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Immunomodulatory drug (IMiD) resistance is a key clinical challenge in myeloma treat-

. ment. Previous data suggest almost one-third of myeloma patients acquire genetic
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alteration of the key IMiD effector cereblon (CRBN) by the time they are pomalidomide
refractory. Some events, including stop codons/frameshift mutations and copy loss, have
clearly explicable effects on CRBN protein function. Missense mutations have also been
reported throughout the length of CRBN but their functional impact has not been sys-
tematically studied. This study modeled selected missense mutations and examined their
effect on CRBN function also analyzing whether any mutations deleterious to IMiD action
could be overcome using the novel cereblon E3 ligase modulators (CELMoDs). Three
patterns of response to missense mutations were apparent: mutations that led to com-
plete loss of CRBN function for all agents, those that had no effect on CRBN function, and
those with agent-dependent effect on CRBN function. The latter group of 4 mutations
were profiled in more detail with confirmatory experiments demonstrating an ability of
the more potent CELMoDs to lead to neosubstrate degradation and cell death even
though IMiDs were not active. Dynamic modeling based on a newly generated crystal
structure of the DDB1/CRBN/lenalidomide complex, with greater resolution than those

published to date, helped to understand the impact of these mutations. These results have important implications for
the interpretation of CRBN sequencing results from patients for future therapy decisions, particularly differentiating
those who may, despite relapsing on IMiDs with CRBN mutations, have the potential to still benefit from the use of

CELMoD agents.

Introduction

Immunomodulatory drugs (IMiDs) have revolutionized the
treatment of multiple myeloma and are the backbone of most
current standard and experimental combination therapies at all
stages of the disease including as maintenance therapy strate-
gies.! The term IMiDs refers to thalidomide, the first IMID to be
used for myeloma treatment, and its analogs lenalidomide (Len)
and pomalidomide (Pom). Next-generation analogs, termed
cereblon E3 ligase modulators (CELMoDs), iberdomide (Iber,
CC-2203), and mezigdomide (Mezi, CC-92480),*° are
currently being assessed in phase 3 clinical trials. IMiDs and
CELMoDs function as molecular glues using the CRL4“REN E3
ligase, a complex formed of proteins Cullin-4A (CUL4A), RING
box protein 1 (ROC1/RBX1), DNA damage-binding protein 1
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(DDB1), and cereblon (CRBN). CRBN mediates protein degra-
dation by acting as the substrate receptor for this complex,
leading to the ubiquitination of substrates and their subsequent
proteasomal degradation®® (Figure 1A).

CRBN is a 51kDa protein with 3 domains: a N-terminal Lon
protease-like domain, a central helix-bundle subdomain that
allows binding of CRBN to DDB1, and a C-terminal
thalidomide-binding domain (TBD). The TBD harbors a p-tent
fold stabilized by a zinc atom and contains a hydrophobic tri-
tryptophan (3-Trp) pocket formed at amino acids 380, 386,
and 400."*"° This pocket has been described as the binding
site of C-terminal cyclic imide post-translational modifications in
the natural substrates of CRBN, constituting the natural degron
that triggers protein ubiquitination by the CRL4“REN complex.
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Figure 1. Overview of IMiD mechanism of action, the investigated compounds and reported CRBN mutations. (A) Schematic of the CRLA“"®N E3 ubiquitin ligase
complex and the IMiD mechanism of action that results in myeloma cell cytotoxicity. Figure created with BioRender.com. (B) Chemical structures for Len, Pom, iberdomide
(CC-220), and Mezi (CC-92480). Len and Pom share a common glutarimide ring and differ only through the replacement of the isoindolinone in Len by a phthalimide in Pom.”
This difference leads to altered neosubstrate degradation, with Len being the only one able to potently degrade the kinase CK1a in cells." The chemical composition of the
next-generation CELMoDs has led to higher CRBN-binding affinity. Iber achieves that through its additional phenyl and morpholino moieties, which extend the interactions
with the B-hairpin sensor loop resulting in enhanced stabilization of the closed conformation of CRBN and ultimately increased neosubstrate ubiquitination and
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The glutarimide ring present in IMiDs mimics this natural
degron, allowing for the binding of IMiDs to CRBN.'® Once an
IMIiD is bound in the 3-Trp pocket of CRBN, this induces the
structuration of a B-hairpin sensor loop (residues 341-361),
which stacks against the drug and induces a structural rear-
rangement of CRBN into a closed conformation where the N-
terminal Lon protease-like domain and the C-terminal TBD
come in close proximity."" This structural rearrangement leads
to the creation of a neomorphic surface on CRBN that alters its
substrate specificity, triggering the recruitment of neosubstrates
to CRBN leading to their ubiquitination and degradation. All
IMiD and CELMoD-induced CRBN neosubstrates known to
date contain a structurally similar B-hairpin degron, which
interacts with the phthalimide or isoindolinone moiety of the
compounds through a conserved glycine.’®"?"7"? Most of the
known neosubstrates of CRBN are transcription factors where
the degron is embedded within a C2H2 zinc finger. In myeloma
this includes the B-cell transcription factors Ikaros (IKZF1) and
Aiolos (IKZF3)'? whose degradation leads to the down-
regulation of interferon regulatory factor 4 (IRF4) and myc
proto-oncogene protein (c-MYC), which are critical for myeloma
cell survival.®7:11:20

Key structural differences between IMiDs and CELMoDs
(Figure 1B) result in differences in potency and the range of
neosubstrates that can be degraded. The need for compounds
with increased CRBN-binding affinity was driven by treatment-
refractory patients. Low CRBN expression has been observed
in the IMID refractory state,”’ and more potent compounds
could be hypothesized to be able to overcome this by binding
lower levels of CRBN more efficiently to achieve an effect.
However, almost one-third of patients with myeloma acquire
CRBN mutations by the time they become Len and Pom
refractory.””?*> Some events, including the induction of stop
codons, frameshift mutations, and copy loss, have clearly
explicable effects on CRBN function, but many missense
mutations were also reported at variable cancer clonal fractions
for which the effects on CRBN function remain unknown.”?

