SALL4-YFP and treating the cells with BTZ and/or 
pomalidomide. After isolating the biotinylated proteins 
by streptavidin pull-down, we observed an enrichment of 
polyubiquitinated SALL4-YFP upon pomalidomide treat-
ment with the CRBNWT version but not with the IMiD-
binding mutant CRBNW386A (Fig. 2b). We confirmed this 
result using confocal microscopy, observing co-localiza-
tion of BirA-CRBNWT and biotin signal at nuclear bod-
ies formed by SALL4-YFP only in those cells treated with 
pomalidomide (Fig.  2c). Furthermore, BirA-CRBNW386A 
did not co-localize to the SALL4 nuclear bodies, neither 
biotinylated SALL4-YFP, even after treatment with the 
IMiD. Altogether, we concluded that BioE3 is sensitive 
to the responses induced by molecular glues and can be 
used to discriminate between endogenous substrates and 
neosubstrates.

BioE3 identifies endogenous targets of CRBN
Once we confirmed the suitability of BioE3 to biotinylate 
both putative substrates and neosubstrates after molecu-
lar glue treatment, we performed a large-scale experi-
ment in triplicates, treating the cells with BTZ only, BTZ 
and MLN4924 or BTZ and pomalidomide (Figs. 3 and 4; 
Supplementary Tables 1–3). We isolated the biotinylated 
proteins by streptavidin pull-downs and confirmed by 
Western blot the enrichment of the eluates in bioti-
nylated proteins when the proteasome was blocked with 
BTZ (Fig. 3a). By inhibiting NEDDylation the amount of 
biotinylated proteins was reduced, supporting MLN4924 
as a useful negative control. We also observed a reduc-
tion in biotinylated proteins after pomalidomide treat-
ment. The eluates were then analyzed by LC–MS/MS to 
identify specific ubiquitinated targets of CRBN. First, by 
comparing the samples treated or not with BTZ (BTZ 
versus DMSO), we identified 376 putative targets of 

CRBN that are proteasome-targeted (Fig.  3b; Supple-
mentary Table 1). Among them, we found glutamine syn-
thetase (GLUL), an endogenous target of the substrate 
receptor previously described [43].

We also interrogated the effect of inhibiting NED-
Dylation in the identification of endogenous substrates 
of CRBN, by comparing BTZ versus BTZ and MLN4924 
treated cells, and identified 267 putative targets of CRBN 
that require NEDD8 activation of the CRL complex 
(Fig. 3c; Supplementary Table 2). Among them, 177 (66%) 
were also present in the CRBN BioE3 BTZ versus DMSO 
comparison, including GLUL (Fig.  3d). Interestingly, 
NEDD8 was significantly enriched when inhibiting NAE1 
(left quadrant of Fig. 3c), indicating that mixed NEDD8-
Ub conjugates were accumulating in that sample. This 
was also confirmed by Western blot, showing an enrich-
ment in high molecular weight NEDDylated proteins 
(Fig.  3e). These results are in line with previous reports 
showing the use of NEDD8 by the Ub machinery when 
the NEDDylation machinery is blocked [44, 45].

In addition to the aforementioned hits, we identified 
proteins related to the UbL machinery, including ubiq-
uitination (E3s and DUBs), SUMOylation (SUMO1, 
SUMO2, PIAS1, PIAS4), NEDDylation (NEDD8, 
COPS6) and proteasome components. We also found 
components of the cAMP signaling pathway like MTOR, 
PRKAR1A and CREB3 [46], components of the Wnt 
signaling pathway such as CSNK1E and CTNNB1 [47], 
chloride channels as CLCC1 and CLCN3 [48], BSG for 
which a ubiquitination-independent, chaperone-like 
function of CRBN was described [49], and components 
of CRLs (DDB1) and the COP9 signalosome (COPS6, 
COPS7A, COPS3) [50].

