
Mapping the IMiD-dependent cereblon interactome using
BioID-proximity labelling
Matteo Costacurta1,2, Jarrod J. Sandow3,4, Belinda Maher1,2, Olivia Susanto1,2,
Stephin J. Vervoort3, Jennifer R. Devlin5,6, Daniel Garama7,8, Mark R. Condina9,10,
Joel R. Steele11,12, Hossein V. Kahrood11, Daniel Gough7,8, Ricky W. Johnstone5,6 and
Jake Shortt1,2,5,6

1 Monash Haematology, Monash Health, Clayton, Australia

2 Blood Cancer Therapeutics Laboratory, School of Clinical Sciences at Monash Health, Monash University, Clayton, Australia

3 The Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia

4 Department of Medical Biology, The University of Melbourne, Parkville, Australia

5 Translational Haematology Program, Peter MacCallum Cancer Centre, Melbourne, Australia

6 Sir Peter MacCallum Department of Oncology, The University of Melbourne, Parkville, Australia

7 Centre for Cancer Research, Hudson Institute of Medical Research, Clayton, Australia

8 Department of Molecular and Translational Science, Monash University, Clayton, Australia

9 Mass Dynamics, Melbourne, Australia

10 Clinical & Health Sciences, University of South Australia, Adelaide, Australia

11 Monash Proteomics and Metabolomics Platform, Monash Biomedicine Discovery Institute, Monash University, Clayton, Australia

12 Monash Bioinformatics Platform, Monash Biomedicine Discovery Institute, Monash University, Clayton, Australia

Keywords

BioID2; bortezomib; cereblon; IMiDs;

myosin

Correspondence

R. W. Johnstone, Translational Haematology

Program, Peter MacCallum Cancer Centre,

Melbourne, Vic. 3000, Australia

Tel: +6185597133

E-mail: ricky.johnstone@petermac.org

and

J. Shortt, Monash Haematology, Monash

Health, 246 Clayton Rd, Clayton, Vic. 3168,

Australia

Tel: +61385722884

E-mail: jake.shortt@monash.edu

Ricky W. Johnstone and Jake Shortt

contributed equally to this article.

Immunomodulatory imide drugs (IMiDs) are central components of ther-

apy for multiple myeloma (MM). IMiDs bind cereblon (CRBN), an adap-

tor for the CUL4-DDB1-RBX1 E3 ligase to change its substrate specificity

and induce degradation of ‘neosubstrate’ transcription factors that are

essential to MM cells. Mechanistic studies to date have largely focussed on

mediators of therapeutic activity and insight into clinical IMiD toxicities is

less developed. We adopted BioID2-dependent proximity labelling

(BioID2-CRBN) to characterise the CRBN interactome in the presence

and absence of various IMiDs and the proteasome inhibitor, bortezomib.

We aimed to leverage this technology to further map CRBN interactions

beyond what has been achieved by conventional proteomic techniques. In

support of this approach, analysis of cells expressing BioID2-CRBN fol-

lowing IMiD treatment displayed biotinylation of known CRBN interac-

tors and neosubstrates. We observed that bortezomib alone significantly

modifies the CRBN interactome. Proximity labelling also suggested that

IMiDs augment the interaction between CRBN and proteins that are not

degraded, thus designating ‘neointeractors’ distinct from previously dis-

closed ‘neosubstrates’. Here we identify Non-Muscle Myosin Heavy Chain
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IIA (MYH9) as a putative CRBN neointeractor that may contribute to the

haematological toxicity of IMiDs. These studies provide proof of concept

for proximity labelling technologies in the mechanistic profiling of IMiDs

and related E3-ligase-modulating drugs.

Introduction

Immunomodulatory imide drugs (IMiDs; e.g., lenali-

domide and pomalidomide) are an important back-

bone of multiple myeloma (MM) therapy [1].

However, patients often develop IMiD-resistant MM

and may experience clinical toxicities, including periph-

eral neuropathy, myelosuppression and thrombosis.

Greater understanding of mechanistic activity, includ-

ing the mediators of toxicity, may help further opti-

mise IMiD therapy to improve patient outcomes [2–7].
The IMiDs are known to engage Cereblon (CRBN),

an adaptor for Cullin RING E3 Ligase 4 (CRL4),

redirecting its substrate specificity towards the neosub-

strates Ikaros (IKZF1) and Aiolos (IKZF3), resulting

in their proteasomal degradation [8,9]. Functional

studies have revealed that the ubiquitinating activity of

CRL4CRBN is also dependent on the Constitutive Pho-

tomorphogenesis Signalosome 9 (COP9 signalosome)

and its subunits which regulate NEDDylation of Cul-

lin scaffolds, Cullin Associated and Neddylation Dis-

sociated 1 (CAND1), and other ubiquitin ligases [10–
16]. In MM, IKZF1/3 degradation leads to downregu-

lation of the Interferon Regulatory Factor 4

(IRF4)-MYC transcriptional axis and plasma cell

death [8]. Degradation of these transcription factors

also de-represses Interleukin-2 (IL2) expression to aug-

ment T-cell activity [8]. Recent work has demonstrated

that CRBN regulates oxidative stress, protein folding

(as a HSP90 co-chaperone), and that IMiDs also mod-

ulate these processes, potentially via mechanisms that

are independent from their effects on neosubstrate pro-

teins [17–19]. New generation IMiDs (or CELMoDs –
Cereblon E3 Ligase Modulating Drugs) have now been

rationally designed for improved potency and these

demonstrate diversity of neosubstrate repertoires and

differential mechanistic properties [20]. These findings

suggest that IMiDs act at multiple levels, and their

biology remains incompletely mapped.

To gain deeper insight into mechanisms of IMiD

action, we aimed to map the CRBN interactome in the

presence and absence of IMiDs and proteasomal inhi-

bition. To achieve this, we utilised BioID2, a ligase

that biotinylates proximal lysine residues in the pres-

ence of free biotin [21–23]. We hypothesised that gen-

erating a BioID2-CRBN fusion protein would provide

BioID2 with increased specificity for CRBN interac-

tors and substrates, as they would now be proximal to

BioID2. A separate group recently utilised an analo-

gous approach, where fusion of CRBN to TurboID or

AirID identified known CRBN-IMiD neosubstrates

(including IKZF1, IKZF3, CK1a, ZFP91) via

proximity-dependent biotinylation [24]. Here, we have

evaluated protein biotinylation in the context of the

IMiDs (lenalidomide, pomalidomide) and the CEL-

MoD, iberdomide and validated our approach by the

identification of canonical CRBN interactors (e.g.,

CUL4A/B, COPS7A/B, COPS3) and IMiD-CRBN

neosubstrates (e.g., IKZF1 and CK1a).
In addition to detecting known CRBN interactors

and IMiD-CRBN substrates, we identified non-muscle

myosin heavy chain IIA (MYH9) as a novel CRBN

interactor. We prioritised MYH9 for further valida-

tion, given its known importance as a cytoskeletal pro-

tein implicated in cell morphology, migration, platelet

biogenesis and aggregation [25–27]. Here we demon-

strate that IMiDs augment the interaction between

CRBN and MYH9. Unlike previously identified

IMiD-CRBN neosubstrates, our data indicate that

MYH9 is a protein that may be ubiquitinated, but not

degraded, following IMiD treatment. We postulate

that the IMiD-augmented interaction between CRBN

and MYH9 might contribute to cellular and clinical

phenotypes, including cell motility, platelet function

and thrombogenicity. In addition, we show that stabi-

lisation of proteins following inhibition of proteasomal

activity may significantly change the CRBN interac-

tome. Our work further supports proximity-labelling

approaches as a methodology for identifying endoge-

nous and drug-dependent CRBN interactors which

could be broadly utilised across the growing pool of

IMiD, CELMoD and PROTAC chemotypes [20,28].

