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Abstract
Background  Targeted protein degradation of neosubstrates plays a crucial role in hematological cancer treatment 
involving immunomodulatory imide drugs (IMiDs) therapy. Nevertheless, the persistence of inevitable drug resistance 
and hematological toxicities represents a significant obstacle to their clinical effectiveness.

Methods  Phenotypic profiling of a small molecule compounds library in multiple hematological cancer cell lines 
was conducted to screen for hit degraders. Molecular dynamic-based rational design and cell-based functional 
assays were conducted to develop more potent degraders. Multiple myeloma (MM) tumor xenograft models were 
employed to investigate the antitumor efficacy of the degraders as single or combined agents with standard of care 
agents. Unbiased proteomics was employed to identify multiple therapeutically relevant neosubstrates targeted by 
the degraders. MM patient-derived cell lines (PDCs) and a panel of solid cancer cell lines were utilized to investigate 
the effects of candidate degrader on different stage of MM cells and solid malignancies. Unbiased proteomics of 
IMiDs-resistant MM cells, cell-based functional assays and RT-PCR analysis of clinical MM specimens were utilized to 
explore the role of BRD9 associated with IMiDs resistance and MM progression.

Results  We identified a novel cereblon (CRBN)-dependent lead degrader with phthalazinone scaffold, MGD-4, which 
induced the degradation of Ikaros proteins. We further developed a novel potent candidate, MGD-28, significantly 
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Background
Targeted protein degradation in recent decades has 
emerged as a revolutionary therapeutic strategy in 
oncology. Prototypical immunomodulatory imide 
drugs (IMiDs) including thalidomide, lenalidomide, and 
pomalidomide, are widely used in the treatment of vari-
ous hematological cancers such as multiple myeloma 
(MM), acute myeloid leukemia (AML), and diffuse large 
B cell lymphoma (DLBCL) [1–3]. These IMiDs function 
as molecular glues by binding to cereblon (CRBN), the 
substrate receptor of the CRL4 E3 ubiquitin ligase and 
induce the formation of a composite protein-small mol-
ecule surface, which alters the specificity of the complex 
and leads to the recruitment, polyubiquitination, and 
subsequent degradation of proteins (neosubstrates) by 
the 26S proteasome [4]. The Ikaros family of zinc fin-
ger transcription factors, specifically the three reported 
members, IKZF1, IKZF2, and IKZF3, play pivotal roles 
in hematological development and differentiation. Ini-
tially, IKZF1 and IKZF3 were identified as neosubstrates 
of IMiDs, which may explain the clinical effectiveness 
of lenalidomide and pomalidomide in the treatment of 
MM [5, 6]. In mouse syngeneic tumor models, IKZF2 
enhances the secretion of proinflammatory cytokines 
and promotes an anti-tumor immune response. In the 
past decade, numerous neosubstrates have been demon-
strated to be degraded by IMiDs or their derivatives, and 
to participate in their pharmacological mechanism. These 
neosubstrates include casein kinase 1α (CK1α) [7], ZFP91 
[8], GSPT1 [9], DTWD1 [10], SALL4 [11], ZBTB16 [12], 
p63 [13], ZMYM2 [14], RAB28 and RNF166 [10], high-
lighting a burgeoning therapeutic approach. It is note-
worthy that several next-generation CRBN modulators 
are being developed to treat various hematological 
malignancies, including CC-220, CC-99282, CC-92480, 
and CFT7455 are IKZF1/3 degraders, and DYK709 is an 
IKZF2 degrader [4]. Nevertheless, most of these degrad-
ers are developed merely by extending the structure of 
prototypical IMiDs to optimize druggability. Additionally, 

these agents exhibited ubiquitous hematological toxic-
ity in preclinical and clinical studies [1]. Although sev-
eral promising targeted therapies, including proteasome 
inhibitors, oral immunomodulatory agents, and dexa-
methasone followed by autologous hematopoietic stem 
cell transplantation, are considered standard treatments 
for patients with MM, and the use of FLT-3 inhibitors, 
BCL-2 inhibitors, IDH2 inhibitors and their combination 
with azacytidine or decitabine has led to great advances 
in the treatment of AML, therapy resistance remains 
a significant challenge, as it results in the emergence of 
different clones at diagnosis and relapse [15, 16]. Conse-
quently, the development of novel degraders for multiple 
neosubstrates with low toxicity represents a promising 
avenue for exploring therapeutic opportunities to treat 
various hematological malignancies.

CK1α is a ubiquitously expressed cytosolic serine/
threonine kinase involved in the regulation of the Wnt/
β-catenin and p53 signaling pathways. Previous studies 
demonstrated the pivotal role of CK1α in the survival 
of AML cells, both in vitro and in vivo. Degradation of 
CK1α provides a mechanistic explanation for the unique 
clinical effectiveness of lenalidomide in myelodysplas-
tic syndrome (MDS) patients with deletion of chromo-
some 5q (del(5q)) [7, 17]. Silencing of CK1α, using short 
interfering RNA against CSNK1A1 enhances apopto-
sis and growth arrest induced by lenalidomide in NCI-
H929 cells. In addition, inhibition of CK1α activates 
the pro-apoptotic effect of p53-MDMX and promotes 
myeloid differentiation in AML [18]. Furthermore, CK1α 
enhances the survival of lymphoma cells and a range of 
solid tumors, including lung, renal, and colorectal can-
cers [19, 20]. To date, lenalidomide is the only FDA-
approved drug known to induce degradation of CK1α 
protein, albeit weakly [7]. Recent studies reported the 
development of selective CK1α degraders and dual 
CK1α/IKZF2 degraders through elegant medicinal 
chemistry efforts [21, 22]. These findings suggest that a 

inhibited the growth of hematological cancer cells and induced the degradation of IKZF1/2/3 and CK1α with 
nanomolar potency via a Cullin-CRBN dependent pathway. Oral administration of MGD-4 and MGD-28 effectively 
inhibited MM tumor growth and exhibited significant synergistic effects with standard of care agents. MGD-28 
exhibited preferentially profound cytotoxicity towards MM PDCs at different disease stages and broad antiproliferative 
activity in multiple solid malignancies. BRD9 modulated IMiDs resistance, and the expression of BRD9 was significant 
positively correlated with IKZF1/2/3 and CK1α in MM specimens at different stages. We also observed pronounced 
synergetic efficacy between the BRD9 inhibitor and MGD-28 for MM treatment.

Conclusions  Our findings present a strategy for the multi-targeted degradation of Ikaros proteins and CK1α against 
hematological cancers, which may be expanded to additional targets and indications. This strategy may enhance 
efficacy treatment against multiple hematological cancers and solid tumors.
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more effective CK1α degrader could exhibit even greater 
potency and broader clinical anticancer applications.

Several studies revealed distinct patterns of substrate 
specificity among various IMiDs. Both pomalidomide 
and lenalidomide were shown to degrade the transcrip-
tion factor IKZF1/3, whereas neither drug degrades 
IKZF2. Furthermore, lenalidomide targets CK1α to 
CRBN, whereas pomalidomide does not [23]. This evi-
dence underscores the structural basis that ligand modi-
fication can affect the interaction between neosubstrates 
and the CRBN interface, and also supports the hypoth-
esis that structural modifications of ligands can diversify 
neosubstrate targeting, extending beyond traditionally 
known targets. In this study, we used an exclusive mol-
ecule glue compound library consisting of various CRBN 
ligands with novel scaffolds to conduct cell-based phe-
notypic screening in a range of hematological cancer cell 
lines. Through subsequent exploration of structure-activ-
ity relationships and protein degradation mechanisms, 
we identified novel degraders that effectively target 
Ikaros proteins and CK1α. These highly potent, selective, 
and orally bioavailable degraders could serve as promis-
ing candidates for further research and development.

Materials and methods
General chemical information
All regents and solvents were purchased from com-
mercially available sources and were used without fur-
ther purification. All reactions were conducted under 
appropriate pressure and temperature in glassware that 
had been oven-dried prior to use. Thin-layer chroma-
tography (TLC) was performed using precoated silica 
gel plates from Qingdao Haiyang Chemical Co. Flash 
column chromatography was performed with the silica 
gel (particle size of 40–63 μm). 1H and 13C nuclear mag-
netic resonance (NMR) spectra were recorded on Bruker 
AVANCE NEO 600 MHz (operating at 600 MHz for 1H 
and 151  MHz for 13C acquisitions) and JNM-ECZ400S 
spectrometers. High-resolution mass spectra Analysis 
were obtained on AB Sciex API 3000™ LC/MS.

Biological assays
Reagents
Thalidomide (#T0213), pomalidomide (#T2384), lenalid-
omide (#T1642), CC-122 (#T3549), CC-220 (#T7791), 
CC-885 (#T14893), MLN4924 (#6332), dexametha-
sone (#T1076), tazemetostat (#T1788) and bortezomib 
(#T2399) were purchased from Targetmol, Boston, MA, 
USA. Cycloheximide (#S7418) was purchased from 
Selleck, Houston, TX, USA. The synthesis and char-
acterization of molecular glue degraders in this study 
are described in Supplementary Information. All drugs 
were dissolved in dimethylsulfoxide (DMSO, #D8418; 

Sigma-Aldrich, MO, USA) at 10-200 mM, stored at 
-30 °C as stock solutions.