To determine the functional role of CRBN we per-
formed a STRING network analysis of the potential sub-
strates (Figs. S2 and S4). The network showed a major 
interconnected core-cluster composed of 71% and 64% 
of the identified substrates respectively in BTZ versus 

Fig. 2  Identification of SALL4 as a neosubstrate of CRBN upon pomalidomide treatment. a Confocal microscopy of BioE3 experiment performed 
in U2OS stable cell line stably expressing TRIPZ-bioGEFUb. Cells were transfected with EFS-BirA-CRBNWT or EFS-BirA-CRBNW386A (IMiD-binding 
deficient mutant). Indicated samples were treated with 10 µM pomalidomide (POM) and/or with 200 nM bortezomib (BTZ) for 6 h. Biotinylated 
material is stained with fluorescent streptavidin (Strep, magenta) and BirA (green) with specific antibodies. b, c BioE3 experiment performed 
in HEK293FT-TRIPZ-bioGEFUb (b) or U2OS-TRIPZ-bioGEFUb (c) stable cell lines transiently transfected with CMV-SALL4-YFP and EFS-BirA-CRBNWT 
or EFS-BirA-CRBNW386A and treated with 10 µM POM and/or 200 nM BTZ for 6 h. b Western blot validation of SALL4 as a neosubstrate 
upon pomalidomide treatment. The dot represents the possible monoubiquitinated protein, whereas the bar represents the polyUb-modified 
SALL4-YFP. Strep PD: streptavidin pull-down. Molecular weight markers are shown to the left of the blots in kDa, antibodies used are indicated 
to the right. Quantification graph of the ubiquitinated GFP-SALL4 level in the GFP panel is shown under the Western blots; *: p-value < 0.05. 
c) Biotinylated material is stained with fluorescent streptavidin (Strep, magenta) and BirA (blue) with a specific antibody. SALL4-YFP can be 
found in green. Scale bar: 8 µm. Yellow dotted lines indicate the nuclei. Insets show the amplification of the area indicated by a white dotted 
square in each panel. All BioE3 experiments were performed by pre-incubating the cells in dialyzed FBS-containing media prior to transfections, 
doxycycline (DOX) induction at 1 µg/ml for 24 h and biotin supplementation at 50 µM for 2 h

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Fig. 3  BioE3 identifies endogenous substrates of CRBN. a Western blot of BioE3 experiment performed on HEK293FT stable cell line expressing 
TRIPZ-bioGEFUb and transfected with EFS-BirA-CRBN. Indicated samples were treated with 200 nM bortezomib (BTZ) for 6 h, 1 µM MLN4924 for 24 h 
and 5 µM pomalidomide (POM) for 6 h. b, c Volcano plots of LC–MS/MS analysis comparing streptavidin pull-downs of BioE3 experiments showed 
in (a). Proteins significantly enriched (Log2 Fold Change (FC) BTZ/DMSO (b) or BTZ + MLN4924 (c) > 0 and p-value < 0.05) were considered as CRBN 
targets. Statistical analyses were done using two-sided Student’s t-test. d Venn diagram showing the endogenous targets of CRBN identified 
by BioE3 in (b) and (c). e Western blot of NEDDylated proteins from samples described in (a). Strep PD: streptavidin pull-down. Molecular weight 
markers are shown to the left of the blot in kDa, antibodies used are indicated to the right. All BioE3 experiments were performed by pre-incubating 
the cells in dialyzed FBS-containing media prior to transfections, doxycycline (DOX) induction at 1 µg/ml for 24 h and biotin supplementation 
at 50 µM for 2 h
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DMSO (Fig. S2) and BTZ versus BTZ and MLN4924 
(Fig. S4). Unsupervised MCODE analysis highlighted 
sub-clusters related to ribosomes, proteasome, DNA 
replication, cell cycle and nuclear pore (Figs. S2 and S4). 
Moreover, the gene ontology analysis showed a significant 
enrichment in processes related to the Ub Proteasome 
System (UPS), DNA, cell cycle, apoptosis and autophagy 
(Figs. S3 and S5; Supplementary Tables  1 and 2). These 
results suggest that CRL4CRBN is a highly versatile E3 
ligase, involved in different cellular processes beyond the 
few already described. In summary, our data support that 
BioE3 is able to identify endogenous putative targets of 
CRBN by LC–MS/MS, revealing the cellular processes in 
which this substrate receptor is implicated.