Results

BioID2-CRBN biotinylates known endogenous

CRBN interactors

HEK293T cells were transiently transfected with a vec-

tor expressing either myc-tagged BioID2 (mycBioID2)
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or BioID2-CRBN (mycBioID2-CRBN, with BioID2

fused at CRBN N terminus domain through a 3xGly-

cine linker), and expression of ectopic proteins was

confirmed by western blot (Fig. 1A). These cells were

cultured for 24 h with 50 lM biotin, followed by

purification of biotinylated proteins with streptavidin-

agarose and mass spectrometry (MS; Fig. 1B; Support-

ing Information). As expected, this approach identified

CRBN as the most enriched biotinylated protein, while

previously identified CRBN interactors COPS7A,

COPS7B, COPS3, CUL4A and CUL4B [11,14,29]

(Fig. 1C,D) were also significantly enriched in the bio-

tinylated fraction. Based on protein–protein interaction

analysis via STRING, we defined proteins that did not

connect to CRBN as putative novel CRBN interactors

(Fig. 1E). Gene ontology analysis revealed that these

known, and potentially novel interactors together pri-

marily promote DNA repair and protein metabolism

and turnover, whereas biotin-binding proteins are

likely an artefact of the technology (Fig. 1E,F; Sup-

porting Information). Thus, mycBioID2-CRBN bioti-

nylates known CRBN interactors and this

methodology identifies putatively novel CRBN interac-

tors that are not readily identified by conventional

MS-techniques.

BioID2-CRBN induces biotinylation of known

CRBN neosubstrates

To test whether mycBioID2-CRBN could biotinylate

IMiD-CRBN neosubstrates, we transduced OPM2

MM cells to stably express mycBioID2-CRBN

(OPM2-BioID2-CRBN cells). Western blot confirmed

expression of BioID2-CRBN in OPM2-BioID2-CRBN

cells as compared to OPM2-BioID2, which did not

express BioID2-CRBN, but only BioID2 (Fig. 2A).

We noted a dominant secondary band above the

25 kD BioID2 band that was also immunoreactive

with myc-tag antibody and was not evident in the pre-

vious HEK293T experiment of uncertain significance.

We then treated OPM2-BioID2-CRBN cells with

DMSO, Lenalidomide (Len), pomalidomide (Pom) or

iberdomide (Iber) in the presence and absence of bor-

tezomib (Bort), while supplementing the culture

medium with biotin (Fig. 2B). Bort co-treatment was

included to prevent proteasomal degradation of

IMiD-CRBN neosubstrates and to allow their enrich-

ment with streptavidin-agarose prior to mass spec-

trometry analysis (see Supporting Information).

Differential protein enrichment analysis confirmed that

the BioID2-CRBN fusion protein specifically biotiny-

lates known CRBN interactors (Fig. 2C). Seven hun-

dred and nine proteins were purified as biotinylated

species. Analysis of variance defined a significant

change in biotinylation across the different treatment

conditions in 102 proteins (adj. P-value < 0.05)

(Fig. 2C). IMiD-CRBN neosubstrates identified in this

experiment included IKZF1 and CK1a (CSNK1A1;

CSNK1A1L) (Fig. 2C). IKZF1 was significantly more

biotinylated in cells co-treated with Bort and IMiDs –
Len, Pom and Iber for IKZF1, Len and Iber for

CK1a – as compared to cells treated with their respec-

tive IMiD-only condition, confirming that

BioID2-CRBN biotinylates these canonical CRBN

neosubstrates in the presence of an IMiD (Fig. 2D).

Interestingly, Iber is not a CK1a degrader [30], nor is

Pom [31], however biotinylation of CK1a is still

observed in the presence of Iber and Pom, indicating

that an interaction between CRBN and CK1a occurs

in the presence of these IMiDs, but does not result in

degradation (Fig. 2D). We then overlapped the

47 proteins that were more biotinylated by

BioID2-CRBN (as compared to BioID2 alone) in

HEK293T cells and the 709 proteins that were purified

in OPM2-BioID2-CRBN cells, with 37 overlaps identi-

fied (Fig. 2E). Alongside canonical CRBN interactors,

proteins implicated in the ubiquitination machinery, in

the NEDDylation process, and biotin-binding pro-

teins, were detected as biotinylated species. Enzymes

that regulate oxidative stress (thioredoxin like protein

1 – TXNL1, and peroxiredoxin 4 – PRDX4) were also

biotinylated, suggesting that CRBN and IMiDs may

have a role in directly regulating this process, as previ-

ously described (Fig. 2F) [17]. Together, these data

suggest that proximity labelling facilitates the detec-

tion of known and potentially novel endogenous

CRBN interactors and E3 ligase substrates, including

those dependent on or augmented by the presence of

an IMiD.

BioID2-CRBN demonstrates overlapping

specificity between distinct IMiD chemotypes

Previous studies have already mapped the interactome

and neosubstrate repertoire of thalidomide and the

first generation of IMiDs (i.e., lenalidomide and poma-

lidomide) [20]. There is now an increasing array of

new-generation CELMoDs based on enhanced

CRBN-mediated target protein degradation, including

iberdomide which is active in IMiD-resistant MM [32].

As the therapeutic landscape of CRBN-interacting

small molecules becomes more diverse, sensitive meth-

odologies for determining overlapping and divergent

neosubstrate and neointeracting proteins may further

assist in drug optimisation and mechanistic under-

standing of activity and toxicity profiles [20].
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To test the hypothesis that BioID2-CRBN affinity

labelling may distinguish the interactome of proteins

responding to different IMiDs chemotypes, our

OPM2-BioID2-CRBN data was further analysed. As

observed in the heatmap of Fig. 2C, each of the three

IMiD chemotypes increases the biotinylation of diverse
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sets of proteins via BioID2-CRBN. In an attempt to

restrict the specificity of our assay to true novel inter-

actors, we selected proteins that were significantly

more biotinylated with IMiDs or Bort-IMiD. Amongst

these, we filtered out those that were more biotinylated

in the presence of Bort to ensure that increased bioti-

nylation in Bort-IMiD conditions is not induced by

the presence of Bort alone (Fig. 2G). Within this sub-

set of biotinylated proteins, some were chemotype-

specific, while others were biotinylated in the presence

of any IMiD. Len and Pom induced biotinylation of

five and three proteins, respectively, while Iber induced

biotinylation of 10 proteins. The two proteins biotiny-

lated in the presence of all the three IMiDs were

IKZF1 and MYH9 (Fig. 2H). This observation sug-

gests that Iber broadens CRBN’s pool of interactors.

The biological consequence of these putative interac-

tions is not completely understood. However, this

result suggests that proximity labelling may help dis-

sect how the CRBN interactome changes when CRBN

is bound to different IMiD or CELMoD chemotypes.

CRBN interactome is modulated by proteasome

inhibition

As Bort inhibits proteolytic activity of the proteasome

and CRBN has been described to regulate protein

folding by binding with HSP90, we also hypothesised

that treatment with this agent may modulate CRBN

pool of interactors (i.e., in the absence of an IMiD).

Interestingly, analysis of the correlation between sam-

ples with unsupervised clustering showed that the pres-

ence or absence of Bort defines the two largest clusters

in the dataset (Fig. 3A), indicating that Bort strongly

influences the pool of CRBN interactors. Bort

treatment induced increased or decreased biotinylation

of 47 proteins (Fig. 3B,C). Dishevelled proteins �1

and �2 (DVL1, DVL2) were those with the most sig-

nificant decrease in biotinylation in the presence of

Bort, indicating that CRBN interacts with DVL pro-

teins and that treatment with Bort disrupts this inter-

action. In contrast, Bort induced biotinylation of the

known endogenous CRBN substrate HSP70

(HSPA1A/B) [33], and other chaperones, such as

HSP40 (DNAJB1), HSP27 (HSPB1), HSP10 (HSPE1),

HSP110 (HSPH1), and HSP90 co-chaperones Mor-

gana (CHORDC1) [34], and CCT3 [35], raising the

hypothesis that CRBN regulates the activity of multi-

ple chaperone proteins (Fig. 3B,C). In addition, we

observed significantly increased biotinylation of stress

granule components G3BP1, HNRNP proteins, eIF3C,

suggesting that CRBN might participate in the forma-

tion of stress granules during Bort treatment [36–38].
These observations, taken together, suggest that Bort

itself may modify the CRBN interactome and thus

modulate CRBN activity as E3 ligase and chaperone.