This study aimed to understand which missense mutations are
deleterious to CRBN function and whether any mutations
deleterious to IMID action could be overcome with CELMoDs
using structural analysis, molecular modeling, and functional
validation.

Materials and methods

Functional assessment

Cell culture methods and generation of cell lines are described
in the supplemental Methods, available on the Blood website.
For all Glsg (growth inhibitory) assays, cells were seeded at 10°
cells per well and treated with 1:4 serial dilutions of IMiD/
CELMoD used in their optimal concentration range based on
the Glsg in parental MM1.s: Len at a maximum concentration of

20 uM, Pom at a maximum concentration of 8 pM, Iber (CC-220)
at a maximum concentration of 2 uM, and Mezi (CC-92480) at a
maximum concentration of 1 pM. Len and Pom were purchased
from Fluorochem Ltd. Iber and Mezi were synthesized in-house
using literature procedures. Cell viability measurements were
obtained after 5-day incubation with IMiD/CELMoD using
the CellTiter-Blue cell viability assay (Promega). To assess CRBN
mechanism of action, 10° cells were treated for 24 hours with 10
pM Len, 1 uM Pom, 0.1 pM Iber, 0.01 uM Mezi, or dimethyl
sulfoxide (Sigma-Aldrich) before harvesting for either quantita-
tive reverse transcription polymerase chain reaction
(Hs01056533_m1 TagqMan IRF4 gene expression probe) or
immunoblotting analysis (supplemental Table 1).

From the IMiD-sensitive MM1.s cell line, 2 CRBN knock out (KO)
models were generated using CRISPR-Cas9 (MM1.sCRENKO
clone 1 and MM1.sRBNKO (one 2). Successful KO of CRBN
was confirmed using targeted next-generation sequencing
(supplemental Figure 1A).”* Functional validation of KO was
confirmed given that there was no Vviability response
(supplemental Figure 1B) or neosubstrate degradation with
IMiD/CELMoDs (supplemental Figure 1C-D). Absence of CRBN
protein expression was confirmed (supplemental Figure 1C-D)
and there was no difference in the doubling times of the KO
clone cell lines compared with control (supplemental
Figure 1E). An additional CRBN*® model was generated for
validation using the KMS11 cell line. The KMS11 cell line is
intrinsically IMiD resistant but its CRBN is fully functional with
degradation of the neosubstrates lkaros and Aiolos maintained,
meaning this model could be used to validate protein-level
changes but not viability changes. In KMS11RENKO ahsence
of CRBN protein expression was confirmed along with loss of
Ikaros and Aiolos degradation compared with parental cells. All
3 KO models were then transduced with the mutant/wild-type
(WT) plasmids to generate stable re-expression of CRBN to
similar levels (supplemental Figure 2).

Structural analysis and molecular modeling

Publicly available crystallographic structures of CRBN/DDB!1
complex bound to Len and CK1a (Protein Data Bank [PDB] code
5FQD)," bound to CC-885 and GSPT1 (PDB code 5HXB),"
and bound to Pom and IKZF1 or ZNF692 (PDB code 6HOF
and 6HOG,'? respectively) were overlaid on CRBN TBD using
Pymol.?> All mutations previously identified in patient data
sets????? were mapped on this overlay to consider their likely
effect, based on the types of mutation, their position on CRBN,
and proximity vs the molecular glues and neosubstrates.

Given that the accuracy of molecular modeling can be signifi-
cantly affected by the quality of the starting protein 3D model
and most of the publicly available compound-bound structures
of the human CRBN/DDB1 complex are of moderate resolution
(mostly >3 A), a novel X-ray crystal structure of this complex
(with Len bound) at the improved resolution of 2.00 A was

Figure 1 (continued) degradation.”"" The design of Mezi further improves this by creating additional interactions with CRBN, which results in a further improvement in the
degradation efficiency and kinetics."'" (C) Linear depiction of the CRBN protein; above are noted all CRBN mutations (n = 34) that have been reported in patients and below
CRBN's are the 12 mutations investigated in this study. The color of the mark denotes the type of each mutation. Regarding mutation p,W415X, Gooding et al”® reported this
mutation as W415X. Among the potential reported mutations for this region, it was selected to mutate Trp (W) into a Gly (G) as the most potentially harmful to proper folding
and stability of CRBN due to the size difference of these residues. Figure generated using the ProteinPaint https://proteinpaint.stjude.org/ software by St. Jude Children’s
Research Hospital. *Mutation not encountered in patients but added as an experimental positive control. One of the 3 Trp forming the IMiDs binding pocket, its mutation to

an alanine has been previously demonstrated to functionally inactivate CRBN.”'*

2632 € blood® 29 MAY 2025 | VOLUME 145, NUMBER 22

CHRISOCHOIDOU et al

920z Atenigad 01 uo isenb Aq ypd-urew-1.98520-¥20Z-PId_ POOI4/8599/€2/0£92/2Z/SY 1L /Ppd-ajo1e/poo)q/Bio°suonelgndyse;/:dny woly papeojumoq