BioE3 identifies neosubstrates of CRBN 
upon pomalidomide treatment by LC–MS/MS
Once we proved the suitability of BioE3 to identify 
by LC–MS/MS endogenous substrates of CRBN, we 
analyzed its capacity to identify neosubstrates upon 
treatment with an IMiD. By analyzing the effect of poma-
lidomide by LC–MS/MS (BTZ and pomalidomide ver-
sus BTZ only), we identified 133 neosubstrates (Fig.  4a; 
Supplementary Table 3). Next, we performed a STRING 
network analysis defining a major interconnected core-
cluster composed of 74% of the putative neosubstrates 
(Fig. S6). Unsupervised MCODE analysis derived three 
sub-clusters linked to translation, mRNA processing, 
chaperones and histones. In the same line, gene ontol-
ogy analysis highlighted processes related to RNA-bind-
ing and translation, actin cytoskeleton, protein folding, 
chaperones, Ub and apoptosis (Fig. S7; Supplementary 
Table 3). These results suggest a change in the nature of 
the neosubstrates in comparison with the endogenous 
substrates. In agreement with our results, Baek et  al. 
identified novel interactors of CRBN upon IMiD treat-
ment by affinity purification-MS in a recent pre-print 
[51], the majority of them being non-zinc finger proteins, 

including RNA-binding proteins. In fact, one of our top 
hits is CSDE1, an RNA-binding protein implicated in 
multiple diseases including several types of cancer [52]. 
CSDE1 was previously reported by Yamanaka et  al. as 
part of the pomalidomide-induced CRBN interactome 
using AirID as a proximity-biotinylation strategy in 
HEK293FT cells [36].

In previous structural characterizations on IMiD-
induced ternary complexes [41, 53], a G-loop like struc-
ture has been consistently reported as an essential feature 
for the recruitment of CRBN neosubstrates. Interest-
ingly, CSDE1 contains two G-loop regions (G-loop1: 
residues 162 to 173; and G-loop2: residues 721 to 732) 
that closely resemble the CRBN-engaging G-loop of the 
neosubstrate GSPT1, with a root mean square devia-
tion among the position of α-carbons < 0.5  Å. Thus, we 
confirmed by BioE3 the enrichment of ubiquitinated 
CDSE1 after treating the cells with pomalidomide, but 
not when the IMiD-binding deficient mutant CRBNW386A 
was tested (Fig.  4b). Furthermore, we orthogonally vali-
dated CSDE1 as a neosubstrate of CRBN by histidine 
pull-down, observing a correlation in the ubiquitination 
by the length and concentration of the pomalidomide 
treatment (Fig. 4c). We analyzed the endogenous levels of 
CSDE1 in HEK293FT cells, which appeared to decrease 
slightly upon pomalidomide treatment, but was not sta-
tistically significant (Fig. S8a, b). Exogenous expression 
of BirA-CRBN yielded POM-induced decrease in CSDE1 
levels with statistical significance upon quantitation (Fig. 
S8c, d). Furthermore, we observed an accumulation of 
biotinylated bioUb-CSDE1 by BioE3 after purification by 
streptavidin pull-down when blocking the proteasome 
with BTZ (Fig. S8e), suggesting that the ubiquitination of 
CSDE1 by CRBN is proteasome-dependent.

We also sought to characterize the putative bind-
ing of CSDE1 to CRBN by means of molecular mod-
elling. We have previously reported that the strength 
of H-bonds is an excellent predictor of the stability of 

Fig. 4  BioE3 identifies neosubstrates of CRBN upon pomalidomide treatment. a Volcano plot of LC–MS/MS analysis comparing streptavidin 
pull-downs of BioE3 experiments showed in Fig. 3. Proteins significantly enriched (Log2 Fold Change (FC) POM + BTZ/BTZ > 0 and p-value < 0.05) 
were considered as CRBN neosubstrates. Statistical analysis was done using two-sided Student’s t-test. b Western blot of a BioE3 experiment 
performed in HEK293FT-TRIPZ-bioGEFUb stable cell line transiently transfected with EFS-BirA-CRBNWT or EFS-BirA-CRBNW386A and treated with 10 µM 
pomalidomide (POM) and/or 200 nM bortezomib (BTZ) for 6 h. We validated endogenous CSDE1 as a neosubstrate of CRBN upon pomalidomide 
treatment. All BioE3 experiments were performed by pre-incubating the cells in dialyzed FBS-containing media prior to transfections, doxycycline 
(DOX) induction at 1 µg/ml for 24 h and biotin supplementation at 50 µM for 2 h. Quantification graph of the ubiquitinated endogenous CSDE1 
level is shown under the Western blots; *: p-value < 0.05. c Histidine pull-down confirming CSDE1 as a neosubstrate of CRBN. HEK293FT cells were 
transiently transfected with BirA-CRBN and His-Ub and treated with 200 nM BTZ for 6 h and with pomalidomide at the indicated concentrations 
and time points. Molecular weight markers are shown to the left of the blots in kDa, antibodies used are indicated to the right. Dots in (b) and (c) 
indicate an unidentified band that may correspond to a partially degraded form of CSDE1 or an isoform. d Comparison between the potential mean 
force (PMF) profiles for the interaction of W400 of CRBN with the backbone carbonyl group of T168 (top panel) and T727 (bottom panel) of CSDE1 
in the presence of POM (orange line) and without ligand in the thalidomide-binding domain (blue line). The solid lines represent the PMF calculated 
using the Jarzynski equality for 100 independent replicas and the shaded areas represent the standard deviation obtained by bootstrapping