IMiD treatment augments the interaction

between CRBN and MYH9

To identify proteins that may be engaged by CRBN in

the presence of an IMiD but not subsequently

degraded, we performed differential protein expression

analysis of biotinylated proteins that are enriched with

IMiDs only- versus vehicle-treated cells. The only

protein meeting the statistical threshold (adj.

P-value < 0.05) that was differentially biotinylated

between these conditions was non-muscle myosin

heavy chain IIA (MYH9). This protein was signifi-

cantly more biotinylated by treatment with both

Fig. 1. Transient expression of BioID2-CRBN induces biotinylation of bona fide CRBN interactors. (A) Western blots (WB) showing

expression of CRBN (top WB) and myc-tag (bottom WB) in HEK293T cells transfected with either pBABE-mycBioID2-puroR (mycBioID2) or

pBABE-mycBioID2-CRBN-puroR (mycBioID2-CRBN) as compared to HEK293T cells transfected with pBABE-puroR empty vector. Actin is

used as a loading control for myc-tag expression. CRBN and myc-tag were probed for in two separate WB obtained from the same

samples. Endogenous CRBN expression is used as a loading control for the CRBN WB, whilst actin is used as a loading control for the

myc-tag WB. (B) Schematic representation of the experimental design for proteomics analysis of biotinylated proteins in HEK293T cells

expressing either mycBioID2 or mycBioID2-CRBN. Cells were transiently transfected with either pBABE-mycBioID2-puroR (mycBioID2) or

pBABE-mycBioID2-CRBN-puroR (mycBioID2-CRBN), incubated for 48 h, then lysed in RIPA buffer. Streptavidin-agarose resins were then

employed to purify the biotinylated protein fraction. Purified fractions from each sample were therefore digested with trypsin overnight and

subsequently processed for mass spectrometry with label-free quantification (LFQ). Five technical replicates were used for the experiment.

(C) Volcano plot displaying differential protein biotinylation in HEK293T cells expressing either mycBioID2 or mycBioID2-CRBN. Blue dots

represent proteins that are significantly more biotinylated when cells express mycBioID2-CRBN, as compared to cells expressing mycBioID2

(adj. P-value < 0.05). (D) Dot plots showing normalised log2 of protein intensities for COPS3, COPS7A, COPS7B, CRBN, CUL4A and CUL4B

in each technical replicate. Horizontal bars represent the median log2 intensity value. Circles represent detected intensity values; crosses

represent imputed values. (E) Protein–protein interaction network (STRING) and (F) Gene ontology analysis (ToppFun) of proteins that are

significantly more biotinylated when cells express mycBioID2-CRBN, as compared to cells expressing mycBioID2 (adj. P-value < 0.05).
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IMiDs and Iber (Fig. 4A,B). We observed that MYH9

demonstrates basal biotinylation even in the absence

of an IMiD, suggesting that CRBN has an endogenous

interaction with MYH9 under physiological conditions

and that IMiD exposure further augments this

(Fig. 4B). To further validate the increase in MYH9

biotinylation upon IMiD treatment, enrichment of bio-

tinylated proteins was performed on Len-treated

HEK293T cells transiently expressing BioID2-CRBN

(Fig. 4C). Consistent with MS data (Fig. 4A), Len

treatment, but not single-agent Bort, increased the bio-

tinylation of MYH9 (Fig. 4C, lower panel), while the

total amount of MYH9 in the cell was not affected by

Len exposure (Fig. 4C, upper panel). This observation

was also demonstrated in HEK293T cells expressing

BioID2-CRBN, with each of the IMiD chemotypes

(Len, Pom or Iber; Fig. 4D). Additionally, we sought

to explore whether IMiD treatment induced any

changes in the amount or cellular distribution of

MYH9 via immunofluorescence using IKZF1 as a pos-

itive control (Fig. 5). We observed that, while IKZF1

intensity was reduced in parental OPM2 cells receiving

Len treatment, MYH9 levels were unchanged. More-

over, neither MYH9 intracellular distribution pattern

nor cell morphology were affected by exposure to Len.

To cross-validate the occurrence of an increased

interaction between CRBN and MYH9 that is IMiD-

dependent, we reviewed published data obtained utilis-

ing AirID-CRBN as a biotin proximity-labelling tool

in IMiD-treated MM.1S, HEK293T, HuH7 and

IMR32 cells [24] (Fig. 6A). Consistent with our own

data, MYH9 peptides demonstrated a significant

increase in biotinylation, particularly in the presence

of Len and Pom.

IMiDs induce ubiquitination of MYH9 via CRBN

Having identified an interaction between CRBN and

MYH9 using BioID2-modified CRBN, we next

sought to identify if this interaction is evident in the

context of endogenous CRBN protein. CRBN is

known to ubiquitinate proteins which do not undergo

subsequent proteasomal degradation so we posited

that CRBN may ubiquitinate MYH9 with potential

functional consequences. Using previously published

ubiquitin-MS/MS datasets of IMiD-treated MM cells

[8] we sought to determine if MYH9 was ubiquiti-

nated by CRBN in the presence of an IMiD.

Analysis of differentially ubiquitinated peptides via

detection of diglycine modifications on lysine residues

was performed (Fig. 6B, see Supporting Information).

As expected, the most significant ubiquitinated pep-

tides belong to IKZF1, IKZF3 and CK1a. Although

ubiquitinated, these peptides showed low abundance

in Len-treated cells as they had not been ‘protected’

by co-treatment with a proteasome inhibitor. Con-

versely, differentially ubiquitinated peptides with sta-

ble or increased abundance were evident, including

MYH9 peptides. The K821 residue, a lysine of the

MYH9 neck region, was significantly more ubiquiti-

nated in the presence of Len, as compared to DMSO

vehicle treatment (adj. P-value < 0.05 (Fig. 6B)). This

Fig. 2. Profiling biotinylation demonstrates differential potency and specificity of IMiD chemotypes and allows prediction of potential novel

neosubstrates. (A) Western blot showing expression of myc-tag at 1 and 5 min of exposure in OPM2 cells transduced with either

mycBioID2 or mycBioID2-CRBN. Tubulin expression is used as a loading control. Experiment representative of three independent

experiments. (B) Schematic representation of the experimental design for proteomics analysis of biotinylated proteins in OPM2 cells

expressing either mycBioID2 or mycBioID2-CRBN. Cells were treated overnight (16 h) with DMSO, 10 lM Lenalidomide (Len), 2 lM

Pomalidomide (Pom), 2 lM Iberdomide (Iber), 10 nM Bortezomib (Bort) or a combination of both Bort and each IMiD. Cells were then then

lysed in RIPA buffer. Streptavidin-agarose resins were then employed to purify the biotinylated protein fraction. Purified fractions from each

sample were therefore digested with trypsin overnight and subsequently processed for mass spectrometry with label-free quantification

(LFQ). Five technical replicates were used for each condition of the experiment. (C) Heatmap showing z-scores of median normalised log2

intensity of biotinylated proteins across all conditions that are significant for adj. P-value < 0.05 (analysis of variance) and that are

differentially expressed across the various treatment conditions. (D) Dot plots showing normalised log2 intensities of IKZF1 and CK1a in

each technical replicate. Horizontal bars represent the median log2 intensity value. Circles represent real values; crosses represent imputed

values. (E) Venn diagram showing overlap between proteins that are differentially biotinylated in HEK293T cells (expressing BioID2-CRBN as

compared to those expressing mycBioID2) and those that are found biotinylated in OPM2 cells (expressing BioID2-CRBN), with a cut-off at

adj. P-value < 0.05. (F) Protein–protein interaction network of these 37 overlapping genes (known and novel putative interactors) generated

using STRING-db. (G) Heatmap showing z-scores of median normalised log2 intensity of the subset of proteins significantly more

biotinylated by BioID2-CRBN in the presence of an IMiD (adj. P-value < 0.05), corrected for the effect of Bort. Only proteins that were

biotinylated by any Bort-IMiD more than Bort only of at least 1 standard deviation were included. (H) Binary heatmap showing proteins that

are significantly more biotinylated by BioID2-CRBN following treatment with a specific IMiD. A black square defines the presence of an

interaction by the criteria described in (E), a blank square defines an interaction is either absent or does not meet the above criteria.
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supports data obtained using BioID2 and further

indicates an occurring interaction between endoge-

nous CRBN and MYH9 that is augmented by Len

and results in ubiquitination of MYH9 via engage-

ment of CRL4CRBN.