Plasmids
The pcDNA3.1(+) plasmids were purchased from Invi-
trogen, Carlsbad, CA, USA. The open reading frames 
(ORFs) of IKZF1, IKZF2, IKZF3, CK1αWT and CK1αG40N 
were amplified, and restriction enzyme sites were added 
by PCR and cloned into pcDNA3.1(+)-AGIA-MCS. The 
primers used in PCR experiments were available in Table 
S1

Cell culture and transfection
HEK293T (#CRL-3216) cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM, 
#SH30022.01; Hyclone, Logan, UT, USA). MM cell lines 
including RPMI-8226, NC-H929, OPM-2, and AML cell 
lines including U937, MOLM-13, and Ocl-Ly3 as well as 
DLBCL cells lines including SU-DHL-4, WSU-DLCL-2, 
TMD8 and U2932 were cultured in Roswell Park Memo-
rial Institute (RPMI, #SH30809.01; Hyclone, Logan, UT, 
USA). KG-1 and MV-4-11 cells were cultured in Iscove’s 
Modified Dulbecco’s Medium (IMDM, #SH30228.01; 
Hyclone). All these cell lines were purchased from the 
American Type Culture Collection (ATCC, Manassas, 
VA, USA), cultured in medium containing 10% fetal 
bovine serum (FBS, #16000-044, Gibco), 100 U/mL peni-
cillin, and 100 µg/mL streptomycin (#15140122, Thermo 
Fisher Scientific, MA, USA) at 37 °C under 5% CO2.

For the generation of HEK293T cell lines stably 
expressing IKZF1-HiBiT, IKZF2-HiBiT, IKZF3-HiBiT, 
CK1α-HiBiT, respectively, lentivirus was produced in 
HEK293T cells by transfection of pCSII-CMV-neosub-
strate-HiBiT-IRES2-Bsd expression vector together with 
pCMV-VSV-G-RSV-Rev and pCAG-HIVgp vector as 
described in previous study [24]. HEK293T cells supple-
mented with 10  µg/mL polybrene (#TR-1003, Sigma-
Aldrich, MA, USA) were infected with the lentivirus. 
After 48  h infection, puromycin (3  µg/mL) was utilized 
to select stable cell lines and pooled clones were screened 
by immunoblot analysis.

Antibodies
The following primary antibodies were used: CRBN 
(#71810, 1:1000), IKZF1 (#14859, 1:1000), IKZF2 
(#42427, 1:1000), IKZF3 (#15103, 1:500) and were all 
from Cell Signaling Technology, Boston, MA, USA; CK1α 
(#ab108296, 1:1000) and ZNFX1 (#ab179452, 1:500) were 
purchased from Abcam, MA, USA; BRD9 (#24785-1-AP, 
1:1000), GSPT1 (#10763-1-AP, 1:1000), STAT5 (#13179-
1-AP, 1:500), c-Myc (#10828-1-AP, 1:1000), MDM2 
(#27883-1-AP, 1:1000), P53 (#1044-1-AP, 1:1000), P21 
(#10355-1-AP, 1:500), DTWD1 (#26810-1-AP, 1:1000), 
MBD3 (#14258-1-AP, 1:1000), MNT (#23742-1-AP, 
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1:1000) and MBD1 (#29998-1-AP, 1:1000) were pur-
chased from Proteintech, Rosemont, IL, USA; ZMIZ2 
(#GTX118779, 1:1000) were purchased from GeneTex, 
San Antonio, TX, USA; ZFP91 (#CSB-PA504466, 1:1000) 
was purchased from Cusibio, Houston, TX, USA; Anti-
rabbit IgG (HRP-conjugated, Cell Signaling Technology, 
#7074, 1:5000), anti-mouse IgG (HRP-conjugated, Cell 
Signaling Technology, #7076, 1:5000) were used as sec-
ondary antibodies.

NCI-H929 CRBN knock-out
CRBN−/− NCI-H929 cells were created using CRISPR-
Cas9 technology. NCI-H929 cells (1 × 106 cells/well) were 
cultured in 6-well dishes and were transiently transfected 
with Plasmid Transfection Medium (#sc-108062) pre-
complexed of CRBN CRISPR/Cas9 KO plasmid (#sc-
412142), CRBN HDR plasmid (#sc-412142-HDR), and 
UltraCruz® Transfection Reagent (#sc-395739) following 
the instructions provided by the manufacturer (Santa 
Cruz Biotechnology, Inc, Dallas, TX, USA). After 72  h 
infection, puromycin (3  µg/mL) was utilized to select 
stable cell lines. Transfected cells (GFP+) were single-
cell sorted by flow cytometry into 96-well tissue culture-
treated plates 7 days, and isolated single cell clones were 
screened by DNA sequencing and western blot analysis.

Clinical specimens, cell culture and correlation analysis
The use of human experimental materials related to this 
study, including cDNA derived from cell lines and clini-
cal specimens (the clinical specimens used in this study 
were mainly various specimens of multiple myeloma). 
The patients’ inclusion diagnosis and exclusion criteria; 
the information of clinical specimens; collection and 
preparation of clinical specimens were descripted in our 
previous publication [25] according to the NCCN Clini-
cal Practice Guidelines in Oncology (NCCN Guidelines®), 
based on the Durie and Salmon, ISS and R-ISS prognos-
tic staging criteria.

Briefly, the Diagnosis, inclusion and exclusion criteria 
of patients with multiple myeloma: (1) for patients with 
bone tumor or extra-bone tumor, biopsy-proven soli-
tary lesion of bone or soft tissue results consisting clonal 
plasma cells; normal-random bone marrow biopsy results 
with no evidence of clonal plasma cells; normal skeletal 
survey, MRI or CT results except for the primary soli-
tary lesion; absence of end-organ damage. (2) for patients 
with intraosseous / intra-marrow MM (e.g. the plasma 
cell myeloma), percentage ≥ 10% of clonal bone marrow 
plasma cell or biopsy-proven plasmacytoma ≥ 1 of the 
following myeloma-defining events. (3) patients with 
blood / intra-blood MM (e.g. the plasma cell leukemia), 
at circulating plasma cells for least 20% and in peripheral 
blood of at least 2 × 109/L a total plasma cell count.

In this study, clinical specimens were used for two 
purposes: (1) the cDNA samples reversely transcripted 
by total RNA from clinical specimens descripted in our 
previous publication [25]; (2) Patient-derived cell lines 
prepared from clinical specimens. The clinical specimens 
including (1) 35 samples of intra-marrow MM; (2) 42 
samples of intra-blood MM; (3) 38 samples of MM with 
bone-tumor tissues in the form of masses or lumps; and 
(4) 21 MM samples with long-distance metastasis, or 
extra-bone masses or lumps forming a solid tumor tissue 
or mass in other organs.

The protocol of preparation PDCs was descripted in 
our previous publication [25]. Briefly, for the MM cells in 
the bone, the bone marrow aspirate was directly sorting 
by CD38 (CD38+); (2) for the cells in peripheral blood, 
the peripheral blood lymphocytes are directly sorting by 
CD38+; (3) for cells in bone tumors, the tumor tissue was 
abraded by using a pre-sterilized 200-mesh steel sieve by 
the DMEM with 20% FBS to single-cell suspension and 
the single-cell suspension was washed; (4) for cells in 
peripheral organ tumors, the tumor tissue was abraded 
by using a pre-sterilized 200-mesh steel sieve by the 
DMEM with 20% FBS to single-cell suspension and the 
single-cell suspension was washed. The PDC lines were 
generated for one cell line by one patient only. PDC-1 
(patients derived cell No. 1) and PDC-3 were directly 
separated, cultured, and stored (PDC-1 generated from 
intra-marrow MM patient; PDC-3 was generated from 
intra-blood MM patient). PDC-5 was generated from 
bone-tumor tissues, and PDC-7 was generated from 
extra-bone tumor tissues. As control, the primary B 
cells which not only derived from patients with multiple 
myeloma which were derived from PBMC from patients; 
but primary B cells from healthy individuals which were 
derived from the peripheral blood lymphocytes of the 
remaining part of the whole peripheral blood provided by 
the blood transfusion department except plasma and red 
blood cells. The primary B cells were purified based on 
the CD19+/CD45+/CD38-sorting. In the cell sorting pro-
cess, the purity of primary B cells isolated from healthy 
human PBMCs could reach 99%; the purity of primary 
B cells isolated from patients could also reach 95–99%. 
When patient-derived cell lines were isolated from mul-
tiple myeloma patients, the purity of the cell lines iso-
lated from peripheral blood was over 95% (up to 98-99%), 
and the purity of patient-derived cell lines isolated from 
tumor tissue was over 90%.

The correlation between the expression of BRD9 with 
IKZF1, IKZF2, IKZF3 and CK1α, respectively, were 
detected. At this time, taking the expression level of 
BRD9 as the abscissa and the expression of CRBN as the 
ordinate, each specimen can correspond to a data point. 
A group of specimens can correspond to a group of data 



Page 5 of 30Li et al. Journal of Hematology & Oncology           (2024) 17:77 

points, which can be fitted and linearly regressed to 
obtain a regression equation and P value.

Cell viability and drug synergy assays
In order to screen the molecular glue library in MM, 
AML and DLBCL cell lines, RPMI-8226, NCI-H929, 
MV4-11, U937, and WSU-DLCL-2 cells were cultured 
in the complete medium recommended by the ven-
dor. The cells were seeded in corning BC white 96-well 
assay plates at a density of 12,000 cells per well. During 
the experimental period of 4 days, the cells were treated 
with DMSO, thalidomide, lenalidomide, pomalidomide, 
CC-122, or the corresponding compounds at specific 
concentrations as indicated.

To assess the inhibitory effect of synthesized degrad-
ers, MM, AML and DLBCL cells were cultured in 96-well 
plates with DMSO, pomalidomide, or the corresponding 
compounds at specified concentrations for a duration of 
4 days. The compounds’ ability to inhibit cell prolifera-
tion was evaluated using a cell counting kit-8 (CCK-8 Kit) 
following the instructions provided by the manufacturer 
(Dojindo Laboratories, Mamoto Ken, Japan).

Drug synergy assays were conducted by seeding cells in 
96-well plates (100 µL per well) at a density of 12,000 cells 
per well. The cells were then treated with the specified 
drug doses for a duration of 96 h, with DMSO serving as 
the control. Cell viability was assessed using the CCK-8 
Kit, following the manufacturer’s instructions. The syn-
ergy score plots for the indicated drug combinations were 
calculated using SynergyFinder.