https://proteinpaint.stjude.org/

A MM1.sCRBNKO Clone 1 + p.D50H MM1.sCRBNKO Clone 1 + p.A143V MM1.sCRBNKO Clone 1 + p.L190F
1204 1204 1204
_ 100 x 100 100
2
=3 ‘}hﬂ\i}\so- i 80
£2 & m*
T E + LEN EKH 7
“2 . poM N i i 1
£ . IBER 20 20 20+
- MEZI
T T T T T T T T T T T T T T T T T T T T T
-5 4 3 -2 - 0 1 2 -5 4 3 -2 -1 0 1 2 -5 4 3 -2 -1 0 1 2
Log uM Log uM Log uM
MM1.sCRBNKO Clone 1+ p.R283K MM1.sSREBNKO Clone 1 + p.C326G MM1.sCRENKO clone 1+ p.A347V
1204 1204 1204
s ki}%i 100 A op -4 . 100 4
E‘g 80+ . B N 80
£z 3 \{ Oi{ﬁ
: B
TE - LEN ] s 1
“2 . poM L 40 403y
=~ BER 20 20 - 20 -
- MEZ|
T T T T T T T T T T T T T T T T T T T T T
5 4 3 -2 -1 0 1 2 5 4 3 -2 -1 0 1 2 5 4 3 2 -1 0 1 2
Log uM Log uM Log uM
MM1.sCRBNKO cione 1 4+ p.P3525 MM1.sCRBNKO ¢lone 1 + p.C366Y MM1.sCRBNKO Clone 1 + p.F381s
120 4 120 4 120
. 00, . +s_ 100 100
g B Scis o -
=22 a0 w‘\i&
= o B3 I
23 v
o E v LEN i i h
S5 Iiou 40 40 40
= = BER 20 20 20
- MEZI
T T T T T T T T T T T T T T T T T T T T T
-5 4 -3 -2 - 0 1 2 -5 4 -3 -2 -1 0 1 2 -5 4 -3 -2 4 0 1 2
Log uM Log uM Log uM
MM1.sCRBNKO clone 1+ pW386A  MM1.sCRBNKO Clone 14+ pH397Y  MM1.sCRENKO Clone 1 4+ p.w415G
1204 1204 1204
o eeviEewiaeei® setpiracaadQiad fe i1
Z3 80 - 80 - t.g0
=52
£E 601 60 1 60-1{\% ;
o E v LEN i i N
2 . PoM 40 40 4041
= ~IBER 20 20 - 20 -
- MEZI
T T T T T T T T T T T T T T T T T T T T T
-5 4 3 -2 - 0 1 2 -5 4 3 -2 -1 0 1 2 -5 4 3 -2 -1 0 1 2
Log uM Log uM Log uM
MM1.sCRBNKO cjone 1 + CRBNWT MM1.sCRBNKO Clone 1 + EV MM1.s
1204 1204 1204
— 100 + e e s T
3
E‘g 80+ 80
52
=2 § .
o E v LEN i
S22 . poM 1 40
£ < IBER 20 4 20 4
- MEZ|
T T T T T T T T T T T T T T T T T T T T T
5 4 3 2 1 0 1 2 5 4 3 2 1 0 1 2 5 4 3 2 1 0 1 2
Log uM Log uM Log uM

Figure 2. The impact of CRBN mutations on the cell viability of IMiD-sensitive myeloma cell lines. (A) Growth inhibitory (GI50) cell viability measurements for the
MM1.sSRBNKO ¢lone 1 cell lines each one expressing a differently mutated CRBN, CRBNYT, or empty vector (EV) in comparison with parental MM1.s. The color of the title for
each graph denotes the effect of each mutation on cell viability, where green is associated with reduction in cell viability comparable with parental MM1.s, red denotes no
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Figure 2 (continued) reduction in cell viability, and orange highlights the mutations whose presence leads to partial reduction in cell viability. Cells were treated with dimethyl
sulfoxide (DMSO) or increasing concentrations of Len (maximum concentration 20 uM), Pom (maximum concentration 8 pM), Iber (maximum concentration 2 pM), and Mezi
(maximum concentration 1 pM) for 5 days. Cell viability was determined using the CellTiter-Blue assay and expressed as a % of DMSO control. Results are the mean + standard
error of the mean (SEM) of n = 4 biological replicates. (B) Heat map summarizing the results shown in Figure 2A but with the drug concentration expressed as a percentage of
the maximum for that cell line, Len 100% = 20 pM, Pom 100% = 8 pM, etc, and cell viability expressed as a percentage of DMSO control.

generated and deemed to be of sufficient quality to enable
molecular modeling. The details of the protein production,
purification, crystallization, crystallographic data collection, and
structure determination can be found in the supplemental
Methods.

Protein structures were prepared with the Protein Preparation
Workflow®® in Maestro (Schrédinger Suite v2023-3°"). Residue
mutations were applied to the prepared reference structure
using the 3D Builder in Maestro. Molecular dynamics (MD)
simulations were conducted using the Desmond®*’ package
after preparation with the System Builder. Each complex was
neutralized, immersed in a TIP3P water box of orthorhombic
shape extending to 10 A in each direction and prepared under
periodic boundary conditions with the OPLS4 force-field. The
solvated systems were subjected to a default relaxation proto-
col before 100 nanoseconds MD simulation runs performed in 5
independent replicas with randomized velocities in the NPT
ensemble at 1.01325 bar and 300 K. Representative confor-
mations were obtained by clustering MD trajectory frames
(1000 frames/MD) on binding site residues heavy atoms using
the trj_cluster.py script. Root-mean-square deviation (RMSD)
and clash volume calculations were performed on MD trajectory
frames using the analysis and interactions modules in the
Schrédinger Python Application Programming Interface (API).
The IKZF1 degron used for clash volume analysis was defined as
the G-5 to G+1 residue sequence (QCNQCGA) from PDB 6hOf
chain C. Molecular visualizations were produced with Molecular
Operating Environment (MOE).3