Discussion

With this work, we generated a fusion protein between

CRBN and BioID2, with the aim of detecting proxi-

mal CRBN interactors and substrates with high

Fig. 3. Bortezomib significantly perturbates the CRBN interactome. (A) Heatmap showing correlation between samples treated with DMSO,

10 nM bortezomib (Bort), 10 lM lenalidomide (Len), 2 lM pomalidomide (Pom), 2 lM iberdomide (Iber), and a combination of Bort and Len

(BL), Bort and Pom (BP), and Bort and Iber (BI). (B) Heatmap showing proteins that are significantly more or less biotinylated by BioID2-

CRBN in the presence of Bort (adj. P-value < 0.05). (C) Volcano plot displaying differential biotinylation of proteins in OPM2 cells expressing

BioID2-CRBN that are treated with each Bort as compared to DMSO. Red dots represent proteins that are significant for adj. P-value < 0.05

and are more biotinylated in the presence of Bort. In blue, DVL1/2 proteins, in purple, proteins implicated in stress granule formation, in red,

proteins involved in protein homeostasis.

4899The FEBS Journal 291 (2024) 4892–4912 ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

M. Costacurta et al. Proximity labelling for novel CRBN interactors

 17424658, 2024, 22, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.17196 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



sensitivity and specificity. While the success of anti-

body co-immunoprecipitation is determined by the

strength of the lysis technique and washing conditions,

BioID2 proximity labelling allows the use of more

stringent lysis conditions to increase the sensitivity and

specificity of the purification process [21–23]. Accord-

ingly, BioID2 can identify weaker protein–protein
interactions or those occurring transiently. We opted

not to generate a C-terminus fused CRBN-BioID2

counterpart as we hypothesised that adding a large

protein adduct near the thalidomide binding domain

could interfere with CRBN substrate engagement [39].

Additionally, we adopted a short linker between

BioID2 and CRBN (Gly-Gly-Gly), possibly limiting

the movement of the biotinylator. Further studies

could explore how the biotinylome changes when

BioID2 is fused to the C-terminus of CRBN or is

fused to CRBN with a longer and more flexible linker.

The fusion of BioID2 with CRBN allowed biotinyla-

tion and purification of known CRBN interactors

(CUL4A/B and members of the COP9 signalosome),

supposedly of those that are spatially closer to CRBN

N-terminus domain, and of many other putative inter-

actors. Based on this assumption, it could be hypothe-

sised that CRBN is spatially closer to COPS7A/B and

COPS3 than the other COP9 signalosome subunits.

This may explain the absence of DDB1 in our

biotinylated fraction, as DDB1 interacts with the cen-

tral helical bundle domain of CRBN and not with its

N-terminal domain [39]. On the other hand, identifica-

tion of CUL4A and B may be explained by the well-

described CUL4 rotational movement during target

ubiquitination, which could reduce the distance

between CRBN and CUL4 itself, resulting in CUL4

biotinylation [39]. Given the potential sensitivity of

BioID2 to detect proximal proteins, it was unexpected

that RBX1 was not enriched in pulldown experiments.

This may reflect low RBX1 peptide abundance in the

experimental conditions.

IMiD treatment induced biotinylation and stabilisa-

tion of bona fide neosubstrates IKZF1 and CK1a.
Curiously we were not able to stabilise IKZF3, possi-

bly indicating suboptimal biotinylation due to confor-

mation of the degradation complex, lack of exposure

of lysine residues by IKZF3 as compared to IKZF1 in

BioID2 proximity, or other technical limitation of the

mass spectrometry assay (e.g., lack of appropriate pep-

tide coverage, inadequate amount of input or purified

lysate). Other putative IMiD interactors were identified

by subtracting the effect of Bort from that of IMiDs,

and these displayed chemotype-specific selectivity.

When using proximity labelling to detect interactors of

a specific protein, the pool of putative interactors

could significantly change with different biotinylators

(e.g., AirID, TurboID), or if the biotinylator is fused

to CRBN with linkers of different length, or also if

this is linked to the C-terminus of CRBN, rather than

the N-terminus.

The presence of bortezomib was able to cause signif-

icant changes in the fraction of proteins that are bioti-

nylated by BioID2-CRBN. Dishevelled proteins were

biotinylated in the absence of Bort, and not detected

with Bort treatment, suggesting that CRBN interacts

with DVL1/2 and participates in regulating the Wnt/b-
catenin pathway, but also that Bort may disrupt this

interaction. Further interrogation of the biological sig-

nificance of this interaction could reveal undisclosed

mechanisms by which IMiDs and Bort modulate the

bone marrow microenvironment via the Wnt/B-catenin

pathway.

Proteins implicated in the oxidative stress regula-

tion and chaperone proteins were more biotinylated

in the presence of Bort, indicating that CRBN might

interact with these proteins and regulate these pro-

cesses, especially when significant perturbation of the

proteome is induced by proteasome inhibition. This

observation provides additional evidence to recent

findings on Len treatment being able to induce oxida-

tive stress in MM cells [17] and on CRBN being a

co-chaperone of HSP90, suggesting that CRBN might

regulate the activity of additional chaperone proteins

[19]. Finally, as increased biotinylation of proteins

implicated in the formation of stress granules with

Bort treatment, and proteasome inhibition causes for-

mation of stress granules [36,38], we posit that

CRBN activity might also regulate the response to

proteasome inhibitors.

Increased biotinylation of MYH9 in the presence of

an IMiD was found to be the most consistent across

all IMiD conditions, making it the best ‘hit’ in our

functional screen. This interaction was also evident in

the data of Yamanaka et al. [24], who adopted an

analogous approach using different bacterial biotin

ligases (TurboID and AirID), providing orthogonal

validation of MYH9 as potential CRBN interactor/-

substrate [24]. However, this group did not seek to val-

idate the MYH9-CRBN interaction. Here we provide

low-throughput validation, showing that MYH9 is

biotinylated by BioID2-CRBN in the presence of an

IMiD. Based on our data, however, MYH9 is not a

degraded neosubstrate as it does not decrease in the

presence of an IMiD and is not stabilised by protea-

some inhibition. It was interesting to note a similar

chemotype-dependent phenotype for CK1a, which was

biotinylated by Len, Pom and Iber but is only known

to be degraded in response to Len. Others have
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reported that MYH9 may be degraded after ubiquiti-

nation by ENKUR in complex with the E3 ligase

FBXW7 [40]. Autophagy has also been linked to

regulation of MYH9 levels [41]. Given the multifaceted

effects of ubiquitination in regulating protein levels,

localisation and functions [42], CRBN-mediated
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MYH9 ubiquitination may have no phenotype or sup-

port the fine-tuning of actin-myosin dynamics.

MYH9 is implicated in multiple biological processes,

including cell migration and adhesion to the extracellu-

lar matrix, cell morphology, and also platelet matura-

tion and function [25,27]. Several single MYH9 point

mutations are known to cause platelet dysfunction and

have been classified into a group of diseases called

MYH9-related platelet disorders causing thrombo-

cytopenia [26,43–45]. In addition to causing

thrombocytopenia, IMiD treatment increases the risk of

venous thrombosis [46]. Somewhat paradoxically, cer-

tain MYH9-related platelet disorders are also

associated with thrombotic risk [47]. IMiD-induced aro-

matase degradation is reported to impair platelet matu-

ration [48]. The prothrombotic state induced by IMiDs

may be explained by promyelocyte expansion and

increased expression of cathepsin G [49]. We have not

validated whether the interaction between CRBN and

MYH9 also contributes to platelet maturation and/or

perturbates platelet aggregation dynamics. However, it

can be hypothesised that CRBN regulates platelet

dynamics via interaction with MYH9 and that IMiDs

could alter thrombopoiesis and platelet aggregation.