Protein preparation and molecular docking
The crystal structure of CRBN with lenalidomide was 
downloaded from Protein Data Bank (PDB) entry 4TZ4 
[26]. The proteins were prepared using Maestro by Pro-
tein Preparation Wizard, and the missing side chains and 
loops were filled by Prime [27]. The ionization state of the 
ligand suitable for pH 7.0 ± 2.0 was predicted by Epik [28] 
with the OPLS3 force field [29]. Grids for the binding site 
were defined using the crystal structure through Recep-
tor Grid Generation. Ligands were docked into CRBN by 
Glide SP with default parameters.

MD simulations and binding free energy calculation
The CRBN underwent 500 ns MD simulation using Gro-
macs 2021.7 [30]. The lenalidomide and other ligands 
were parameterized with the general AMBER force 
field (GAFF) [31], and their topology and parameter 
files were prepared using the antechamber module [32], 
further converted into the GROMACS format using 
ACPYPE [33]. The simulation system was filled with 
TIP3P water to solvate the protein-ligand complexes. 
The AMBER14sb force field [34] was used throughout 
the calculation steps, followed by the addition of Na+ 

and Cl− in the water to render the system neutralized. 
And the sodium chloride molecules were added to reach 
the physiological concentration of 0.15  M. To eliminate 
unfavorable contacts between the protein and water 
molecules in the system, energy minimization and pre-
equilibration simulations were conducted in three sec-
tions before the production simulation. The system was 
minimized by 5000 steps or Fmax < 10, and the 100 ps 
NVT and 1.0 ns NPT pre-equilibration was performed 
with time steps of 2  fs. The Particle-Mesh-Ewald (PME) 
method was used to calculate long-range electrostatic 
interactions, with the reference temperature of 310  K. 
H-bonds were constrained with the LINCS algorithm 
[35], and the Van der Waals cutoff was 1.0 nm. For pre-
equilibration, the Nose-Hoover and Berendsen methods 
were employed for temperature and pressure coupling 
respectively. Finally, the production MD simulation was 
conducted at NPT ensemble with Nose-Hoover tempera-
ture coupling and Parrinello-Rahman pressure coupling 
after the system had been well-equilibrated at the desired 
temperature and pressure. The binding free energy of 
degraders were calculated using Molecular Mechanics/
Poisson Boltzmann Surface Area (MM/PBSA) method.

Cell apoptosis assay
Cells (1 × 106 cells/well) were cultured in 6-well dishes. 
Subsequently, the cells were treated with a medium con-
taining different concentrations of compounds for 3 days. 
To analyze cell apoptosis, the apoptosis rates were mea-
sured using the Annexin V-FITC apoptosis detection 
kit (Abcam, MA, USA). Sample analysis was performed 
using a FACS Calibur Flow Cytometer (Becton Dickin-
son, Franklin Lakes, NJ, USA).

Quantitative degradation assay using HiBiT system
To assess protein degradation of IKZF1, IKZF2, IKZF3, 
and CK1α, HEK293T cells that were stably expressing 
IKZF1-HiBiT, IKZF2-HiBiT, IKZF3-HiBiT, or CK1α-
HiBiT were cultured in 96-well plates at a density of 
12,000 cells per well. These cells were then treated with 
either DMSO or molecular glue degraders for a dura-
tion of 24 h. Subsequently, the cells were lysed using the 
Nano-Glo HiBiT Lytic Detection System (N3040, Pro-
mega) as per the manufacturer’s instructions. The lumi-
nescent signals of the HiBiT-tagged neosubstrates were 
detected using the SpectraMax iD3 (Molecular Devices) 
instrument.

Immunoblot analysis
Cells were seeded in 6-well plates and treated with vari-
ous concentrations of compounds for the specified 
durations. Afterwards, the cells were washed with phos-
phate-buffered saline (PBS) and lysed using RIPA buffer. 
The protein concentration was measured, and the total 
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protein lysates were then subjected to separation by 10% 
SDS-PAGE and transfer onto a nitrocellulose membrane. 
The membranes were subsequently probed with specific 
primary and secondary antibodies, and imaging was per-
formed using the Bio-Rad Imaging system (Hercules, CA, 
USA).

RT-qPCR
RNA samples of MM patient cells or hematological can-
cer cells were isolated and extracted using TRIzol reagent 
according to the manufacturer’s instructions (Invitrogen). 
A minimum of 2 µg of total RNA was reverse transcribed 
into first strand cDNA with oligo (dT) primers using 
Moloney murine leukemia virus reverse transcriptase 
(Promega, Madison, WI USA). Quantitative polymerase 
chain reaction (qPCR) was performed in triplicates in a 
20 µL reaction mixture containing 10 µL of SYBR Premix 
Ex Taq Master Mix (2×) (Takara Bio, Shiga, Japan), 0.5 
mM of each of the primers and 10 ng cDNA. The rela-
tive expression level of the target was calculated using the 
comparative Ct method. β-actin was used as an internal 
control to normalize sample differences. The primers 
used in qPCR experiments were available in Table S1.

MS-based proteomic analysis
Sample preparation  NCI-H929 cells were treated with 
DMSO or MGD-4 (1, 10 µM), MGD-28 (1, 10 µM), 
pomalidomide (10 µM) and CC-220 (1 µM) for 4 h. After-
ward, the cells were washed with PBS three times and 
lysed using 8  M UA (8  M urea, 100mM Tris-HCl, pH 
8.0) containing complete protease inhibitor tablets. The 
supernatant was then collected by centrifuging the lysed 
cells at 14,000 rpm for 15 min at 4 °C. The collected super-
natant was reduced with 10 mM Tris (2-carboxyethyl) 
phosphine hydrochloride solution (TCEP) at room tem-
perature for 30 min, followed by cysteine alkylation with 
50 mM 2-chloroacetamide (CAA) at room temperature 
for 30  min. Subsequently, the denatured proteins were 
digested overnight at 37 °C using trypsin (at a 1:50 ratio 
of enzyme to protein). The reactions were quenched by 
adding formic acid (FA) to a final concentration of 0.1%. 
To identify substrates targeted by MGD-4, MGD-28, 
or other IMiDs, samples were desalted and subjected 
to label-free proteomics analysis. For the investigation 
of substrates involved in IMiDs resistance mechanisms, 
samples were desalted, then labeled with TMTproTM-
16plex reagents, and subsequently combined and desalted 
again for mass spectrometry analysis. TMT labeling steps 
were performed according to the manufacturer’s instruc-
tions, and the labeling channel design was described as 
followed: 126 QC; 127 N, 127 C, 128 N, 128 C, and 129 N 
represented five biological replicates of wild-type cells; 
129 C, 130 N, 130 C, 131 N, and 131 C represented five 
biological replicates of cells resistant to lenalidomide; 

132 N, 132 C, 133 N, 133 C, and 134 N represented five 
biological replicates of cells resistant to pomalidomide.

LC–MS/MS analysis  For samples to identify the sub-
strates of MGD-4, MGD-28, and other IMiDs, the cor-
responding peptide mixtures were analyzed using an 
EASY-nLC 1200 liquid chromatography system (Thermo 
Fisher Scientific) with a home-made 15 cm C18 column 
(ID 150 μm, 1.9 μm, 100 Å). Peptide separation was car-
ried out over a 78-minute gradient at a constant flow rate 
of 600nL/min: 7–12% B in 8  min, 12–32% B in 45  min, 
32–45% B in 13 min, 45–95% B in 2 min, followed by a 
10-minute hold at 95% B (Buffer A: 0.1% FA, Buffer B: 
0.1% FA in 80% acetonitrile), with an additional 15-minute 
wash. The peptide mixture was analyzed using an Orbi-
trap Fusion mass spectrometer (Thermo Fisher Scientific). 
MS data were acquired using a data-dependent acquisi-
tion (DDA) method, with a dynamic exclusion duration 
of 18 s. For the MS1 scan, mass spectra were acquired in 
the positive-ion mode in the range of 300–1400 m/z, with 
a maximum ion injection time of 50ms and a resolution of 
120,000 at m/z 200. Fragmentation of precursor ions was 
achieved by higher-energy collision dissociation (HCD) 
with a normalized collision energy of 33%. The MS2 spec-
tra were acquired with an automatic gain control target 
value of 1.0e4 and a maximum injection time of 35 ms.

For samples to investigate the resistance mechanisms 
of lenalidomide and pomalidomide, the corresponding 
samples were analyzed using Orbitrap Exploris 480 mass 
spectrometer coupled with a high-field asymmetric wave-
form ion mobility spectrometer using − 45 V and − 65 V. 
The peptides were trapped in a home-made 2 cm solid-
phase extraction column (ID 100  μm) and separated by 
a home-made 20 cm C18 column (ID 75 μm, 1.9 μm, 100 
Å) with a constant flow rate of 300nL/min. The gradient 
was 7–12% B in 10 min, 12–30% B in 80 min, 30–45% B 
in 20  min, 45–95% B in 1  min, followed by a 9-minute 
hold at 95% B (Buffer A: 0.1% FA, Buffer B: 0.1% FA in 
80% ACN), with an additional 15-minute wash. MS data 
were acquired using a data-dependent acquisition (DDA) 
method, with a dynamic exclusion duration of 30 s. MS1 
scan was conducted at mass range of 375–1400 m/z, with 
a maximum ion injection time of 50 ms and a resolution 
of 120,000 at m/z 200. HCD energy was 34%. The MS2 
spectra were acquired with resolution of 45,000, isolation 
window of 0.5 m/z, and maximum injection time of 120 
ms.