Results
Selection of mutations for functional analysis

Alist of 34 CRBN mutations identified in patients relapsing after
IMiD treatment was compiled from previous studies™?*%’

2634 € blood” 29 MAY 2025 | VOLUME 145, NUMBER 22

(Figure 1C; supplemental Table 2). Of the 28 missense muta-
tions, a subset of 12 mutations were selected (11 patient-
derived + p.W386A-positive control) that occurred across the
full length of the protein (Figure 1C; supplemental Table 3).
Three of these residues directly participate in the binding of the
IMiDs (P352) or are in close proximity and participate in the
stabilization of the IMiDs’ 3-Trp binding pocket (F381 and
H397). A second set of 3 mutations included residues poten-
tially important for the stability and/or proper folding of CRBN
without being in close proximity to the IMiDs’ or neosubstrates’
binding sites. This includes C326, whose mutation would
disrupt the Zn finger at the core of the TBD fold, 2 other resi-
dues A347 (relatively buried) and C336 (solvent exposed) that
are both part of the p-hairpin sensor loop, and W415 (relatively
buried), which is also potentially important for the stability and
folding of CRBN. Despite being far away from the IMiDs and
neosubstrates interaction areas, residue L190 was selected
given that it is located at the interface between CRBN and
DDB1, so mutation could have an impact on the integrity of the
CRL4“RBN E3.ligase complex. Three additionally selected resi-
dues are surface exposed and far away from the IMiDs and
neosubstrate-binding sites (D50, A143, and R283).

Determining the effect of CRBN mutations on
function

The expression of WT CRBN resensitized MM1.s“RENKC cells to
IMiDs/CELMoDs with degradation of Ikaros, Aiolos, and ZFP91;
downregulation of MYC and IRF4; and a similar effect on cell
viability to that seen in parental MM1.s (supplemental
Figure 3A-C). In contrast, the mutation selected as a positive
control, p.W386A," seemed to completely inactivate CRBN
with no change in lkaros/Aiolos/ZFP91/MYC protein levels
nor IRF4 messenger RNA level and no effect on cell viability
after incubation with all IMiDs/CELMoDs (supplemental
Figure 3D-E).
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For the remaining investigated mutations, 3 patterns of
response were observed based on viability response and CRBN
functional validation’-"*-3%: (1) mutations that results in complete
loss of CRBN function, (2) mutations with no effect on CRBN
function, and (3) mutations that seemed to have an intermedi-
ate effect (Figures 2 and 3). These are discussed in the context
of their spatial localization on CRBN (supplemental Figures 4
and 5). The patterns of neosubstrate protein degradation
associated with each CRBN mutation were additionally vali-
dated in an independent cell line model, KMS11<RENKO,

Mutations leading to loss of CRBN function Complete
loss of CRBN function was seen with p.H397Y, which had the
same effect as the positive control p.W386A, preventing all
IMiD and CELMoD activity. In the p.H397Y cell lines, all IMiDs
and CELMoDs led to no reduction in cell viability (Figure 2;
supplemental Figure 6; mutations highlighted in red), no Aiolos
degradation (Figure 3A-B; supplemental Figures 7A-B and 9),
and no subsequent IRF4 downregulation (Figure 3C;
supplemental Figure 7C). The analysis of available CRBN
structures shows that H397 is a scaffolding residue that interacts
with and stabilizes W400, a component of the 3-Trp binding
pocket, stabilizing its side chain in a conformation that enables
the binding of IMiDs (supplemental Figure 4B). The conversion
of histidine into the bulkier tyrosine residue would generate a
clash with W400, altering the side chain orientation (rotamer),
which would likely induce the collapse of the 3-Trp pocket. The
other favorable possible rotamers of a tyrosine would remove
the scaffolding function of H397 in maintaining W400 in the
right conformation for IMiD binding and would occupy the
neosubstrates degron binding site, in either case effectively
disrupting the activity of CRBN (supplemental Table 3).

Mutations with no apparent effect on CRBN func-
tion Some CRBN mutations seemed to have no deleterious
effect on CRBN function with a reduction in cell viability seen
with all IMiDs and CELMoDs similar to that observed with WT
CRBN (Figure 2; supplemental Figure 6; mutations highlighted
in green). For most of these residues, CRBN functionality was
also observed in the degradation of Aiolos (Figure 3A-B;
supplemental Figures 7A-B and 9) and subsequent IRF4
downregulation (Figure 3C; supplemental Figure 7C). The cell
lines expressing these mutations regained CRBN function
similar to that seen with WT CRBN re-expression. Of note,
Aiolos degradation for p.A143V seems slightly reduced but not
enough to affect the viability response. These mutations
included all those located in the Lon protease-like domain and
helix-bundle subdomain p.D50H, p.A143V, p.L190F, and
p.R283K. Structural analysis could rationalize the effect of some
of these mutations given that amino acids D50, A143, and R283
are not only distal to both IMiD and neosubstrate-binding sites,
but as surface residues their mutation was likely to be spatially

accommodated (supplemental Figure 5A-B,D; supplemental
Table 3). Mutation p.L190F was also found to be tolerated,
whereas structural analysis indicated that the bulkier phenylal-
anine instead of leucine could potentially perturb the interac-
tion between CRBN and DDB1, and hence could have
destabilized the CRL4A“REN E3 ligase complex (supplemental
Figure 5C). However, we found no evidence of this in the
functional assays (supplemental Table 3). Similarly, p.A347V
and p.W415G did not alter CRBN function despite being
located in the TBD (supplemental Figure 5E-F). Although both
amino acid positions are far away from the IMiDs and
neosubstrate-binding areas, the residues are relatively buried
so could have been expected to have an impact on the folding
and/or stability of CRBN (supplemental Table 3).