Focussed mapping of post-translational modifications

of MYH9 following IMiD treatment may provide

insight into potential functional consequences, particu-

larly if residues known to be mutated in MYH9 disor-

ders proximal to the ‘neck’ region are modified

concurrently to K821.

IMiD treatment induces cellular stress fibre forma-

tion, a process involving the assembly of actomyosin

filaments in Swiss 3T3 cells [50]. CRBN is reported to

regulate actin activity in natural killer (NK) cells

[51,52] where rearrangement of the cortical actin mesh

is induced by IMiDs in the presence of additional

stimuli (such as CXCL12 [51], anti-CD16 antibodies,

LFA-1 and NKG2D co-ligation, rituximab [52]). This

phenotype is CRBN and Cullin NEDDylation depen-

dent [51], indicating a relevant role for the CRL4CRBN

complex in cell migration and NK cell activation. This

opens the possibility for a role of myosin (MYH9)

lysine ubiquitination in the functional consequences of

CRBN modulation on stress granule formation, cell

migration and NK cell activation.

In conclusion, this work proposes an alternative

methodology to define E3 ligase interactomes using an

affinity-based methodology that may overcome some

of the limitations of antibody-based pull-down tech-

niques. The approach appears tractable across differ-

ent cell types and IMiD chemotypes, providing an

opportunity to identify potentially clinically relevant

CRBN-interactors.

Materials and methods

Cell lines and cell culture media

OPM2 cells (DSMZ, RRID: CVCL_1625) were cultured in

RPMI-1640 medium containing GlutaMAX (Gibco, Ther-

moFisher Scientific, Waltham, MA, USA) supplemented

with 10% FBS (Bovogen Biologicals, Keilor East, Victoria,

Australia), were split twice a week and grown in 5% CO2

at 37 °C. HEK293T (RRID: CVCL_0063) were from Prof.

Kaylene Simpson (Functional Genomics Facility, Peter

MacCallum Cancer Centre, Melbourne, Victoria, Austra-

lia). HEK293T cells were cultured in DMEM containing

GlutaMAX (Gibco) supplemented with 10% FBS, were

split three times a week and grown in 10% CO2 at 37 °C.
OPM2 cell fidelity was confirmed by short tandem repeat

profiling and cells were confirmed to be Mycoplasma

infection-free before use. For biotinylation experiments,

including western blot analysis and proteomics studies, on

biotinylated proteins in OPM2 cells expressing BioID2 or

BioID2-CRBN, biotin-free RPMI-1640 medium was uti-

lised (Cell Culture Technologies, Gravesano, Switzerland)

and was supplemented with 10 mM GlutaMAX and dia-

lysed FBS. For the same experiments in HEK293T cells

expressing BioID2 or BioID2-CRBN, standard DMEM +
GlutaMAX was employed and it was supplemented with

dialysed FBS. To perform FBS dialysis, 25 cm of Snake-

Skin dialysis tube (ThermoFisher Scientific, Waltham, MA,

USA) were filled with FBS, sealed, and immersed for 72 h

Fig. 4. MYH9 is a CRBN interactor. (A) Volcano plots displaying differential biotinylation of proteins in OPM2 cells expressing BioID2-CRBN

that are treated with each IMiD as compared to DMSO. Red dots represent proteins that are significant for adj. P-value < 0.05 and are

more biotinylated in the presence of an IMiD. (B) Dot plots showing normalised log2 intensities of MYH9 in each technical replicate.

Horizontal bars represent the median log2 intensity value. (C) Western blot of HEK293T cells transiently transfected with pBABE-mycBioID2-

CRBN-puroR and treated with DMSO, 10 lM Len, 10 nM Bort or BL for 16 h. Expression of MYH9 and myc-tag (for mycBioID2-CRBN

detection) in the whole cell lysate is shown together with the expression of the same proteins in the purified fraction containing biotinylated

proteins. In the whole cell lysate, expression of tubulin is used as a loading control. The western blot is representative of three independent

experiments. (D) Western blot of HEK293T cells transiently transfected with pBABE-mycBioID2-CRBN-puroR and treated with DMSO,

10 lM Len, 2 lM Pom or 2 lM Iber for 24 h. Expression of MYH9 and myc-tag (for mycBioID2-CRBN detection) in the whole cell lysate is

shown together with the expression of the same proteins in the purified fraction containing biotinylated proteins. In the whole cell lysate,

expression of actin is used as a loading control. The western blot is representative of three independent experiments.
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Fig. 5. MYH9 staining in OPM2 cells treated with lenalidomide. (A) Representative confocal images of OPM2 cells stained for DAPI (blue),

MYH9 (green) and Ikaros (red), comparing DMSO-treated cells (top row) with those treated for 24 h with 10 lM lenalidomide (bottom row).

Scale bar represents 20 lm. (B) Quantification of mean fluorescence intensity (MFI) of OPM2 cells, measuring either MYH9 (top row) or

Ikaros (bottom row) fluorescence. (Left) Average MFI relative to DMSO for each independent experiment (****P < 0.0001, t-test, error bars

represent the standard error of the mean); (right) individual cell MFIs showing overall range, with each independent experiment coloured

separately. Data is representative of three independent experiments.
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at 4 °C in 4 L of PBS (Gibco). PBS was changed twice a

day. After 72 h, dialysed FBS was filter-sterilised through a

0.22 lm filter and stored at �20 °C.

Compounds

Lenalidomide (cat #S1029), Pomalidomide (cat #S1567)

and Iberdomide (cat #S8760) were purchased from Selleck-

chem (Texas, USA). Bortezomib was kindly provided from

excess clinical stocks by the Peter MacCallum Cancer Cen-

tre (Melbourne, Victoria, Australia) and Monash Health

pharmacies (Clayton, Victoria, Australia).

Gibson assembly of CRBN open reading frame

into pBABE-mycBioID2-puroR

A vector expressing myctagged-BioID2, pBABE-

mycBioID2-puroR, was purchased from Addgene (cat.

#80900, Watertown, MA, USA). The CRBN open reading

frame (ORF) was derived from the human CRBN tran-

script variant 2 (Table 1) and purchased from Biomatik

(Kitchener, Ontario, Canada). The pBABE-mycBioID2-

puroR was linearised via polymerase chain reaction (PCR)

with Primer 1 and 2 (Table 1) using KAPA HiFi HotStart

ReadyMix (cat #KK2601; Roche, Basel, Switzerland) as

per manufacturer’s instruction with the primers in Table 1.

After linearising the vector, the CRBN open reading

frame was amplified via PCR with Primer 3 and 4

(Table 1) using KAPA HiFi HotStart ReadyMix as per

manufacturer’s instruction. Subsequently, Gibson Assem-

bly was performed between and CRBN ORF pBABE-

mycBioID2-puroR with and with the NEBuilder HiFi

DNA assembly Master Mix (cat #E2621, NEB - New

England Biolabs, Ipswich, MA, USA) as per manufac-

turer’s instructions using the PCR products obtained from

the above reactions at a 1 : 5 vector to insert molar ratio.

The assembled vector was validated via Sanger

sequencing.