(See figure on next page.)
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ternary complexes between CRBN, IMiDs and the neo-
substrate CK1α [33]. We examined whether the strength 
of the three hydrogen bonds at the CRBN-CSDE1 inter-
face was modified by the presence of pomalidomide in 
the IMiD-binding domain of CRBN. We observed that, 
although two of the three H-bonds at each of the inter-
faces were largely unaffected (changes on the H-bond 
strength ~ 1.5 kcal/mol), the energy required to break the 
H-bond between W400 in CRBN and the backbone car-
bonyl of CSDE1 of T168 (G-loop1) and T727 (G-loop2) 
was higher by 3.3 + /– 1.0 kcal/mol and 4.6 + /– 1.1 kcal/
mol, respectively, when pomalidomide was present in 
the thalidomide-binding domain (Fig. 4d). The increased 
strength of the H-bond indicates that pomalidomide has 
a stabilizer effect in the complex between CRBN and 
CSDE1, although its magnitude is moderate in com-
parison with other known neosubstrates of CRBN such 
as CK1α and GSPT1 [41, 53]. Altogether, these results 
suggest that BioE3 can screen for changes in the ubiq-
uitination pattern by CRLs induced by molecular glues, 
detecting new putative neosubstrates that can be subse-
quently validated using orthogonal techniques.

Ubiquitination of the endogenous substrates of CRBN 
changes upon pomalidomide treatment
The effect of IMiD treatment in the ubiquitination pat-
tern of the endogenous substrates remains unknown. 
Therefore, we studied the ubiquitination of the endog-
enous substrates that increased, decreased or did not 
change in the BioE3 analysis upon pomalidomide treat-
ment. Our results showed that most of the endogenous 
substrates were less ubiquitinated by CRBN, suggesting a 
major rewiring for CRBN specificity upon molecular glue 
treatment (Fig. 5a).

To test this hypothesis, we studied the ubiquitination of 
GLUL with or without pomalidomide. As mentioned pre-
viously, GLUL is an endogenous substrate of CRBN that, 
according to our results, is less ubiquitinated upon IMiD 
treatment. We performed a BioE3 experiment transiently 
transfecting BirA-CRBN and Clover3-GLUL and treating 

the cells with pomalidomide and/or BTZ. We purified 
the biotinylated proteins using streptavidin beads and 
observed that GLUL is ubiquitinated by CRBN. Interest-
ingly, the presence of pomalidomide decreased its ubiq-
uitination, reinforcing our data (Fig. 5b). This reduction 
in Clover3-GLUL ubiquitination was also confirmed by 
GFP-trap pull-down (Fig.  5c). Accordingly, by confocal 
microscopy we see a decrease of biotinylated proteins 
co-localizing with Clover3-GLUL in the cytoplasm, pre-
sumably corresponding to ubiquitinated Clover3-GLUL 
(Fig. 5d).

Discussion
BioE3 is a powerful technique to identify specific sub-
strates of RING- and HECT-type Ub E3 ligases, while the 
complex CRLs, the biggest class of E3s and currently the 
main enzymes harnessed for the TPD strategies, have not 
yet been tested. Here we show that BioE3 can be appli-
cable to CRLs, by identifying both endogenous targets 
and neosubstrates of the substrate receptor CRBN. We 
also proved its sensitivity to detect alterations of sub-
strate specificity due to degrader treatment, i.e. IMiDs. 
These results are in agreement with those of Huang et al. 
[22], who applied a similar technique, E-STUB, to iden-
tify substrates of various molecular glues and PROTACs. 
Importantly, BioE3, as well as similar techniques recently 
developed (E-STUB, Ub-POD; 22, 23), can identify E3 
substrates through ubiquitination status, independent of 
number of Ubs, Ub-chain type or reliance upon degra-
dation by the UPS. The main differences between these 
methods are the type of low-affinity AviTag used, the 
use of different strategies to avoid the recycling of bioti-
nylated Ub (non-cleavable versions of Ub versus treat-
ment with the DUB inhibitor PR619), the expression 
levels of the BirA-E3 and bioUb constructs (stable cell 
lines or transient transfections) and the length of the bio-
tin timings. Placement of BirA in E3-fusions, sample han-
dling, sensitivity of mass spectrometers, and data analysis 
pipelines may also influence number and identity of hits 
obtained. It is important to consider all these factors 