Mutations with an agent-dependent effect on CRBN
function The remaining 4 mutations studied, p.C326G,
p.P352S, p.C366Y, and p.F381S, seemed to only partially
abolish CRBN activity (Figures 2 and 3; supplemental Figures 6
and 7; mutations highlighted in orange). Therefore, additional
profiling was conducted in these cell lines, including examining
the degradation of additional neosubstrates lkaros and ZFP91,
the downregulation of MYC (Figure 4A; supplemental
Figure 8A), and the cell proliferation responses summarized
compared with WT and positive control p.W386A (Figure 4B;
supplemental Figure 8B). Significant lowering of CRBN activity
was observed with IMiDs Len and Pom, yet some response was
retained particularly with CELMoDs, in terms of neosubstrate
degradation (Figures 3A-B and 4A; supplemental Figures 7A-B,
8A, and 9), IRF4 downregulation, and reduction in cell viability
(Figure 4B; supplemental Figure 8B).

Although CRBN function was severely reduced with IMiDs, both
CELMoDs were able to rescue the function of CRBN with p.C326Y
and p.F381S. The former cysteine is part of a Zn finger motif,
which is core to the B-tent fold of the TBD and thought to be
crucial in maintaining the functional integrity of CRBN (Figure 4C;
supplemental Table 3). Similarly for p.F381S (Figure 4F), the
conversion of phenylalanine, a hydrophobic aromatic residue
playing a scaffolding role at the heart of the TBD and in immediate
proximity to the 3-Trp pocket, to serine, a hydrophilic residue of
smaller size, was predicted to compromise the integrity of CRBN,
which is indeed what was observed with IMiDs, yet both CEL-
MoDs could retain their degradation and reduction in cell prolif-
eration activity albeit not to the same magnitude as with CRBNVT
re-expression (Figure 4B; supplemental Table 3).

For the mutation p.P352S, the switch of proline to the polar
amino acid serine was found to critically interfere with the
activity of Len, Pom, and Iber. This is in line with the structural
analysis, given that P352 is in direct interaction with the iso-
indolinone or phthalimide cores of the IMiDs and CELMoDs,

Figure 3. The impact of CRBN mutations on neosubstrate degradation after IMiD/CELMoD treatment. Approximately 1 x 10° cells from each MM1.s

CRENKO (lone 1 cell

line (expressing a differently mutated CRBN, CRBN"YT, or EV) and the parental MM1.s cell line were drug treated (10 pM Len, 1 yM Pom, 0.1 uM Iber, 0.01 uM Mezi, or DMSO)
for 24 hours before harvesting for either western blotting or RNA extraction. (A) Immunoblotting results for the neosubstrate protein Aiolos in the investigated cell lines after
IMiD/CELMoD treatment. For each cell line, protein-level measurements for all treatments are calculated as fold change normalized to the corresponding DMSO-treated
control. The color of the title for each blot denotes the effect of corresponding mutation on protein levels, where green is associated with expression comparable with
parental MM1.s (shown in lower right corner), red denotes no reduction in protein levels, and orange highlights the mutations whose presence leads to partial reduction in
protein levels. Blots shown are representative of 3 biological replicates. (B) Optical densitometry quantification of the immunoblotting results shown in Figure 3A for the 3
biological replicates. Data are shown as mean = SEM. (C) Quantitative reverse transcription polymerase chain reaction results for the messenger RNA expression levels of
transcription factor IRF4 after IMiD/CELMoD treatment. Data are shown as mean + SEM of n = 3 biological repeats.
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Figure 4. Compilation of the in vitro results and structural analysis of the CRBN mutations that demonstrated partial impact on CRBN function. (A) Immunoblotting
results for CRBN neosubstrates lkaros and ZFP91 and for transcription factor MYC for all CRBN mutations that demonstrated partial CRBN function. The blots for p.W386A and
CRBN™T have been included as negative and positive control, respectively. Cells were drug treated (10 pM Len, 1 pM Pom, 0.1 uM Iber, 0.01 pM Mezi, or DMSQO) and harvested
24 hours after IMiID/CELMoD treatment for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)/western blotting. Left panel: data shown are represen-
tative of 3 biological repeats. Right panel: optical densitometry quantification of the 3 biological replicates. (B) GIS0 cell viability results, displayed per compound, for all cell
lines whose CRBN mutation demonstrated partial CRBN function in comparison with p.W386A (negative control) and CRBN"T (positive control). All cell lines were treated with
DMSO or increasing concentrations of Len (maximum concentration at 20 pM), Pom (maximum concentration 8 pM), Iber (maximum concentration 2 pM), and Mezi (maximum
concentration 1 pM) for 5 days. Cell viability was determined using the CellTiter-Blue assay. Results are the average = SEM of n = 3 biological replicates. (C-F) Spatial
localization of the CRBN mutations that demonstrated an intermediate/variable effect on CRBN function with respect to the IMiDs and neosubstrate-binding sites. The
presented figure is a composite figure generated by overlaying our high-resolution crystallographic CRBN/DDB1 structure bound to Len (where CRBN is present in its closed
conformation, PDB code 9JFX), with the publicly available crystallographic structure of neosubstrate lkaros bound to CRBN/DDB1/Pom complex (where CRBN is present in its
open conformation, PDB code 6HOF'?). CRBN is represented in gold, Ikaros in orange, DDB1 in gray, Len in cyan, the 3 Trp defining the IMiD’s binding pocket in light blue,
Zn?* atoms as gray spheres, and the position of the mutations in magenta. Figures were generated with Pymol.” (C) Localization of CRBN Cys326, mutated to Gly in patients.
(D) Localization of CRBN Pro352, mutated to Ser in patients. (E) Localization of CRBN Cys36, mutated to Tyr in patients. (F) Localization of CRBN Phe381, mutated to Ser in
patients.
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Lenalidomide