Fig. 6. Analysis of previously published MS data reveals that IMiDs causes CRBN-MYH9 interaction, and that Len induces ubiquitination of

MYH9. (A) Heatmaps generated from publicly available data in the work of Yamanaka et al. [24]. These heatmaps show the top 20 peptides

with highest biotinylation by AirID-CRBN in MM.1S, HEK293T, HuH7, and IMR32 cells following treatment with thalidomide (Thal),

lenalidomide (Len), pomalidomide (Pom) and the thalidomide metabolite 5-Hydroxythalidomide (5-HT). Peptides were filtered based on IMiD/

DMSO ratio values > 0 that was significant for P-value < 0.05 in at least one of the four IMiD/DMSO ratios. The heatmap was generated

with log10 transformation of the ratios. Values between square brackets indicates the amino acid position of peptides in the protein of

reference. MYH9 peptides are highlighted in bold characters. (B) Volcano plot, generated from publicly available data in the work of Kr€onke

et al. [8]. This plot displays peptides containing ubiquitinated lysine in MM.1S cells treated with Len as compared to cells treated with

DMSO. Blue dots represent ubiquitinated IKZF1 and IKZF3 peptides, violet dots represent ubiquitinated CK1a peptides, red dots represent

ubiquitinated MYH9 peptides. The dashed line sets the P-value cut-off that corresponds to the P-value of the peptide with the largest adj. P-

value that is < 0.05 (adj. P-value = 0.04971141).
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Retroviral transduction

On day 0, 10 9 106 HEK293T cells were plated 24 h prior to

transfection in a T175 flask (CELLSTAR, Greiner Bio-One,

Kremsmunster, Austria). On day 1, 30 lg of retroviral pack-

aging vector, pCL-Ampho (cat #NBP2-29541; Novus Biologi-

cals, Centennial, CO, USA), and 30 lg of target DNA were

resuspended in DMEM (up to 1 mL) with no supplements.

Polyethylenimine (PEI, 9002-98-6; Sigma-Aldrich, St Louis,

MI, USA) was added to the mix at a 3 : 1 PEI : DNA ratio.

Following addition of plasmids and PEI in medium, the solu-

tion was thoroughly vortexed and incubated at room temper-

ature for 10 min. Finally, the DNA-PEI mix in DMEM was

pipetted dropwise in the flask with growing HEK293T cells.

On day 2, supernatant was discarded and replaced with fresh

DMEM with supplements (as previously described in the sec-

tion ‘Cell lines and cell culture media’). On day 3, superna-

tant was collected, concentrated using concentrating columns

(Amicon Ultra 15 mL Centrifugal Filters, cat #UFC903024;

Merck Millipore, Burlington, MA, USA) replaced with fresh

OPM2 cell media and filtered with a 0.45 lm strainer (Grei-

ner Bio-One). Target cells were then plated at 100 000 mL�1

in a 6-well plate (CELLSTAR, Greiner Bio-One) and cul-

tured with collected medium containing lentiviral particles.

4 lg�mL�1 Sequabrene (S2667; Sigma-Aldrich) was added to

each well. On day 5, cells were harvested, washed and re-

plated with fresh viral medium (with sequabrene 4 lg�mL�1)

for a second transduction hit. On day 6, cells were washed

and re-plated with fresh medium.

Table 1. Sequences and primers utilised for Gibson assembly of CRBN ORF and primers utilised to generate pBABE-BioID2-CRBN-puroR.

Sequence

CRBN open reading frame (ORF) ATGGCCGGCGAAGGAGATCAGCAGGACGCTGCGCACAACATGGGC
AACCACCTGCCGCTCCTGCCTGAGAGTGAGGAAGAAGATGAAATGGAA
GTTGAAGACCAGGATAGTAAAGAAGCCAAAAAACCAAACATCATAAA
TTTTGACACTAGTCTGCCGACATCACATACATACCTAGGTGCTGATA
TGGAAGAATTTCATGGCAGGACTTTGCACGATGACGACAGCTGTCA
GGTGATTCCAGTTCTTCCACAAGTGATGATGATCCTGATTCCCGGTCA
GACATTACCTCTTCAGCTTTTTCACCCTCAAGAAGTCAGTA
TGGTGCGGAATTTAATTCAGAAAGATAGAACCTTTGCTGTTCTTGCA
TACAGCAATGTACAGGAAAGGGAAGCACAGTTTGGAACAACAGCAGA
GATATATGCCTATCGAGAAGAACAGGATTTTGGAATTGAGATA
GTGAAAGTGAAAGCAATTGGAAGACAAAGGTTCAAAGTACTTGA
GCTAAGAACACAGTCAGATGGAATCCAGCAAGCTAAAGTGCAAA
TTCTTCCCGAATGTGTGTTGCCTTCAACCATGTCTGCAGTTCAATTA
GAATCCCTCAATAAGTGCCAGATATTTCCTTCAAAACCTGTCTCAAGA
GAAGACCAATGTTCATATAAGTGGTGGCAGAAATACCAGAAGAGAAA
GTTTCATTGTGCAAATCTAACTTCATGGCCTCGCTGGCTGTA
TTCCTTATATGATGCTGAGACCTTAATGGACAGAATCAAGAAACA
GCTACGTGAATGGGATGAAAATCTAAAAGATGATTCTCTTCCTTCAAA
TCCAATAGATTTTTCTTACAGAGTAGCTGCTTGTCTTCCTATTGATGA
TGTATTGAGAATTCAGCTCCTTAAAATTGGCAGTGCTATCCAGCGA
CTTCGCTGTGAATTAGACATTATGAATAAATGTA
CTTCCCTTTGCTGTAAACAATGTCAAGAAACAGAAATAACAA
CCAAAAATGAAATATTCAGTTTATCCTTATGTGGGCCGATGGCA
GCTTATGTGAATCCTCATGGATATGTGCATGAGACACTTACTGTGTA
TAAGGCTTGCAACTTGAATCTGATAGGCCGGCCTTCTACAGAACACA
GCTGGTTTCCTGGGTATGCCTGGACTGTTGCCCAGTGTAAGA
TCTGTGCAAGCCATATTGGATGGAAGTTTACGGCCACCAAAAAAGACA
TGTCACCTCAAAAATTTTGGGGCTTAACGCGATCTGCTCTGTTGCCCA
CGATCCCAGACACTGAAGATGAAATAAGTCCAGACAAAGTAATA
CTTTGCTTGTAA

Primer 1: Forward primer for pBABE-mycBioID2-puroR

linearisation

CTCGAGTGACTTAAGTTTAAACCG

Primer 2: Reverse primer for pBABE-mycBioID2-puroR

linearisation

ACCACCACCGCTTCTTCTCAGGCTGAACTCTG

Primer 3: Forward primer for amplification of CRBN

ORF with overhangs for Gibson assembly

AGTTCAGCCTGAGAAGAAGCGGTGGTGGTGCCGGCGAAGGAGATCAGC

Primer 4: Reverse primer for amplification of CRBN

ORF with overhangs for Gibson assembly

TTTAAACTTAAGTCACTCGAGTTACAAGCAAAGTATTA
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Western blotting antibodies

All the antibodies utilised in western blotting analysis are

listed in Table 2.

Quantification of sample protein concentration

Pierce BCA (Bicinchoninic Acid) Protein Assay Kit (23225;

ThermoFisher Scientific) was employed for sample protein

quantification. Serial dilution (2, 1, 0.5, 0.25, 0.125, 0.0625

and 0 mg�mL�1) of Bovine Serum Albumin (BSA) within

the kit in ultrapure dH2O (NEB) were used as a standard

reference for quantification of samples. Quantification solu-

tion (BCA + buffer) was made according to the manufac-

turer’s instruction. In a 96-well plate, 190 lL of

quantification solution was added to either 10 lL of each

standard or 10 lL of each sample (diluted 1 : 10). A Spec-

tramax iD3 plate reader (Molecular Devices, San Jose, CA,

USA) was employed for measurement of absorbance

(l = 565 nM) in each sample to determine protein

concentration.