MS data analysis  The label-free MS raw files were ana-
lyzed using MaxQuant (version 2.0.3.0), while the TMT-
labeled MS files were analyzed using Proteome Discoverer 
(PD) (version 2.5.0.400). Both were matched against the 
UniProt Human database (downloaded in Sep 2022, con-
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taining 20398 entries). The protease was set as trypsin/P 
with a maximum of two missed cleavages. Carbamido-
methyl (C) was designated as a fixed modification, while 
Oxidation (M) and Acetyl (Protein N-term) were defined 
as variable modifications. A false discovery rate (FDR) of 
≤ 0.01 was applied at the spectra, protein, and modifica-
tion levels. All other settings remained as default. Proteins 
identified from the contaminated and reversed database 
were excluded. The protein groups results generated by 
MaxQuant and PD were subsequently analyzed in R (ver-
sion 4.2.1). Statistical analysis was performed using stu-
dent’s t-test, and p values < 0.01 were considered statisti-
cally significant.

Data availability  All the mass spectrometry proteomics 
data have been deposited to the ProteomeXchange Con-
sortium (https://proteomecentral.proteomexchange.org) 
via the iProX partner repository [36, 37] with the dataset 
identifier PXD053334.

Animal models for tumor growth
Animal research was conducted in accordance with the 
guidelines of the Animal Care and Use Committee of the 
Beijing Institute of Biotechnology. Six-week-old BALB/c 
nude mice and Non-obese diabetic Severe combined 
immunodeficiency (NOD/SCID) mice were obtained 
from SiPeiFu company, Beijing, China, and housed in a 
specific pathogen-free (SPF) animal facility. NCI-H929 
cells (5 × 106) were injected subcutaneously into the dor-
sal flank of mice. For the evaluation of our compounds 
as single agent, once the NCI-H929 tumor volume 
reached approximately 80 mm3, BALB/c nude mice were 
divided into six groups and were treated with pomalido-
mide (10 mg/kg, p.o./qd), MGD-4 (3, 10 mg/kg, p.o./qd), 
MGD-28 (3, 10  mg/kg, p.o./qd), and a vehicle control 
(10% DMSO + 10% PEG300 + 5% Tween 80 + 75% H2O, 
p.o./qd) for 18 days. For the drug synergy assays, once 
the NCI-H929 tumor volume reached approximately 80 
mm3, the BALB/c nude mice were divided into six groups 
and treated with single-agent dexamethasone (3  mg/
kg, p.o./qd), MGD-4 (3 mg/kg, p.o.qd), MGD-28 (3 mg/
kg, p.o./qd), and a vehicle control (10% DMSO + 10% 
PEG300 + 5% Tween 80 + 75% H2O, p.o./qd), as well as 
combination treatments of dexamethasone + MGD-4 
and dexamethasone + MGD-28 for 14 days. To evalu-
ate the synergistic effect of MGD-28 with bortezo-
mib/tazemetostat, once the NCI-H929 tumor volume 
reached approximately 80 mm3, the NOD/SCID mice 
were divided into six groups and treated with single-
agent MGD-28 (3  mg/kg, p.o./qd), bortezomib (1  mg/
kg, p.o./qd), tazemetostat (100  mg/kg, p.o./qd), and a 
vehicle control (10% DMSO + 10% PEG300 + 5% Tween 
80 + 75% H2O, p.o./qd), as well as combination treatments 
of MGD-28 + bortezomib and MGD-28 + tazemetostat 

for 12 days. To evaluate the synergistic effect of I-BRD9 
with MGD-28/pomalidomide, once the NCI-H929 
tumor volume reached approximately 80 mm3, the NOD/
SCID mice were divided into six groups and treated with 
single-agent pomalidomide (10  mg/kg, p.o./qd), MGD-
28 (3 mg/kg, p.o./qd), I-BRD9 (10 mg/kg, p.o./qd), and a 
vehicle control (10% DMSO + 10% PEG300 + 5% Tween 
80 + 75% H2O, p.o./qd), as well as combination treatments 
of I-BRD9 + MGD-28 and I-BRD9 + pomalidomide for 24 
days. The tumor volume was calculated using the formula 
V = (longest diameter × shortest diameter^2)/2. Tumor 
growth inhibition (TGI) was calculated to determine the 
inhibitory strength of the drugs on tumor growth. TGI 
(%) = (Vc - Vt) / (Vc - V0) × 100, where Vc is the median 
volume of the control group, Vt is the median volume of 
the treated groups at the end of the study, and V0 is the 
median volume of the control group at the start of the 
study. The body weight of the mice was measured every 
2 days. The experiment was terminated when the maxi-
mum tumor size reached approximately 1.5 cm in diam-
eter. Euthanasia was performed under deep anesthesia, 
and the tumors were then isolated from the animals, 
weighed, and photographed.

Pharmacokinetic experiments in rats
Pharmacokinetic experiments in rats  Animal experi-
ments were conducted at the Beijing Center for Drug 
Safety Evaluation, which is approved by the Institutional 
Animal Care and Use Committee of the Center. These 
experiments were conducted in accordance with the 
guidelines set forth by the Association for Assessment and 
Accreditation of Laboratory Animal Care International 
(AAALAC). Male Sprague-Dawley (SD) rats weighing 
between 180 and 210 g were obtained from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. and were 
kept in a controlled environment with regulated tem-
perature, humidity, and a 12-hour light/dark cycle. It was 
determined that live animals were necessary to achieve 
the study objectives, as no alternative methods were avail-
able. The compounds MGD-4 and MGD-28 were dis-
solved in a 5% glucose solution, with a final concentration 
of less than 2% DMSO. A total of 24 rats were randomly 
divided into four groups and administered MGD-4 and 
MGD-28 via intravenous bolus (1  mg/kg) and gavage 
(3  mg/kg), respectively. Rats in the oral administration 
group underwent a 12-hour fasting period before drug 
administration, with unrestricted access to water. Blood 
samples (0.15 mL) were continuously collected prior to 
administration and at designed time points up to 24  h 
post intravenous dosing, and oral administration. These 
blood samples were collected in heparin anticoagulation 
collection tubes, centrifuged at 4℃ for 10 min (2500 × g) 
to separate the plasma, and then stored at -20℃. Prior to 
determining the plasma drug concentration, the samples 

https://proteomecentral.proteomexchange.org
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were thawed at room temperature and a 20 µL plasma 
sample was taken for quantitative extraction. Acetoni-
trile (20 µL) and IS (propranolol 10 ng/mL, 100 µL) were 
added to precipitate the protein through vortexing. After 
centrifugation at 15,000 g for 10 min, the supernatant was 
collected and a 5 µL aliquot of the sample was injected 
into the LC-MS/MS system for drug concentration deter-
mination.

Bioanalysis method  The concentrations of MGD-4 and 
MGD-28 were determined using an LC-MS/MS system. 
The system consisted of an LC instrument (LC-20AD, Shi-
madzu) and an 8060 triple quadrupole mass spectrometer 
detector (Shimadzu, Japan). The compounds were sepa-
rated on a Phenomenex C18 column (2.1 × 50 mm, USA). 
An LC gradient was employed, which consisted of a 0.1% 
formic acid aqueous solution (v/v, mobile phase A) and 
a 0.1% formic acid in acetonitrile (v/v, mobile phase B). 
The flow rate was set at 0.6 mL/min, and the run duration 
was 4 min. The LC separation program was set as follows: 
0–0.3 min, 5% B; 0.3–2.0 min, a gradient from 5 to 95% 
B; 2.0–2.5  min, held at 95% B; 2.6  min, returned to 5% 
B. The analytes and internal standard were detected using 
positive ion spray in the multiple-reaction-monitoring 
modes (MRM). The injection volume was 5 µL. The moni-
tored precursor/product ion mass transitions were as fol-
lows: m/z 289.05/178.1 for MGD-4, m/z 596.2/307.95 for 
MGD-28, and m/z 260.1/116.1 for propranolol (IS). The 
calibration linear ranges for both MGD-4 and MGD-28 
were 1-1000 ng/mL.

Data analysis  The pharmacokinetic parameters were cal-
culated using WinNonlin 9.0 (Pharsight, CA) by noncom-
partmental method. The maximal plasma concentration 
(Cmax) and time to reach the peak (Tmax) were obtained 
directly from the observed data. The area under the plasma 
concentration-time curve (AUC) from time 0 to the last 
time point with a measurable concentration was calcu-
lated using the trapezoidal method. The area from the last 
datum point to time infinity was estimated by dividing 
the last measured plasma concentration by the terminal 
rate constant. The terminal elimination rate constant (λz) 
was calculated by log-linear regression of the terminal 
phase of the plasma concentration-time curves using at 
least three time points, and the half-life t1/2 was calculated 
from ln2/λz. Absolute bioavailability was evaluated cal-
culated as: bioavailability (F, %) = [(AUCextra−venous route /
AUCiv) × dose iv/doseextra−venous route)] ×100.

Statistical analysis was conducted by Student’s t test 
between different groups for major pharmacokinetic 
parameters (Cmax, Tmax, AUC, volume of distribution (V), 
and clearance (CL). A P-value < 0.05 was considered sta-
tistically significant.

Statistical analysis and reproducibility
All in vitro experiments were conducted in triplicate. Dif-
ferences between variables were evaluated using the Bon-
ferroni correction, two-tailed Student’s t-test or one-way 
analysis of variance (ANOVA). Statistical analyses were 
performed using SPSS 13.0 or GraphPad Prism 8.0. The 
statistical data were expressed as the mean ± standard 
deviation (SD). A P value < 0.05 was considered statisti-
cally significant for all assays.