Figure 4 (continued)

and hence, its mutation could be expected to strongly affect
CRBN function (Figure 4D). However, Mezi led to partial
degradation of Aiolos (Figure 3A-B; supplemental Figures 7A-B
and 9), Ikaros, and ZFP?91 (Figure 4A; supplemental Figures 8A
and 9) and downregulation of IRF4 (more prominently demon-
strated in MM1.s<FBNKC clone 2, supplemental Figure 7A-C)
and MYC (Figure 4A), with a slight reduction in cell viability not
observed with any of the other compounds (Figure 2A;
supplemental Figure 4A).

In contrast mutation p.C366Y (Figure 4E) would be expected to
have no or only marginal effect on CRBN function based on the
structural analysis. This residue is surface exposed and is far
away from the IMiDs and neosubstrate-binding sites (Figure 4E).
A partial response to CELMoDs, and none to IMiDs, was seen
with this mutant (Figures 2A and 4B; supplemental Figures 4A,
7A, and 9; mutations highlighted in orange). It could be
hypothesized that the presence of a hydrophobic bulkier amino
acid tyrosine instead of cysteine might compromise the folding
and/or dynamics of the protein, but further investigations would
be needed to clarify, which is beyond the scope of this studly.

Determining the effect of CRBN mutations in a
heterozygous model

In the experiments described above, all CRBN mutations were
investigated in an effective homozygous, clonal state (CRBN KO

2638 € blood” 29 MAY 2025 | VOLUME 145, NUMBER 22

with re-expression of each mutant). This provides both critical
biochemical information and important clinical information
given that if the mutation was sufficient to induce complete
resistance to subsequent generations of [IMiDs/CELMoDs
administered to patients, then an outgrowth of the resistant
clone would be expected rapidly. However, these mutations are
often encountered in a heterozygous and/or subclonal state in
patients (supplemental Table 2), so additional experiments
were conducted to explore their likely impact in these circum-
stances. Therefore, CRBN mutations p.W386A and p.H397Y
(leading to loss of CRBN function), p.D50H and p.R283K (no
apparent effect on CRBN function), p.C326G and p.F381S
(agent-dependent effect on CRBN function), and the WT
plasmid were introduced in the parental MM1.s cell line, to
mimic a heterozygous state (supplemental Figure 10). Interest-
ingly, introduction of WT CRBN (MM1.s"V™"WT) led to signifi-
cantly higher CRBN levels and increased response to IMiDs and
CELMoDs compared with parental MM1.s (supplemental
Figure 10B; Figure 5). The response to Pom and Mezi did not
differ between MM1.s"V™™WT and MM1.s"TP5H or MM1.sVT/
R283K (Figure 5; supplemental Figure 11). This confirms the
absence of functional impact of these mutations as seen in the
homozygous models and also suggests there was no dominant
negative impact of the mutations on WT CRBN function. For the
heterozygous models of p.C326G, p.F381S, p.W386A, and
p.H397Y, the impact of each mutation is evident with decreased
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Figure 5. The effect of CRBN mutations in a heterozygous model. (A) GI50 cell viability measurements for the CRBNTT cell line (WT plasmid overexpression) and each
cell line with heterozygous CRBN (mutated CRBN overexpression). The corresponding CRBN® clone 1 homozygous mutation GI50 curve from Figure 2A has been added to
each graph (gray) only to aid in the visual comparison between heterozygous and homozygous mutations. The color of the title for each graph denotes the effect on cell
viability associated with each mutation in its homozygous state, where green is associated with reduction in cell viability comparable with parental MM1.s, red denotes no

reduction in cell viability, and orange highlights the mutations whose presence leads to partial reduction in cell viability. Cells were treated with DMSO or increasing
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response to Pom particularly with lower drug concentrations,
both for mutations with an agent-dependent effect (p.C326G
and p.F381S) and those shown to completely abolish CRBN
function (p.W386A and p.H397Y) in the homozygous models.
However, Mezi seemed to overcome the impact of all 4 of these
mutations, likely explained by the increased potency of Mezi
using the functional CRBN present in the heterozygous model
cell lines.

MD modeling to explore the effect of mutations
close to the IMiDs’ binding site

Two of the mutations with an agent-dependent effect on CRBN
function p.P352S and p.F381S (selected as they were located
closest to the binding site) underwent MD simulations aiming to
further explore the structural features responsible for the dif-
ferential response seen. A crystallographic structure of the
DDB1/CRBN/Len complex was solved at 2.00 A resolution in-
house and used as a reference for modeling the WT and 2
selected mutant constructs. Publicly available structural data
available for CRBN in complex with Iber and Mezi are at rela-
tively low resolution (>3 A) with only weak electron density for
the molecular glues and some of their surrounding residues.
This insufficient confidence on the exact positioning of the
corresponding atoms in the PDB models, which would be
required to ensure reliable simulations, precluded a side-by-
side comparison between IMiDs and CELMoDs.