Western blotting

Twenty to forty micrograms of protein (in 49

NuPAGE LDS sample buffer plus 109 NuPAGE

Reducing Agent; Invitrogen) was loaded into 10-well or

12-well precast 4–12% gradient Bis-Tris NuPAGE gels

(Invitrogen) for protein electrophoresis. Protein separa-

tion in was performed by electrophoresis at 120–160 V

in Running Buffer (14.4 g Glycine, 3 g Tris base, 1 g

SDS, in 1 L MilliQ water) for 120–150 min. Invitrogen

PageRuler Plus Protein Ladder (Invitrogen) and Spectra

Multicolor High Range Protein Ladder (Invitrogen)

were used as protein molecular weight references. Pro-

teins were transferred from gels to PVDF membranes

(Immobilon-F; Merck Millipore) via semi-dry or wet

transfer. Following transfer, membranes were blocked

for 1 h in blocking buffer (5% w/v skim milk powder

in TBS-Tween) or Intercept Odyssey buffer (LICOR,

Lincoln, Nebraska, USA), washed with TBS-Tween and

incubated overnight at 4 °C with a primary antibody

(diluted with 5% BSA in TBS-Tween or in Intercept

Odyssey buffer). The following day, membranes were

washed in TBS-Tween, incubated with an HRP-

conjugated anti-mouse or anti-rabbit secondary antibody

(diluted respectively with 5% w/v skim milk powder in

TBS-Tween) or with an Alexa Fluor 800-conjugated

anti-rabbit IgG secondary or with an Alexa Fluor 680-

conjugated anti-mouse IgG1 diluted in Intercept Odys-

sey buffer (LICOR). After incubation, membranes were

washed three times with TBS-Tween. Finally, mem-

branes were probed for immunoreactive bands using an

ECL reagent (Amersham ECL or ECL Prime; GE

Healthcare, Chicago, IL, USA) and revealed by film

exposure (Fujifilm Super RX; Fujifilm, Minato City,

Tokyo, Japan) with an AGFA CP1000 developer or by

detection of fluorescent signal with an Odyssey scanner

(LICOR).

Immunofluorescence

Wells of 96-well fluorescent microscopy chamber plates

(cat #89626; ibidi, Grafelfing, Munich, Germany) were

coated with poly-L-lysine (cat #P4707-50mL; Sigma-

Aldrich) for 30 min, then left to dry after poly-L-lysine

removal. After that, 5 9 104 OPM2 cells per well were

seeded and incubated overnight, in RPMI media, treated

with DMSO or lenalidomide 10 lM in 5% CO2 at 37 °C.
The next day, media was removed and replaced with 4%

PFA (cat #C004; ProSciTech, Thuringowa, Queensland,

Australia) in water for 15 min to fix the cells, followed by

a wash with cold PBS. Then, cells were blocked in blocking

buffer (PBS, 0.1% Triton X-100, 2% BSA) for 1 h at

room temperature. Subsequently, blocking buffer was dis-

carded and the primary antibodies diluted in blocking

buffer (1 : 100 anti-MYH9 mouse monoclonal – Protein-

tech, Rosemont, IL, USA, cat #60233-1-Ig; 1 : 200 anti-

Ikaros rabbit polyclonal – Santa Cruz Biotechnology, Dal-

las, TX, USA, cat #sc-13039) added to the wells. Cells

were incubated at room temperature for an hour to allow

antibody binding. After that, cells were washed with cold

Table 2. List of WB antibodies.

Name Species Dilution Manufacturer

Catalogue

no.

Anti-alpha-

tubulin

Mouse 1 : 10 000 Sigma-Aldrich T5168

Anti-pan-Actin Mouse 1 : 10 000 Invitrogen

(Waltham,

MA, USA)

MA5-

11869

Anti-CRBN Rabbit 1 : 1000 Celgene corp

(Summit,

NJ, USA)

NA

Anti-MYH9 Rabbit 1 : 1000 Abcam

(Cambridge,

UK)

ab238131

Anti-myctag Mouse 1 : 1000 CST (Danvers,

MA, USA)

2276

Anti-Mouse-

IgG HRP

Swine 1 : 5000 Agilent Dako

(Santa Clara,

CA, USA)

P0260

Anti-Rabbit

IgG HRP

Goat 1 : 5000 Agilent Dako P0217

Anti-Mouse

Alexa Fluor

680

Goat 1 : 10 000 Invitrogen A28183

Anti-Rabbit

Alexa Fluor

800

Goat 1 : 10 000 Invitrogen A32735
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PBS and secondary antibodies and DAPI, diluted in block-

ing buffer, added to the cells prior to incubation for 1 h at

room temperature in the dark (1 : 1000 anti-mouse IgG

AlexaFluor-488 – Invitrogen cat #A11001, 1 : 1000 anti-

rabbit IgG AlexaFluor-594 – Invitrogen cat #A11012, 1 :

1000 5 mg�mL�1 DAPI – Sigma-Aldrich cat #D9542-

1MG). Then, cells were washed with cold PBS, covered

with cold, filtered PBS and imaged on Nikon C1 Confocal

(Nikon, Minato City, Tokyo, Japan) using 9100 oil objec-

tive (1.4 NA). Three random fields of view were imaged

for each condition.

Analysis and visualisation of

immunofluorescence imaging

On IMAGEJ (National Institute of Health, Bethesda, MD,

USA), a threshold based on the combined DAPI, MYH9,

and Ikaros fluorescence of the middle z-slice was created

for each field of view. The binary image was used to gener-

ate regions of interest outlining each cell. For each individ-

ual cell with inaccurate outlines, the ROI was manually

drawn. Mean fluorescent intensity (MFI) was calculated for

each cell, subtracting a blank background reading,

for either anti-MYH9 and anti-Ikaros staining. The average

MFI was calculated for each condition. Then, the Len-

treated cells MFI was adjusted relatively to DMSO-treated

MFI for each individual experiment, and a t-test was per-

formed on the relative values. Superplots were created in

GRAPHPAD PRISM (La Jolla, CA, USA) as described by Lord

et al. [53].

Cell lysis for enrichment of biotinylated proteins

in OPM2 cells

OPM2-BioID2, OPM2-BioID2-CRBN cells were expanded

and cultured for 8 h in biotin-free RPMI-1640 with 10%

dFBS in T75 flasks. Cells were then spun at 300 rcf and

replated at the density of 15 9 106 per flask in 20 mL of

biotin-free media. Each flask represented a single technical

replicate. Each experiment was performed with five techni-

cal replicates per treatment condition. After overnight

treatment with 50 lM biotin (Sigma-Aldrich) and DMSO,

IMiDs, bortezomib or a combination of bortezomib/I-

MiDs, all technical replicates were harvested on ice, spun

at 300 rcf, washed with ice-cold PBS twice and transferred

in Eppendorf 1.5 mL tubes. Cells were spun again at

300 rcf and supernatant discarded. Then, cell pellets were

resuspended in 500 lL of RIPA buffer and incubated at

4 °C rotating for 30 min. Subsequently, lysates were spun

at 20 000 rcf, supernatant collected and quantified through

a BCA assay. Equal amounts of protein (1 mg) each sam-

ple were taken for processing. After that, samples were

either snap-frozen at �80 °C or prepared for purification

of biotinylated proteins.

Cell lysis for enrichment of biotinylated proteins

in HEK293T cells transfected with BioID2-CRBN

7 9 106 HEK293T cells each sample were seeded in a T75

flask each. The next day, cells were transiently transfected

with pBABE-BioID2-CRBN-puroR using 15 lg of DNA

and 90 lg of polyethylenimmine (PEI). On the following

day, cells were harvested, pooled together, spun at 300 rcf

and washed with PBS twice to remove biotin-containing

medium. Cells were then split in 4 equal parts and re-

seeded in new T75 flasks in biotin-free DMEM (with Glu-

taMAX) Biotin-free DMEM was prepared by adding to

DMEM + GlutaMAX dialysed FBS (dFBS) at a final con-

centration of 10%. The next day, treatments (biotin,

DMSO and IMiDs) were added for 16 h. Cells were har-

vested the following day by centrifugation and washed with

PBS twice to obtain pellet without residual cell culture

media. Cells were lysed in 1 mL RIPA buffer (150 mM

NaCl, 50 mM Tris pH 7.4, 0.1% SDS, 0.5% Sodium Deox-

ycholate, 1% Nonidet P-40, ddH2O) with addition of pro-

tease inhibitors (cOmplete protease inhibitor cocktail, cat

#11697498001; Roche) and incubated at 4 °C rotating for

30 min. Subsequently, lysates were spun at 20 000 rcf,

supernatant collected and quantified through a BCA assay.