Results
Phenotypic screening of a compound library against 
multiple hematological cancer cell lines
Use of cell-based phenotypic screening of a small mol-
ecule compound library in multiple cell lines allows for 
triaging and prioritization of hits based on their specific-
ity to cell lines. We performed library screening to detect 
the inhibition of cell viability in five hematological can-
cer cell lines (RPMI-8226, NCI-H929, MV-4-11, U937, 
and WSU-DLCL-2). This procedure was performed to 
encompass a wider range of genetic diversity and vul-
nerabilities related to cancer. As depicted in Fig.  1A 
and B, compounds were clustered based on their activ-
ity profiles across the cancer cell line panel. Notably, 
the prototypical IMiDs (thalidomide, lenalidomide, and 
pomalidomide) displayed limited potency, with half-
maximal inhibition concentrations (IC50) values in the 
micromolar range (red box). CC-122 demonstrated 
potent cytotoxicity against NCI-H929 cell lines, with an 
IC50 value below 0.33 µM (blue box). Several hits with a 
novel phthalazinone skeleton exhibited activity in NCI-
H929 and MV-4-11 cells, with IC50 values below 1 µM 
(Fig. S1A). Among the identified hits, compound MGD-
4 exhibited the most pronounced antiproliferative activ-
ity, particularly in NCI-H929 and MV-4-11 cells, with 
IC50 values below 0.33 µM. The antiproliferative efficacy 
of MGD-4 was next evaluated in a panel of MM, AML, 
and DLBCL cell lines. As illustrated in Fig.  1C, MGD-
4 displayed potent inhibitory activity, with IC50 values 
ranging from submicromolar to single-digit micromolar 
concentrations in MM and AML cell lines. These values 
were comparable to those of CC-122 and significantly 
higher than those of thalidomide, lenalidomide, and 
pomalidomide, particularly in AML cell lines. In DLBCL 
cell lines, the compounds exhibited moderate IC50 values, 
with concentrations ranging from single-digit to double-
digit micromolar values. This result indicated a low level 
of cytotoxicity against the DLBCL cell lines (Fig. S1 B). 
The ability of MGD-4 to induce cell apoptosis was inves-
tigated in subsequent. The apoptosis rates resulting from 
MGD-4 treatment at 10 µM in NCI-H929 and MV-4-11 
cells were 52.1% and 41.0%, respectively. These rates were 
significantly higher than those produced by pomalido-
mide treatment at 10 µM (35.1% and 14.8% respectively) 
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Fig. 1 (See legend on next page.)
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(Fig. 1D). In accordance with its moderate antiprolifera-
tive efficacy in WSU-DCLC-2, the apoptosis rate follow-
ing treatment with MGD-4 at 10 µM was 16.5%, whereas 
pomalidomide at 10 µM demonstrated no efficacy (Fig. 
S1C).

To investigate the targets of MGD-4 in an unbiased 
manner, we performed quantitative proteomics in NCI-
H929 cells treated with 1 µM MGD-4 for 4  h. IKZF1 
protein was significantly downregulated following MGD-
4 treatment (Fig.  1E), suggesting that MGD-4 recruits 
transcription factors related to Ikaros family and pro-
motes their ubiquitination and proteasomal degrada-
tion. To quantitatively analyze the ability and kinetics of 
MGD-4 for Ikaros family neosubstrate degradation, we 
generated HEK293T cells stably expressing neosubstrate-
HiBit using a lentivirus and investigated the degradation 
depth, kinetics, and potency of these hit compounds. The 
luminescence signals of IKZF1-, IKZF2-, and IKZF3-
HiBit were markedly reduced after treatment at concen-
trations of 0.1 and 1 µM for 24 h, with MGD-4 exhibiting 
the most robust protein degradation efficacy (Fig. S1D-
S1F). Treatment with MGD-4 led to a dose-dependent 
degradation of IKZF1 (half-maximal degradation con-
centration [DC50] = 67.2 nM, maximal degradation 
[Dmax] = 84.9%), IKZF2 (DC50 = 918.2 nM, Dmax = 64.6%), 
and IKZF3 (DC50 = 95.8 nM, Dmax = 81.2%). MGD-4 
exhibited a more potent degradation effect than pomalid-
omide on IKZF1 (DC50 = 292.9 nM, Dmax = 75.1%), IKZF2 
(DC50 > 10,000 nM), and IKZF3 (DC50 = 664.3 nM, Dmax 
= 64.1%) (Fig. 1F). Furthermore, time-dependent experi-
ments demonstrated that pomalidomide treatment at 1 
µM weakly reduced IKZF1and IKZF3 after 4 h of treat-
ment, with reductions of less than 30% and less than 
20%, respectively. In contrast, pomalidomide treat-
ment had no effect for IKZF2. However, MGD-4 dem-
onstrated a substantial reduction in IKZF1 (> 70%) and 
IKZF3 (> 50%) after 4 h of treatment, and a reduction in 
IKZF2 (> 50%) after 12 h of treatment (Fig. 1G). Similarly, 
MGD-4 exhibited higher endogenous IKZF1, IKZF2 
and IKZF3 degradation potency over pomalidomide 
at micromolar concentrations in a Cullin-dependent 

manner, as evidenced by western blotting (Fig.  1H). To 
gain insight into the molecular basis of MGD-4-directed 
substrate recruitment to CRBN, we analyzed the dock-
ing poses at the IMiD-binding sites of the IKZF1-CRBN 
complex. In our docking simulation using Schrödinger 
software, lenalidomide and pomalidomide bound to the 
IKZF1-CRBN complex in a manner consistent with the 
previously determined structures (Fig. S1G, S1H). Our 
findings indicate that MGD-4 exhibited nearly identi-
cal binding modes to those observed for lenalidomide 
and pomalidomide. This result was evidenced by the 
glutarimide ring of MGD-4 being exposed on the sur-
face of CRBN, whereas the phthalazinone ring of MGD-
4 was oriented toward the β-hairpin structure of IKZF1 
(Fig.  1I). Because lower binding energy (ΔG) indicates 
more potent bond affinity and a more stable protein 
complex, the ΔG values of the synthesized compounds 
were also determined. MGD-4-recruited CRBN complex 
exhibited a lower ΔG values of -87.76 kJ/mol compared 
with pomalidomide (-74.81  kJ/mol) and lenalidomide 
(-75.13 kJ/mol) (Fig. S1I), indicating the more stability of 
MGD-4-CRBN complex. These results collectively dem-
onstrate that MGD-4 exhibits potent antiproliferative 
effects in MM and AML cells through the CRBN-medi-
ated degradation of IKZF1, IKZF2 and IKZF3, which 
could act as a lead compound for further optimization.

Rational optimization of CK1α degraders using molecular 
dynamics
Given the pivotal role of CK1α in the development of 
hematological cancer, we assessed the effect of MGD-4 
on CK1α degradation in HEK293T cells stably express-
ing CK1α-HiBit. As illustrated in Fig. S2A, lenalidomide 
demonstrated moderate efficacy (DC50 = 3.92 µM, Dmax 
= 64.0%), whereas MGD-4 and pomalidomide exhibited 
minimal efficacy with DC50 values exceeding 10 µM. We 
next explored the potential of multi-targeted degradation 
of CK1α and Ikaros proteins to enhance efficacy, using 
our lead compound MGD-4.

Lenalidomide has been clinically approved to treat 
MDS by inducing CRBN-mediated CK1α degradation. 

(See figure on previous page.)
Fig. 1  Phenotypic screening of a compound library against multiple hematological cancer cell lines. A. Heat map of 49 compounds with IMiDs controls 
(thalidomide, lenalidomide, pomalidomide and CC-122) screened against five different cell lines (RPMI-8226, NCI-H929, MV-4-11, U937, and WSU-DLCL-2) 
for antiproliferative effects. Viability assay performed in cancer cells treated with indicated compound for 96 h to obtain IC50 values. Means of three in-
dependent experiments are shown. B. Chemical structures of thalidomide, lenalidomide, pomalidomide, CC-122 and MGD-4. C. IC50 values of MGD-4, 
thalidomide, lenalidomide, pomalidomide and CC-122 in MM and AML cell lines for 96 h. Mean ± SEM of three independent experiments is shown. D. 
Flow cytometry plot showing NCI-H929 and MV-4-11 cells treated with vehicle, MGD-4 (10 µM) or pomalidomide (Pom, 10 µM) for 3 days and cells were 
stained with Annexin V-PE and DAPI. Histograms show the relative cell percentage of apoptosis in NCI-H929 and MV-4-11 cells. Error bars denote standard 
deviations (independent experiments, n = 3), ns (no significance), **p < 0.01 (one-way ANOVA). E. Proteomics analysis of NCI-H929 cells treated for 4 h with 
MGD-4 (1 µM). F. Levels of IKZF1 (left), IKZF2 (middle) and IKZF3 (right) in engineered HEK293T (293T) cells with increasing doses of MGD-4 for 24 h as 
determined by IKZF1-, IKZF2- and IKZF3-HiBiT assay, respectively. Data shown are a representative graph of three independent experiments; mean ± SD of 
triplicates. G. Levels of IKZF1 (left), IKZF2 (middle) and IKZF3 (right) in engineered 293T cells with increasing treatment time of MGD-4 (0.1 and 1.0 µM) or 
pomalidomide (Pom, 0.1 and 1.0 µM) as determined by IKZF1-, IKZF2- and IKZF3-HiBiT assay, respectively. Error bars denote standard deviations (indepen-
dent experiments, n = 3). Student’s t test, ns (no significance), *p < 0.05, **p < 0.01. H. Western blot analysis of Ikaros family members in NCI-H929 and MV-
4-11 cells treated with the indicated compound for 24 h with or without MLN4924 1 h pretreatment. I. The docking models of MGD-4 to the IKZF1-CRBN
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The underlying molecular basis may guide the rational 
discovery of CK1α degraders. Comparison of the struc-
ture of lenalidomide-CRBN complex (PDB ID: 4TZ4) 
and crystal structure of the CRBN: lenalidomide: CK1α 
ternary complex (PDB ID: 5FQD) through molecular 
dynamics (MD) simulation showed that the conforma-
tional difference between the CRBN was manifested in 
inversion of the CRBNTry355 residue. Further analysis 
revealed that lenalidomide induced inversion of CRBN-
Tyr355 residue to enlarge the cavity of the β-hairpin struc-
ture of the CRBN. This result was reflected by the depth 
of the cavity, which increased from 0.44 Å to 0.81 Å, and 
the width of the cavity, which increased from 9.7 Å to 
11.7 Å (Fig.  2A and C). These changes helped CK1α to 
form a stable ternary complex.