MD trajectories were analyzed by calculating the RMSD of
atomic positions of Len and CRBN-binding site residues, which
confirmed their relative stability along the simulations
(supplemental Figure 12A-B). No clear difference was found in
the position of Len heavy atoms throughout the MDs of the
mutant constructs compared with the WT. However, slightly
larger RMSD values were obtained for CRBN-binding site resi-
dues in the MD simulations of the F381S construct over the WT,
despite them being very close on average (median values of
1.31 A and 1.19 A across all simulation replicas, respectively).

The steep structure-activity relationship typically observed in
molecular glues-induced targeted protein degradation
prompted more detailed analysis of the conformations sampled
during the simulations. A structural overlay between the refer-
ence crystal structure and the most representative conforma-
tions obtained by clustering the MD trajectories of the 2 mutant
constructs showed that most residues in the CRBN pocket
conserved highly similar side chain orientations, although subtle
differences could be observed particularly for residues more
exposed to the bulk solvent (supplemental Figure 12C). Some
of these (eg, H353, H357, H397) are interface residues known to
play a role in the recruitment of neosubstrate degrons, and
thus, only specific side chain conformations may be tolerated.
Furthermore, the phthalimidine ring system of Len in the
representative conformation bound to the P352S mutant
construct was found to sit out of the plane occupied in the
crystal structure with the WT, likely due to the steric hindrance
caused by the mutant serine residue. It was hypothesized that
this could interfere with the recruitment of neosubstrates, as

suggested by the increased number of unfavorable contacts
predicted in the representative conformation of the mutant
construct between Len and IKZF1 degron atoms in PDB 6h0f
after alignment on the backbone atoms of CRBN-binding site
residues (Figure 6A-B). To probe this throughout the MD sim-
ulations, clash volumes were calculated across all trajectory
frames between the heavy atoms of Len and the aligned IKZF1
degron (Figure 6C). Clashes were found to be substantially
larger in the simulations of the P352S mutant construct than the
WT (median values of 37 A% and 0.3 A3, respectively), which
further suggests that the conformational change predicted in
the binding mode of Len upon proline to serine mutation could
alter the shape complementarity with the degron and thus
explain the observed lack of neosubstrate degradation by Len.

Clash volume values calculated in the simulations of the F381S
construct were distributed mostly in between those found with
the WT and P352S constructs (Figure 6C, median of 7.3 A3), in
line with the intermediate degradation potency and cell viability
experimentally observed with Len against this mutant.
Comparing the representative conformation obtained from
clustering with the reference crystal structure showed large
deviations for some residues found close to the F381S mutation
(Figure 7A) but only small deviations when considering CRBN
residues proximal to Len (Figure 7B). This suggests that local
conformational changes induced by the F381S mutation can be
accommodated closer to the degron region, as also shown by
the difference in RMSD values calculated for the binding site
and the mutation site (Figure 7C). However, the strong pertur-
bations in the positioning of residues close to the mutation site,
which is located at the core of the TBD domain, could have an
overall detrimental effect on the stability and folding of the
domain and in turn on the ability to interact with neosubstrates.
It could be hypothesized that the partial rescue of CRBN activity
observed with CELMoDs in the p.F381S cell line could be
ascribed to their enhanced ability to stabilize CRBN compared
with IMiDs.”""

Discussion

As sequencing panels become more widely available as part of
myeloma patient diagnostics, it is of increasing importance to
understand the functional impact of mutations identified.?*
Data presented here highlight key differences in the func-
tional impact of different CRBN missense mutations. This is
despite them all having been identified in patient data sets, for
patients relapsing on IMID therapy, so it could have been
assumed that they might all be of clinical relevance. These
findings underline the importance of such functional analyses,
especially if clinical treatment decisions may result from the
genetic reporting.

Functional validation demonstrated that all mutations in the Lon
protease-like domain and DDB1-binding helix-bundle sub-
domain had no impact of CRBN function in our homozygous
model, with similar responses to both IMiDs and CELMoDs as
WT CRBN re-expression. Indeed, tolerated mutations (with
preserved CRBN function) were even identified in the TBD such

Figure 5 (continued) concentrations of Pom (maximum concentration 8 pM) and Mezi (maximum concentration 1 uM) for 5 days. Cell viability was determined using the
CellTiter-Blue assay and expressed as a % of DMSO control. Results are the mean + SEM of n = 3 biological replicates.
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Figure 6. Clashes predicted between the IKZF1 degron and
Len bound to WT and p.P352S CRBN constructs. (A) Unfavor-
able contacts shown as orange dashes between Len bound to WT
CRBN (C atoms shown in light blue with proline 352 highlighted)
and IKZF1 degron atoms from PDB 6h0f (C atoms in yellow with
glycine 151 highlighted) after structural alignment on CRBN-
binding site residues. (B) A larger number of clashes is pre-
dicted between the IKZF1 degron and Len bound to the p.P352S
CRBN construct (representative conformation from MD; C atoms
in orange with serine 352 highlighted). (C) Distribution of clash
volumes calculated between heavy atoms of the IKZF1 degron
and Len in MD trajectory frames of the WT (blue box), p.P352S
(orange), and p.F381S (green) CRBN constructs.
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Figure 7. Analysis of conformational changes predicted by MD simulations of
the p.F381S CRBN construct. (A) Conformations of residues located in the sur-
roundings of the p.F381S mutation are shown in the representative conformation
from MD simulations of the mutant construct (C atoms in green) compared with the
crystal structure of WT CRBN (C atoms in light blue). (B) A similar comparison
focused on Len binding site shows smaller deviations mainly for residues exposed
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as p.A347V and p.W415G, meaning that using a too simplistic
approach to localizing mutations of clinical relevance should be
avoided. This was corroborated in our heterozygous model,
also demonstrating that such mutations do not seem to have a
dominant negative effect. For patients whose myeloma cells
harbor these mutations, there is no evidence to suggest that
they would have an impaired, myeloma cell-intrinsic, response
to repeat IMiD exposure. This raises the question as to why
these mutations were identified in patients (in the data sets from
which the mutations modeled were selected). It might be that
they were passengers rather than drivers, with other events
either myeloma cell intrinsic or extrinsic playing a role in the
development of resistance. It should be noted that this report
presents the impact of mutations at equal or greater CRBN
expression to WT cell lines, and it might not reflect the outcome
observed in a patient presenting with low CRBN levels.