Equal amounts of protein (1.7 mg) each sample were taken

for processing. After that, samples were either snap-frozen

at �80 °C or prepared for purification of biotinylated

proteins.

Purification of biotinylated proteins for mass

spectrometry

Ten microlitre of High-Capacity Streptavidin-Agarose

resins (in 50% slurry, cat #20357; Pierce, Thermo-Fisher)

per sample were used. Resins were initially spun at 2000 rcf

for 1 min washed with 400 lL of RIPA buffer twice. Thus,

5 lL of beads were resuspended in each sample prior to

incubation for 30–45 min at 4 °C rotating. Resins were

spun at 2000 rcf, supernatant discarded and resins washed

with 400 lL of RIPA buffer (92, 4 °C). Then, resins were

spun a 2000 rcf and washed with 400 lL of PBS-SDS

(0.5% w/v SDS) at room temperature (93), followed by

incubation for 20 min with 100 lL of 100 mM dithiothrei-

tol (DTT) SDS-PBS. Resins were subsequently washed with

UC buffer (6 M urea, 100 mM Tris–HCl pH 8.5 in ddH2O)

twice in Spin-Cap columns (69725; Pierce). After that, sam-

ples were incubated with 100 lL UC buffer with 50 mM

iodoacetamide in the dark for 20 min prior to several

washing steps (400 lL UC buffer – six washes, 400 lL PBS

– four washes, 400 lL ddH2O – three washes). Protein

immobilised in resins were digested overnight at 37 °C in

100 lL 50 mM NH4HCO3 (AMBIC) containing 2 lg of

Trypsin Gold (cat #V5280; Promega, Madison, WI, USA).

The next day, peptides were centrifuged at 1000 rcf for

1 min in Eppendorf Protein LoBind� 1.5 mL tubes
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(0030108116; Eppendorf, Hamburg, Germany), resins

washed again in 50 lL of 50 mM AMBIC and acidified

with 1% formic acid (FA) prior to freeze-dry and

lyophilisation.

Purification of biotinylated proteins for western

blotting

Forty microlitre of High-Capacity Streptavidin-Agarose

resins (in 50% slurry, Pierce, Thermo-Fisher) per sample

were used. Resins were initially spun at 2000 rcf for

1 min washed with 400 lL of RIPA buffer four times.

Following protein quantification with a BCA assay,

40 lg of protein was collected as the whole cell lysate

(input) fraction. Thus, 20 lL of beads were resuspended

in each of sample prior to incubation for 30–45 min at

4 °C rotating. Following incubation, resins were spun at

2000 rcf, supernatant discarded, and resins washed with

400 lL of RIPA buffer (five times at 4 °C). After that,

both input and enriched fraction were resuspended in

sample buffer and boiled for 15 min at 95 °C. Forty

micrograms of whole cell lysate and the purified fraction

were loaded on an SDS/PAGE as described above (west-

ern blot paragraph).

Liquid chromatography–mass spectrometry

(LC–MS/MS)

A M-class UPLC (Waters Corporation, Milford,

MA, USA) coupled to a timsTOF Pro (Bruker, Bremen,

Germany) with a CaptiveSpray source was employed for

LC–MS/MS analysis. Peptides were lyophilised and subse-

quently resuspended in 1% formic acid (FA) plus 2% ace-

tonitrile (ACN) and therefore separated on a 25 cm Aurora

Series emitter column (25 cm 9 75 lm, 1.6 lm C18;

IonOpticks, Fitzroy, Victoria, Australia). An integrated col-

umn oven (Sonation GmbH, Biberach, Germany) was used

to maintain the temperature of the column at 50 °C. The
column was equilibrated with a volume corresponding to

five columns prior to loading sample in 100% buffer A

(0.1% FA in MilliQ water). Separation of samples was per-

formed at 400 nL�min�1 by employing a linear gradient

with serial increases in concentration of buffer B (0.1% FA

in ACN). The timsTOF Pro was run in PASEF mode

(Compass Hystar 5.0.36.0, Bruker).

Peptide database search of label-free

quantitation MS data

MAXQUANT 1.6.17 (Max Planck Institute of Biochemistry,

Planegg, Germany) was adopted to process MS raw files.

Common proteomics contaminants specific for trypsin

digestion were allowed, with a maximum of two missed

cleavages, when running the peptide search within the

Homo sapiens database. The minimum peptide length as

criteria for inclusion in the search function was seven

amino acids. Cysteine carbamidomethylation was set as

fixed peptide modification. Protein N-terminal domains

N-acetylation and methionine oxidation of were set as vari-

able peptide modifications. A precursor ion mass error tol-

erance was set to 6 p.p.m. when performing the main

search. A target-decoy approach was adopted to filter PSM

and protein identifications at a false discovery rate (FDR)

of 1% with use of match-between-runs.

Statistical analysis of label-free quantitation

MS data

The output file proteinGroups.txt from MAXQUANT was used

for further data processing and analysis on a customised

pipeline developed in R. The peptide sequence, together with

its charge and modification, was defined as a feature. Fea-

tures not found in at least 50% of the replicates in one group

were discarded. Volume variability was corrected by normali-

sation following log2 transformation of the intensity of each

feature. Log2 intensity values were normalised by multiplying

each value with the ratio of maximum median intensity of all

replicates over median replicate intensity. Intensity values

were imputed when missing to avoid infinite log2(fold-

change) using a randomly generated normal distribution of

values. This distribution was generated with the following

parameters: mean = mean(intensities distribution) � 1.8 standard

deviations (stdev), stdev = 0.3 9 stdev(intensities distribution).

The Limma R package was employed for differential protein

enrichment between different treatment conditions and prob-

ability was corrected with Benjamini–Hochberg false discov-

ery ratio (FDR).

Peptide database search of SILAC data (K-e-GG

dataset)

Raw ubiquitin-MS data from the work of Kr€onke et al. [8]

was downloaded from the MassIVE repository (project ID

MSV000079017). Raw MS data from replicate (triplicate)

analyses were analysed with the MAXQUANT software version

v2.1.3.0 and searched against the human Uniprot database

(version 2022.09.20) and contaminants provided by the

MAXQUANT software package. The search parameters were

as follows: enzyme specificity was set to trypsin/P, maxi-

mum number of mixed cleavages set to 2, precursor mass

tolerance was at 20 p.p.m. for the first search, and set to

4.5 p.p.m. for the main search. Oxidised methionines and

N-terminal protein acetylation were searched as variable

modifications, with carbamidomethylation of cysteines

searched as a fixed modification. Gly-Gly addition to

lysines was also searched as a variable modification. The

minimum peptide length was set to 6, and the false discov-

ery rate for peptide, protein, and site identification was set
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to 1%. For protein quantitation, the label minimum ratio

count was set to 2 and quantitation was performed on

unmodified peptides and peptides with acetylation, oxida-

tion and Gly-Gly modifications. Normalised ratios were

utilised for quantification.

Statistical analysis of SILAC data (K-e-GG

dataset)

A sample loading (SL) normalisation was first applied on the

SILAC intensity data in the MAXQUANT output file GlyGly

(K)Sites.txt and subsequently followed by an internal refer-

ence scaling (IRS)-like normalisation [54] to correct the

batch effect from the three different replicates. The intensity

average of each replicate in each of the three experiments

was used as reference channels for IRS-like normalisation.

A follow-up normalisation of the trimmed mean of M

values [55] from edgeR package [56] in R (R Core Team)

was applied and differential abundance analysis was then

performed as described above for the statistical analysis of

label-free quantitation data.

Software

RSTUDIO 4.2 (Posit, Boston, MA, USA) was utilised for all

proteomics statistical analysis. STRING-db [57] was adopted

for generation of protein–protein interaction networks, BIO-

VENN [58] was used for generation of Venn diagrams and

TOPPFUN [59] was used for gene ontology analysis. IMAGEJ was

adopted for processing of microscopy images.
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