To validate this hypothesis, MD simulations of lenalid-
omide and CRBN were conducted for 500 ns, and the 
distance between Tyr355 and His357 was calculated to 
characterize the inversion of the Tyr355 residue. Upon 
inversion of Tyr355, the distance between Tyr355 and 
His357 may increase. As shown in Fig. 2D, MD simula-
tion of lenalidomide with CRBN demonstrated that the 
Tyr355 underwent a flip, resulting in an increase in the 
distance between Tyr355 and His357 from approximately 
0.4 to 1.15  nm during MD simulation of 400–500 ns. 
This process helps to form a conformation-flipped stable 
“CK1α-lenalidomide-CRBN” ternary complex struc-
ture (Fig. S2 A). This phenomenon was also observed in 
the crystal structure of the CRBN: CC-92,480 complex 
(PDB ID: 8D7U), in which the CRBNTyr355 residue was 
inverted (Fig. S2 B), resulting in formation of a confor-
mation-flipped stable “CK1α-CC-92480-CRBN” ternary 
complex structure (Fig. S2C). In contrast, the distance 
between Tyr355 and His357 did not increase during MD 
simulations of MGD-4 and CRBN, and the Tyr355 resi-
due could not be inverted (Fig. 2E). These data indicate 
that CRBNTyr355 inversion plays a role in IMiDs-induced 
CK1α degradation.

Notably, further analysis of the binding pockets of 
lenalidomide for CRBN revealed that the phthalimide 
ring of lenalidomide is near the Tyr355 residue (Fig. 2C). 
We hypothesized that extension of the side chain in the 
6-CH group of the phthalimide ring could help form 
salt bridges and hydrogen bonds with CRBNAsn351 and 
CRBNHis353, and stabilize the flipped conformation of 
CRBNTyr355, enhancing the induction of CK1α degra-
dation. Thus, we designed MGD-15 and MGD-18 with 
varying extension lengths to enable further interactions 
with both CRBN and CK1α (Fig.  2F). MD simulations 
revealed that the Tyr355 residue was flipped and the dis-
tance between Tyr355 and His357 increased (Fig. 2G and 
H), resulting in the formation of stable conformation-
flipped “CK1α-MGD-15-CRBN” and “CK1α-MGD-18-
CRBN” ternary complex structures, respectively (Fig. 

S3A, S3B). MGD-15 and MGD-18-recruited CRBN com-
plexes exhibited ΔG values of -101.50 and − 119.56  kJ/
mol, respectively (Fig. S3C), suggesting that degraders 
with extended the side chain promote the formation and 
stability of degraders-recruited CRBN complexes.

To validate this result, both compounds were synthe-
sized and the degradation of CK1α was quantified in 
greater detail. MGD-15 resulted in dose-dependent deg-
radation of CK1α (DC50 = 0.97 µM, Dmax = 75.0%), and 
MGD-18 exhibited even higher efficacy (DC50 = 0.092 
µM, Dmax = 84.3%) after 24 h of treatment. These agents 
showed much higher potency compared with lenalido-
mide (DC50 = 3.92 µM, Dmax = 64.0%) (Fig. 2I). Similarly, 
for endogenous CK1α in NCI-H929 and MV-4-11 cells, 
MGD-4 and pomalidomide demonstrated no efficacy 
in inducing CK1α degradation, whereas MGD-15 and 
MGD-18 exhibited significant efficacy in inducing CK1α 
degradation compared with lenalidomide (Fig. 2J and Fig. 
S3D). MGD-15 and MGD-18 also showed a more pro-
nounced degradation capacity for IKZF1/2/3 than MGD-
4, lenalidomide, and pomalidomide. The antiproliferative 
efficacy analysis of multiple hematological cancer cell 
lines showed that MGD-15 displayed significantly higher 
inhibitory activity than MGD-4, and MGD-18 demon-
strated even greater inhibitory activity than MGD-15, 
with IC50 values ranging from double-digit nanomolar to 
submicromolar concentrations in MM, AML and DLBCL 
cell lines (Fig.  2K and Fig. S3E). These data collectively 
illustrate an MD-based approach for rational optimi-
zation of CK1α degraders, accompanied by significant 
enhancement of antiproliferative potency.

MGD-28 exhibited high antiproliferative potency and 
significant degradation effects on Ikaros proteins and 
CK1α
Building on the MD-based strategy, we further extended 
the side chain of MGD-18 by adding a substituted ben-
zene ring to obtain the degrader MGD-28 (Fig. 3A), and 
subsequently investigated the effects of MGD-28 on 
inversion of the CRBNTyr355 residue using MD simula-
tions. The results demonstrated that MGD-28 induced 
inversion of the CRBNTyr355 residue and enlarged the 
cavity of the CRBN β hairpin structure, forming a more 
stable ternary complex (Fig.  3B and C and Fig. S4A). 
Moreover, MGD-28-CRBN complex exhibited low ΔG 
values of -228.71  kJ/mol (Fig. S4B), indicating the high 
stability of MGD-28-CRBN complex. MGD-28 induced 
a more robust protein degradation of CK1α-HiBit with a 
DC50 of 7.8 nM and a Dmax of 90.1% (Fig. 3D), and treat-
ment with 1 µM MGD-28 for 4 h resulted in a significant 
reduction in CK1α by over 80% (Fig. 3E), indicating that 
MGD-28 had much higher potency than lenalidomide at 
the same concentration and treatment time. The reduc-
tion in the luminescence signals of CK1α-HiBit was 
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Fig. 2  Rational optimization of CK1α degraders using molecular dynamics. A-B. Schematic diagram of the unflipped (A) and flipped (B) CRBNTyr355 residue 
in binding pocket induced by lenalidomide. C. Lenalidomide interacts with CRBN pocket amino acids. D-E. Molecular dynamics simulation of lenalido-
mide (D) and MGD-4 (E) with CRBN at 500 ns. F. Chemical structures of MGD-15 and MGD-18. G-H. Molecular dynamics simulation of MGD-15 (G) and 
MGD-18 (H) with CRBN at 500 ns. I. Levels of CK1α in engineered 293T cells with increasing doses of lenalidomide (Len), MGD-15 and MGD-18 as deter-
mined by CK1α-HiBiT assay, respectively. Data shown are a representative graph of three independent experiments; mean ± SD of triplicates. J. Western 
blot analysis of CK1αand Ikaros family members in NCI-H929 cells treated with indicated compounds for 24 h. K. IC50 values of MGD-15 and MGD-18 in 
different hematological cancer cell lines for 96 h. Mean ± SEM of three independent experiments is shown
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Fig. 3  MGD-28 exhibited high antiproliferative potency and significant degradation effects on Ikaros proteins and CK1α. (A) Chemical structures of 
MGD-28. (B) Molecular dynamics simulation of MGD-28 with CRBN at 500 ns. (C) Schematic diagram of CRBNTyr355 residue unflipped binding pocket (left) 
and flipping binding pocket (right) induced by MGD-28. (D) Levels of CK1α in engineered 293T cells with increasing doses of MGD-28 or lenalidomide for 
24 h as determined by CK1α-HiBiT assay, respectively. Data shown are a representative graph of three independent experiments; mean ± SD of triplicates. 
(E) Levels of CK1α in engineered 293T cells with increasing treatment time of MGD-28 (1 µM) or lenalidomide (1 µM) as determined by CK1α-HiBiT assay, 
respectively. Error bars denote standard deviations (independent experiments, n = 3). Student’s t test, ns (no significance), **p < 0.01. (F) Western blot 
analysis of CK1α in NCI-H929 and MV-4-11 cells treated with the indicated compound for 24 h. (G) Levels of IKZF1 and IKZF3 in engineered 293T cells with 
increasing doses of MGD-28 for 24 h as determined by IKZF1-, IKZF2- and IKZF3-HiBiT assay, respectively. Data shown are a representative graph of three 
independent experiments; mean ± SD of triplicates. (H) Levels of IKZF1, IKZF2 and IKZF3 in engineered HEK293T cells with increasing treatment time of 
MGD-28 (1 µM) as determined by IKZF1-, IKZF2- and IKZF3-HiBiT assay, respectively. Error bars denote standard deviations (independent experiments, 
n = 3). Student’s t test, *p < 0.05, **p < 0.01. (I) Western blot analysis of Ikaros family members in NCI-H929 cells treated with increasing doses of MGD-28 
for 24 h. (J) IC50 values of MGD-28 in different hematological cancer cell lines and PBMC cells for 96 h. Mean ± SEM of three independent experiments is 
shown. K. Flow cytometry plot showing NCI-H929 and MV-4-11 cells treated with indicated doses of MGD-28, lenalidomide (Len) or pomalidomide (Pom) 
for 3 days, and cells were stained with Annexin V-PE and DAPI. Apoptosis was measured by flow cytometry using Annexin V as a marker. Error bars denote 
standard deviations (independent experiments, n = 3). Student’s t test, ns (no significance), **p < 0.01
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Fig. 4 (See legend on next page.)
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accompanied by depletion of CK1α at concentrations 
as low as 1–10 nM in NCI-H929, MV-4-11, and WSU-
DLCL-2 cells, as demonstrated in the immunoblot analy-
ses of endogenous proteins (Fig.  3F and Fig. S4C). This 
depletion was which was much more efficient than that 
observed for MGD-4 or lenalidomide. Notably, MGD-
28 also exhibited significant degradation of IKZF1 
(DC50 = 3.8 nM, Dmax = 94.1%), IKZF2 (DC50 = 56.3 nM, 
Dmax = 83.3%), and IKZF3 (DC50 = 7.1 nM, Dmax = 90.7%). 
Treatment with 1 µM MGD-28 for 4  h significantly 
reduced IKZF1 and IKZF2 by over 60%, and IKZF3 by 
over 80% (Fig.  3G and H), and potent endogenous deg-
radation of IKZF1, IKZF2, and IKZF3 by MGD-28 was 
observed in the NCI-H929, MV-4-11, and WSU-DLCL-2 
cells (Fig.  3I and Fig. S4D). Similar to lenalidomide and 
pomalidomide, MGD-4 and MGD-28 also exhibited 
minimal effects on CRBN expression (Fig. S4E, S4F). 
Moreover, MGD-28 inhibited the growth of a panel of 
hematological cancer cell lines, with IC50 values rang-
ing from single-digit nanomolar to submicromolar con-
centrations, and showed markedly reduced toxicity on 
PBMCs derived from healthy donors, with an IC50 value 
exceeding 10 µM (Fig.  3J and Fig. S4G). Furthermore, 
treatment with MGD-28 at concentrations of 10 and 100 
nM resulted in significant dose-dependent induction of 
apoptosis after three days in NCI-H929, MV-4-11, and 
WSU-DLCL-2 cells (Fig.  3K, Fig. S4H). These results 
demonstrate that MGD-28 exhibited high antiprolifera-
tive potency and a significant degradation effect towards 
Ikaros family neosubstrates and CK1α.