(See figure on next page.)
Fig. 5  The ubiquitination of endogenous substrates of CRBN decreases upon pomalidomide treatment. a Comparison of the fold changes 
(FC) of the ubiquitination levels of the putative endogenous substrates showing pomalidomide (POM) treatment targets in the Y axis versus 
not treated in X axis, with or without MLN4924 treatments as in Fig. 3b and c. b, c BioE3 experiment performed in HEK293FT-TRIPZ-bioGEFUb (b) 
or U2OS-TRIPZ-bioGEFUb (c) stable cell lines transiently transfected with EFS-Clover3-GLUL and EFS-BirA-CRBN and treated with 10 µM POM and/
or 200 nM bortezomib (BTZ) for 6 h. b Western blot validation by BioE3 of GLUL as a substrate of CRBN. The dot represents the unmodified protein, 
whereas the bar the Ub modified. Strep PD: streptavidin pull-down. Molecular weight markers are shown to the left of the blots in kDa, antibodies 
used are indicated to the right. Quantification graph of the ubiquitinated Clover-GLUL levels is shown to the right of the Western blots. c GFP-trap 
pull-down confirming the reduction in the ubiquitination by CRBN upon pomalidomide treatment. HEK293FT cells were transiently transfected 
with BirA-CRBN, Clover3-GLUL and HA-Ub and treated with 200 nM BTZ and with 10 µM pomalidomide for 6 h as indicated. d Biotinylated material 
is stained with fluorescent streptavidin (Strep, magenta) and BirA (blue) with a specific antibody. Clover3-GLUL can be found in green. Scale bar: 
8 µm. All BioE3 experiments were performed by pre-incubating the cells in dialyzed FBS-containing media prior to transfections, doxycycline (DOX) 
induction at 1 µg/ml for 24 h and biotin supplementation at 50 µM for 2 h
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depending on the E3 of interest and the objective of the 
work.

IMiDs are known to induce degradation of zinc-finger 
transcription factors in myeloma cells, like IKZF1 and 
IKZF3, and like SALL4 in embryonic stem cells, which is 
behind their therapeutic, but also teratogenic functions 
[40, 54]. These drugs are currently approved for clinical 
use in different diseases, including multiple myeloma 
[9]. However, the recruitment of new substrates by these 
drugs raises the question of the presence of unknown 
neosubstrates that could not only lead to undesired off-
target effects, but that could also open new therapeutic 
opportunities in other diseases. We adapted BioE3 cells 
for an unbiased and systematic discovery of putative 
CRBN neosubstrates upon pomalidomide treatment. We 
did not identify the aforementioned neosubstrates, prob-
ably because HEK293FT express little or none of those 
targets to be detected, underlining that the neosubstrate 
landscape may be different from one cell type to another.

Using BioE3 we were able to identify 133 putative 
neosubstrates and, among them, we found zinc-finger 
proteins, such as TRIM28 and KAISO (ZBTB33). The 
neosubstrates were significantly enriched in RNA-bind-
ing proteins, which has also been recently observed by 
Baek et al. [51]. Moreover, we validated CSDE1 as a neo-
substrate of CRBN, an mRNA and stress-granule asso-
ciated protein that has been linked to different types of 
cancer [52]. In agreement with our data, CSDE1 was pre-
viously identified as a CRBN-AirID proximal interactor 
in HEK293FT cells upon pomalidomide treatment [36]. 
In addition, we also found an enrichment in cytoskeletal 
proteins, like MYH9, which was recently described to be 
ubiquitinated by CRBN in response to IMiDs [37]. This 
reinforces the conjecture of unknown therapeutic roles 
of IMiDs beyond multiple myeloma, but also raises ques-
tions about the unexpected secondary effects generated 
by the degradation of novel proteins. Notably, among 
the new putative neosubstrates presented here, some of 
them have features typical for thalidomide recognition, as 
the zinc finger or the G-loop, as is the case for KAISO 
(ZBTB33) or CSDE1, respectively [39, 53]. However, 
we could not detect zinc fingers or G-loop motifs in all 
of them, suggesting that there might be other structural 
motifs key for the recognition by CRBN upon IMiDs 
treatment that remain hidden. In any case, BioE3 can be a 
powerful tool to define neosubstrates in the development 
of degraders, profiling secondary targets when a main 
target is desired, or identifying novel unexpected targets 
for a degrader that may have therapeutic use.