More in line with what could have been expected in all patients
relapsing after IMiD therapy, one mutation, p.H397Y, completely
abrogated CRBN function with all IMiDs and CELMoDs tested.
Unfortunately, these data suggest that even the more potent
CELMoD agents would be of little benefit to patients harboring
such a deleterious mutation at high clonal fraction.

Of key interest were those mutations identified where results
demonstrated a differential response between IMiDs and
CELMoDs in our homozygous model. The common element
between these 4 mutations is that the more potent CELMoD
compounds, and Mezi in particular, led to degradation of key
neosubstrates and elicited a viability response, whereas IMiDs
gave rise to no or little effect. CELMoDs have been shown to be
able to stabilize CRBN in its closed conformation’’ more effi-
ciently than IMiDs, which is the conformation leading to the
recruitment of CRBN neosubstrates. In the context of these
mutations, this difference could potentially lead to partial
rescue of function of otherwise severely destabilized and/or
functionally impaired CRBN mutant protein. Even if they could
drive conformation rearrangement in only a small proportion of
CRBN protein molecules, this may be sufficient to induce a
degradation response and myeloma cell death. Importantly,
these observations indicate that using CELMoDs in patients
whose myeloma harbors these mutations may be a viable
option even after the development of IMID resistance.

This concept is supported by the work of Hanzl et al** who
studied the impact of CRBN mutations in a colon carcinoma
background on response to G1 to S phase transition protein 1
(GSPT-1) degrading molecular glues and proteolysis-targeting
chimeras (PROTACs) as opposed to the IMiDs/CELMoDs in our
study. Similar to our findings, they determined the CRBN sensor
loop and 3-Trp pocket sequences as hot spots for mutations
likely to be disruptive to agent activity, highlighting the amino
acid H397 in particular, whereas some sites presented with a
differential response depending on the chemical agent used.

The mutations selected for this study occurred at various variant
allele frequencies in the original reports, and most were

Figure 7 (continued) to the solvent (eg, H357, H397, W400). (C) Distribution of
RMSD values calculated on MD simulations of the p.F381S construct for residues
located in both binding site and mutation site (5 A from Len and the mutated
residue, respectively).
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subclonal. Nevertheless, understanding the impact of mutations
in the homozygous model, on a structural level, is important
given that if the mutation was sufficient to induce complete
resistance to subsequent generations of IMiDs/CELMoDs
administered to patients, then an outgrowth of the resistant
clone would be expected rapidly, leading to only very short-
term responses. However, to explore the heterozygous state
further, an additional model was generated expressing selected
mutations in parental MM1.s cells to generate a cell model in
which WT and mutant CRBN would both be present. This work
highlighted that the most potent CELMoD, Mezi, could over-
come expression of the mutations in cell lines with sufficient
residual WT CRBN. However, there were some limitations to
our overexpression system, which generated cell lines with
likely the same amount of functional CRBN as parental cells with
additional mutant CRBN also expressed. A model using CRISPR
editing technology to generate both heterozygous and homo-
zygous mutants may more faithfully recapitulate the disease
state in patients and could be explored in future studies.

Assessing in vitro the effect of all mutations identified in
myeloma patients across the gene is clearly not feasible,
particularly for genes in which mutations are not restricted to
hot spot sites, and indeed this project focused on selected
mutations from across the sequence of CRBN. Structural
biology analysis may be more feasible for predicting mutational
impact, and we sought to explore this alongside the functional
studies. Indeed, the analysis of static 3-D models was able to
predict the functional outcome of most mutations selected for
this study. MD modeling provided further information for the
IMIiD Len, which matched our in vitro results. However, using
these methodologies to dissect the precise activity of Iber and
Mezi is currently challenged by the lack of sufficiently high-
resolution structural data with these compounds bound to
CRBN to perform this type of analysis. Additional work to
demonstrate differences in physical interactions using a system
such as Turbo-ID for proximity biotinylation would also add
further to our understanding of these interactions in the future
but were beyond the scope of the current study. Taken
together these findings suggest that the overall clinical impact
of CRBN missense mutations might be lower than previously
thought, given that not all mutations identified seem to have a
functional impact and some with an impact on IMiD response
may be overcome with CELMoD use. It is difficult to precisely
quantify the frequency of each type of mutation in relapsed
myeloma after each therapy given that previous reports have
been heterogeneous and not all identified mutations have been
modeled. On balance a trial of CELMoDs in patients with CRBN
mutations after relapsing on IMiDs would likely be warranted
because it is difficult to conclude definitively that a patient will
not respond either on the basis of having a mutation that can be
structurally overcome or due to having sufficient residual WT
CRBN to bind the more potent compounds.

Overall, the results presented here may have important
implications for the interpretation of CRBN sequencing
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