MGD-28 exhibited a significant degradation effect on 
IKZF1/2/3 and CK1α via a Cullin-CRBN dependent pathway
After identifying MGD-4 and MGD-28 as potent anti-
proliferative and degrading agents, we investigated 
whether this effect depended on CRBN. We initially con-
ducted a cell viability assay using wild-type and CRBN 
knockout (CRBN−/−) NCI-H929 cells. In contrast to the 
effects in wild-type NCI-H929 cells, neither MGD-4 
nor MGD-28 induced apoptosis in CRBN−/− NCI-H929 
cells (Fig.  4A and B and Fig. S5A). Furthermore, the 
antiproliferative effects of MGD-28 were significantly 

reduced in CRBN−/−NCI-H929 cells (Fig.  4C), confirm-
ing that the mechanism of action is CRBN dependent. 
To validate this hypothesis, we performed ligand com-
petition experiments in MV-4-11 cells. The cells were 
treated with varying doses of MGD-28 in the presence 
of high concentrations of pomalidomide (10 µM). Excess 
pomalidomide saturated the CRBN-binding site, render-
ing it inaccessible to other CRBN modulators and abro-
gating the antiproliferative and degradation effects of 
MGD-28 (Fig.  4D and E). In addition, CRBN knockout 
and cotreatment with MLN4924 (a NEDD8-activating 
enzyme inhibitor), the proteasome inhibitor MG132, or 
pomalidomide prevented the degradation of substrates. 
This observation suggests that the degradation process 
depends on a Cullin-CRBN dependent pathway (Fig. 4E 
and Fig. S5B). For Immunoblot analysis, NCI-H929 and 
MV-4-11 cells were treated with cyclohexamide (CHX, 
100  µg/mL) for the indicated periods, and the cells 
were pretreated with dimethyl sulfoxide or MGD-28 for 
30 min. As shown in Figure S5C, MGD-28 decreased the 
protein half-life of CK1α and IKZF1/2/3, indicating that 
MGD-28 promotes multiple neosubstrates destruction.

CK1α regulates the stability of MDM2/MDM4 and 
TP53 [18]. Therefore, we further investigated the effects 
of MGD-28 on the p53-regulated pathway. Treatment 
with increasing doses of MGD-28 significantly increased 
the protein levels of p53, CDKN1A/p21, and MDM2 
after 48 h in both NCI-H929 and MV-4-11 cells, as well 
as increased the mRNA levels of p21 and MDM2 (Fig. 4F 
and G and Fig. S5D-S5F), indicating that MGD-28 acti-
vates the p53 pathway by degrading CK1α. We next uti-
lized the degradation-resistant mutant CK1αG40N, which 
cannot engage lenalidomide-bound CRL4CRBN [38]. As 
shown in Fig. 4I and Figure S5G, MGD-28 and lenalid-
omide could not degrade the CK1αG40N mutant, which 
blocked the upregulation of p53 and p21. Furthermore, 
cells expressing the CK1αG40N mutation showed a signifi-
cantly reduced response to MGD-28 and lenalidomide 
compared with cells containing the vector or wild type 
CK1α (Fig. 4J and Fig. S5H, S5I), confirming that MGD-
28 mediated degradation of CK1α contributes to its anti-
proliferative effect.

(See figure on previous page.)
Fig. 4  MGD-28 exhibited a significant degradation effect on IKZF1/2/3 and CK1α via a Cullin-CRBN dependent pathway. A-B. Flow cytometry plot show-
ing wild type and CRBN–/– NCI-H929 cells treated with indicated doses of MGD-4, MGD-28 or pomalidomide (Pom) for 3 days, and cells were stained with 
Annexin V-PE and DAPI (A). Apoptosis was measured by flow cytometry using Annexin V as a marker (B). Error bars denote standard deviations (indepen-
dent experiments, n = 3). Student’s t test, ns (no significance), **p < 0.01. C. Viability of wild type and CRBN−/− NCI-H929 cells treated with MGD-28 for 96 h. 
Data shown are a representative graph of three independent experiments; mean ± SD of triplicates. D. MV-4-11 cells viability in the absence and presence 
of pomalidomide (Pom, 10 µM) for 96 h. Data shown are a representative graph of three independent experiments; mean ± SD of triplicates. E. Western 
blot analysis of CK1α, IKZF1, IKZF2 and IKZF3 degradation in NCI-H929 cells CRBN knockout, pre-treated with MLN4924, MG132 or pomalidomide for 1 h 
and treated with MGD-28 for 24 h. F. Western blot analysis of p53, p21 and MDM2 in NCI-H929 cells treated with different doses of MGD-28 for 24 h. G-H. 
PCR analysis of CDKN1A/p21 (G) and MDM2 (H) in MV-4-11 cells treated with different doses of MGD-28, lenalidomide (Len, 10 µM) or pomalidomide 
(Pom, 10 µM) for 24 h. Error bars denote standard deviations (independent experiments, n = 3). Student’s t test, ns (no significance), **p < 0.01. I. Western 
blot analysis of CK1α, p53, and p21 in NCI-H929 cells overexpressing CK1α WT, CK1α G40N, or vector control treated with lenalidomide (Len, 10 µM) or 
MGD-28 (1 µM). J. NCI-H929 cells overexpressing CK1α WT, CK1α G40N, or vector were treated with MGD-28. Data shown are a representative result of 
three independent experiments; mean ± SD of triplicates.
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MGD-28 exhibited high efficiency in MM tumor xenograft 
with favorable pharmacokinetic properties
In vivo studies were conducted to further examine the 
efficacy of MGD-4 and MGD-28 in BALB/c nude mice 
bearing MM xenograft tumors. These studies were based 
on the exceptionally potent antiproliferative and deg-
radation effects observed in vitro. The pharmacokinetic 
(PK) properties of MGD-4 and MGD-28 were also evalu-
ated. Following a single intravenous (i.v.) administration 
at dose of 1  mg/kg, we observed low to medium clear-
ance values and distribution volume values of 1.91 and 
5.79 L/h/kg, 1.73 and 10.22 L/kg in rats for MGD-4 and 
MGD-28, respectively. These PK parameters indicate sat-
isfied the exposure and limited distribution beyond the 
circulation compartment. Following a single oral dose of 
3  mg/kg, the times to peak plasma concentrations were 
approximately 0.3 and 0.7  h for MGD-4 and MGD-28, 
respectively, suggesting rapid absorption. Furthermore, 
the favorable oral bioavailability values of MGD-4 and 
MGD-28 were 82.5% and 36.7%, respectively (Fig. 5A and 
Fig. S6A).

Based on the overall PK profile of the degraders, a 
pharmacodynamic study was conducted involving oral 
route of administration and two dosing regimens: 3 and 
10 mg/kg once per day (Fig. 5B). As illustrated in Fig. 5C, 
compared with the vehicle, daily oral administration 
of MGD-4 and MGD-28 at a dose of 3  mg/kg resulted 
in tumor growth inhibition (TGI%) values of 66.5% and 
85.5%, respectively, after 10 days of treatment in NCI-
H929 xenograft tumors. Higher doses of MGD-4 (10 mg/
kg) significantly inhibited tumor growth, with a TGI% 
value of 92.8%, which surpassed that of pomalidomide 
(80.1%, 10  mg/kg). A higher dose of MGD-28 (10  mg/
kg) led to tumor regression, as reflected by the smaller 
tumor volume compared with that on the initial day. As 
the administration period was extended from 10 to 18 
days, the difference in antitumor efficacy between the 
same doses of pomalidomide, MGD-4, and MGD-28 
became more pronounced. By day 18, the volume of the 
pomalidomide (10 mg/kg) group reached approximately 
1500 mm3, whereas the MGD-4 (10 mg/kg) and MGD-
28 (3  mg/kg) groups achieved approximately half the 
tumor volume compared with the pomalidomide group. 
Moreover, MGD-28 (10  mg/kg) demonstrated consis-
tent inhibitory effects with complete tumor regression. 
Furthermore, MGD-4 (10 mg/kg) and MGD-28 (10 mg/
kg) were well tolerated in nude mice, as indicated by 
slight weight loss during the treatment period (Fig. 5D). 
Immunohistochemical (IHC) sections of the tumors were 
stained with Ki67. In accordance with the TGI studies, 
the MGD-4 and MGD-28 groups exhibited a notable 
reduction in the percentage of Ki67-positive tumor cells 
at single doses of 3 and 10 mg/kg (Fig. 5E). Furthermore, 
we conducted western blot analysis of CRBN, CK1α, 

IKZF1, IKZF2 and IKZF3 in harvested tumors from mice 
treated with in NCI-H929 tumor xenograft. As shown 
in Fig. 5F, in consistent with the in vitro studies, MGD-
4 (3, 10 mg/kg) and MGD-28 (3, 10 mg/kg) groups sig-
nificantly reduced the levels of IKZF1, IKZF2 and IKZF3 
in tumor issues, which showed more pronounced deg-
radation effect than pomalidomide. Notably, MGD-28 
(3, 10  mg/kg) dramatically reduced the level of CK1α, 
whereas MGD-4 and pomalidomide showed minimal 
efficacy on reducing CK1α protein, corroborating their 
efficacious degradation effects in vivo.