Even though a lot of effort has been dedicated to iden-
tifying neosubstrates of CRBN, not as much is known 
about the endogenous substrates of the substrate recep-
tor. We tried to shed light to this question and identified 

the endogenous substrates of CRBN by two means. First, 
we assumed that ubiquitination by CRBN mainly pro-
motes degradation of their target proteins by the UPS, 
and we identified substrate levels in absence or presence 
of the proteasomal inhibitor BTZ. Second, we assumed 
that CRBN works best when its cullin is NEDDylated, 
and we identified substrate levels in the absence or pres-
ence of the NEDDylation inhibitor MLN4924. We identi-
fied different subsets of putative substrates with the two 
treatments, with a significant overlap between them, 
but also with some proteins specific to each approach. 
This suggests that CRBN-mediated ubiquitination might 
not always lead to protein degradation, and that even 
in absence of NEDDylation, CRBN is proximal to some 
bioUb-modified proteins, perhaps preparing to extend a 
Ub chain. Although beyond the scope of this work, this 
extensive list of putative endogenous substrates could 
be of value in the discovery of shared degrons or motifs. 
Previously, Ichikawa et  al. discovered C-terminal cyclic 
imides as a CRBN degron [55]. Other features might still 
be unrevealed.

Among the putative substrates identified we found 
GLUL, one of the few endogenous substrates previously 
described [43]. When considering all putative substrates, 
we found that CRBN is implicated in numerous cellular 
processes like cAMP and Wnt signaling pathways [46, 
47], regulation of chloride channels [48], cell cycle, cell 
death and response to stress, among others. Thus, besides 
its role as a workhorse for TPD strategies, physiological 
roles for CRBN should be more carefully considered to 
assess secondary effects of TPD therapeutics.

Conclusions
Molecular glues and PROTACs change the specificity 
of the substrate receptor, not only promoting neosub-
strate degradation, but also affecting the ubiquitination 
of the endogenous substrates. In this work we observe a 
decrease in the ubiquitination of what we defined as the 
endogenous substrates of CRBN by BioE3 when treat-
ing the samples with pomalidomide, suggesting a com-
petition for binding with the neosubstrates. In fact, it 
was previously reported that IMiDs block the binding of 
some endogenous substrates to CRBN, like in the case 
of MEIS2 [56]. Our results show that this is also true for 
GLUL. The rewiring of the different cellular functions of 
CRBN should be taken in consideration when developing 
TPD strategies, as it could lead to unexpected secondary 
effects, likely depending on the duration and concen-
tration of drug treatment, as well as cell- or tissue-type. 
Our results highlight that E3-linked degraders like IMiDs 
can cause a significant rearrangement of the endogenous 
ubiquitination landscape, beyond the targeted reduction 
of the intended neosubstrate.
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Supplementary Material 1. Fig. S1. Optimization of the experimental 
conditions for CRBN BioE3. a, b, c) Western blot of BioE3 experiments 
performed on HEK293FT stable cell lines expressing TRIPZ-bioGEFUb or 
TRIPZ-bioGEFUbnc and transfected with EFS-BirA-CRBN, EFS-CRBN-BirA or 
EFS-BirA-CRBNW386A. Indicated samples were induced with doxycycline at 
1 µg/ml for 24 hours, treated with 200 nM bortezomib for 6 hours, 1 µM 
MLN4924 for 24 hours or 10 µM pomalidomide for 6 hours and sup‑
plemented with 50 µM biotin for 2 hours. Molecular weight markers are 
shown to the left of the blots in kDa, antibodies used are indicated to the 
right. All BioE3 experiments were performed by pre-incubating the cells in 
dialyzed FBS-containing media prior to transfections.

Supplementary Material 2. Fig. S2. STRING network analysis of CRBN 
ubiquitinated substrates. Substrates defined in Figure 3b show a highly 
interconnected network composed of 71% of the proteins. Highly inter‑
connected sub-clusters were derived and characterized using MCODE. 
Color, transparency and size of the nodes were discretely mapped to the 
Log2 enrichment value as indicated.

Supplementary Material 3. Fig. S3. Gene ontology scatterplot of the CRBN 
ubiquitinated substrates. REVIGO plots were generated for targets defined 
in Figure 3b. Colors indicate the -Log10 p-value as shown in the Figure, 
and size of the bubble indicates the size of each term. Only terms with a 
p-value < 0.05 are represented.

Supplementary Material 4. Fig. S4. STRING network analysis of CRBN 
NEDDylation-dependent substrates. Substrates defined in Figure 3c 
show a highly interconnected network composed of 64% of the proteins. 
Highly interconnected sub-clusters were derived and characterized 
using MCODE. Color, transparency and size of the nodes were discretely 
mapped to the Log2 enrichment value as indicated.

Supplementary Material 5. Fig. S5. Gene ontology scatterplot of CRBN 
NEDDylation-dependent substrates. REVIGO plots were generated for 
targets defined in Figure 3c. Colors indicate the -Log10 p-value as shown 
in the Figure, and size of the bubble indicates the size of each term. Only 
terms with a p-value < 0.05 are represented.

Supplementary Material 6. Fig. S6. STRING network analysis of CRBN 
neosubstrates. The neosubstrates upon pomalidomide treatment defined 
in Figure 4a show a highly interconnected network composed of 71% 
of the proteins. Highly interconnected sub-clusters were derived and 

characterized using MCODE. Color, transparency and size of the nodes 
were discretely mapped to the Log2 enrichment value as indicated.

Supplementary Material 7. Fig. S7. Gene ontology scatterplot of the 
neosubstrates of CRBN. REVIGO plots were generated for targets defined 
in Figure 4a. Colors indicate the -Log10 p-value as shown in the Figure, 
and size of the bubble indicates the size of each term. Only terms with a 
p-value < 0.05 are represented.

Supplementary Material 8. Fig. S8. Effect of pomalidomide on endogenous 
protein levels of CSDE1. a) Endogenous CSDE1 levels in HEK293FT cells 
upon bortezomib, MLN4924 and pomalidomide treatments. b) Quantita‑
tive data and statistical analysis of three independent experiments as 
in Figure S8a. CSDE1 levels in cells treated with DMSO or pomalidomide 
10 µM were taken in consideration for the analysis. c) Endogenous CSDE1 
levels in HEK293FT cells transiently transfected with EFS -BirA or EFS-BirA-
CRBN. d) Quantitative data and statistical analysis of four independent 
experiments overexpressing BirA-CRBN as in Figure S8c. CSDE1 levels 
were normalized to BirA-CRBN expression. e) BioE3 experiment performed 
using HEK293FT stable cells that express TRIPZ-bioGEFUb transiently 
transfected with BirA-CRBN. BTZ and POM treatments were performed as 
indicated. Biotinylated proteins were purified using streptavidin beads. 
Molecular weight markers are shown to the left of the blots in kDa, anti‑
bodies used are indicated to the right

Supplementary Material 9. Supplementary Table 1. LC-MS/MS processed 
data of CRBN BioE3 treated or not with proteasomal inhibitor bortezomib. 
Gene Ontology analysis of CRBN targets and selected GO terms by Revigo

Supplementary Material 10. Supplementary Table 2. LC-MS/MS processed 
data of CRBN BioE3 with proteasomal inhibitor bortezomib, with or 
without NEDDylation inhibitor MLN4924. Gene Ontology analysis of CRBN 
targets and selected GO terms by Revigo

Supplementary Material 11. Supplementary Table 3. LC-MS/MS processed 
data of CRBN BioE3 with proteasomal inhibitor bortezomib, with or 
without pomalidomide treatment. Gene Ontology analysis of CRBN 
targets and selected GO terms by Revigo

Supplementary Material 12. Uncropped Western blots. Images with the 
same exposures as used in the main Figures are shown to the left. Merged 
images show the positioning of the molecular weight markers and might 
show different exposure times.

Supplementary Material 13. Quantification of protein levels in Western 
blots and statistical analysis
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