Synergetic effect of MGD-4/MGD-28 with standard 
therapeutic agents in inhibiting MM tumor growth
Several studies demonstrated that a combination of 
IMiDs and immunosuppressive steroids markedly 
enhances overall survival rates in the treatment of MM. 
Furthermore, combining IMiDs with proteasome inhibi-
tors and EZH2 inhibitors has become the standard of 
care for both newly diagnosed and relapsed/refractory 
patients with MM [39, 40], emphasizing the advantages 
of a multi-targeted therapeutic strategy for MM and 
AML. The initial investigation involved examining the 
combinational efficacy of our degraders with the immu-
nosuppressive steroid dexamethasone. As shown in 
Fig. 6A, dexamethasone (3 mg/kg) only modestly inhib-
ited tumor growth when used as a single agent in the 
NCI-H929 xenograft model, with a TGI% of 43.7% at 10 
days’ post-treatment. However, when combined with the 
degrader MGD-4 (3 mg/kg), the tumor size was signifi-
cantly reduced compared with that after monotherapy, 
with a TGI% of 90.21%. Similarly, the combination of 
dexamethasone and MGD-28 (3  mg/kg) demonstrated 
significant effects with a TGI% of 99.2%. The pronounced 
inhibitory effects of the dexamethasone + MGD-4 and 
dexamethasone + MGD-28 combinations were sustained 
throughout the continuous treatment period, and there 
were no discernible signs of body weight loss or other 
toxic effects at the applied doses (Fig.  6B). Moreover, 
immunohistochemical analysis of Ki67-stained tumor 
sections revealed that combination treatment exhibited 
a more pronounced inhibitory effect on the number of 
Ki67-positive cells, confirming efficacy of the combina-
tion (Fig. 6C).

The combination effects of the EZH2 inhibitor taze-
metostat and proteasome inhibitor bortezomib on the 
degrader MGD-28 were also investigated. Daily adminis-
tration of tazemetostat (100 mg/kg) as a single agent had 
a minimal effect on tumor growth. However, its combi-
nation with MGD-28 (3 mg/kg) led to a TGI% of 95.8%, 
whereas twice-weekly administration of bortezomib 
(1 mg/kg) as monotherapy had a limited TGI% of 29.9%. 
In contrast, the combination of bortezomib and MGD-28 
showed profound effects and resulted in tumor regression 
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(Fig. 6D and E). The final tumor weight further validated 
the efficacy of these combinations (Fig. 6F), and the sin-
gle agent and drug combinations groups exhibited no 
discernible toxicity at the doses employed, as evidenced 
by minimal fluctuations in body weight throughout the 
experiment (Fig. 6G). Moreover, the weights of the major 
organ (heart, lung, liver, stomach, and double kidney), as 
well as routine blood parameters of the mice (leukocyte, 

red blood cell, hemoglobin and platelet count) in the 
mice in each drug treatment group did not significantly 
differ from those in the control group (vehicle), indicat-
ing minimal toxicity to mice overall and at the organ 
level (Fig. S6B, S6C and Table S2). Furthermore, immu-
nohistochemical analysis of Ki67-stained tumor sections 
revealed a smaller number of Ki67-positive cells in the 
combination groups, providing further evidence of their 

Fig. 5  MGD-28 exhibited high efficiency in MM tumor xenograft with favorable pharmacokinetic properties. A. The mean pharmacokinetic parameter 
in rats for MGD-4 and MGD-28 obtained after intravenous (i.v.) and oral administration (p.o.) (mean ± SD, n = 6). B. Treatment schedule for the NCI-H929 
cells xenograft tumors model treated with vehicle, pomalidomide, MGD-4 and MGD-28, respectively. C-D. BALB/c nude mice transplanted with NCI-
H929 cells were orally administrated vehicle control, pomalidomide (Pom), MGD-4, or MGD-28 with single doses of 3 mg/kg or 10 mg/kg for 18 days. 
The change of NCI-H929 tumor volume (D) and change of body weight (E) of all mice in each group were shown (n = 8). Data are shown as mean ± SD, 
**p < 0.01 (one-way ANOVA). E. Representative images of Ki67-IHC staining in harvested tumors from each group in (B) are shown. Scale bars represent 
50 mm. F. Western blot analysis of CRBN, CK1α, IKZF1, IKZF2 and IKZF3 in harvested tumors or their mixture (#M, n = 8) from each group were shown
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significant inhibitory effects on NCI-H929 tumor growth 
(Fig.  6H). Collectively, these results indicate that the 
combination of MGD-4/MGD-28 with a standard thera-
peutic agent had a pronounced synergistic effect, demon-
strating its potential as a therapeutic approach for MM.

Proteomics analysis showed that MGD-4/MGD-28 exerted 
multiple neosubstrates degradation
Several studies have demonstrated that IMiDs facili-
tate a range of pharmacological activities by specifi-
cally degrading various neosubstrates in a variety of 
contexts [1, 4]. To further investigate the global protein 
degradation of neosubstrates induced by our degrad-
ers, we performed quantitative proteomics analysis in 

Fig. 6  Synergetic effect of MGD-4/MGD-28 with standard therapeutic agents in inhibiting MM tumor growth. A-B. BALB/c nude mice transplanted with 
NCI-H929 cells were orally administrated with single agent dexamethasone (Dex), MGD-4, MGD-28 and vehicle as well as combinational treatment of 
Dex + MGD-4 and Dex + MGD-28 for 14 days. The change of NCI-H929 tumor volume (A) and change of body weight (B) of all mice in each group were 
shown (n = 8). Data are mean ± SD, ns (no significance), **p < 0.01 (one-way ANOVA). C. Representative images of Ki67-IHC staining in harvested tumors 
from each group in (A) are shown. Scale bars represent 50 mm. D-G. NOD/SCID nude mice transplanted with NCI-H929 cells were orally administrated 
with single agent bortezomib (Bort), MGD-28, tazemetostat (Taze) and vehicle as well as combinational treatment of Bort + MGD-28 and Taze + MGD-28 
for 12 days. The change of NCI-H929 tumor volume (D), tumors’ picture (E), tumor weight (F) and change of body weight (G) of all mice in each group 
were shown (n = 7). Data are mean ± SD, ns (no significance), **p < 0.01 (one-way ANOVA). H. Representative images of Ki67-IHC staining in harvested 
tumors from each group in (D) are shown. Scale bars represent 50 mm
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Fig. 7 (See legend on next page.)
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NCI-H929 cells treated with MGD-4 (10 µM), MGD-28 
(10 µM), pomalidomide (10 µM), and CC-220 (1 µM) for 
4 h (Fig. 7A and Fig. S7A, S7B). In accordance with the 
results of in vitro studies, CK1α was significantly reduced 
(approximately 75% and 91%) by MGD-28 at 1 and 10 
µM, respectively, but not by MGD-4 and pomalidomide. 
Neosubstrates, including ZFP91, DTWD1, and IKZF1, 
were significantly reduced in response to MGD-4, MGD-
28, and pomalidomide, whereas other neosubstrates 
such as GSPT1, GSPT2, ZNF654, and ZNF276, were not 
affected (Fig.  7B). To validate the proteomic findings, 
we performed immunoblot analysis of MGD-4, MGD-
28 and IMiDs (lenalidomide, pomalidomide, CC-220 
and CC-885) in NCI-H929 and MV-4-11 cells. In agree-
ment with previous studies, ZFP91 and DTWD1 were 
degraded by pomalidomide, CC-122, and CC-885, which 
were also significantly reduced by MGD-4 and MGD-28 
at submicromolar concentrations. This result demon-
strates the ability of MGD-4 and MGD-28 to degrade 
multiple neosubstrates along with their higher potency 
compared with lenalidomide and pomalidomide. More-
over, except CC-885, these molecules did not degrade 
GSPT1 (Fig. 7C).

To determine other potential mechanisms underlying 
the antiproliferative efficacy of MGD-4 and MGD-28, we 
further investigated other potential targets. Transcription 
factors (ZFs) remain challenging drug targets because of 
the absence of druggable active sites [41]. Comprehen-
sive mapping of the ZFs library of differentially expressed 
proteins revealed that 78 ZFs were overlapped. Tran-
scription factors such as ZNFX1, ZMIZ2, MBD1, MBD3, 
and MNT, were significantly reduced after MGD-4 and 
MGD-28 treatment. Pomalidomide exhibited less pro-
nounced effects in reducing the ZMIZ2, MBD1 and 
MNT protein abundance, but significantly decreased 
the levels of ZNFX1 and MBD3. CC-220 significantly 
reduced the levels of ZMIZ2, MBD3, and MNT, while 
exhibiting moderate effects on the ZNFX1 and MBD1 
protein abundance (Fig. 7B). These findings prompted us 
to conduct further validation studies.

First, as shown in Fig. 7D, immunoblot analyses dem-
onstrated that endogenous ZNFX1, MBD1, MBD3, 

ZMIZ2 and MNT proteins were dose-dependently 
reduced by MGD-4 and MGD-28 in NCI-H929 and 
MV-4-11 cells. Furthermore, CC-220 and CC-885 exhib-
ited significant degradation effects, whereas lenalidomide 
and pomalidomide showed minimal or slight effects. 
Time-dependent experiments demonstrated that the deg-
radation effect of MGD-28 on ZNFX1, MBD1, MBD3, 
ZMIZ2 and MNT was enhanced by prolonging the incu-
bation time (Fig. 7E). Second, neither degraders (MGD-4 
and MGD-28) nor IMiDs (pomalidomide, CC-220, and 
CC-885) decreased the mRNA levels of ZNFX1, MBD1, 
MBD3, and MNT, suggesting the involvement of a non-
transcriptional regulatory mechanism. In contrast, the 
mRNA expression of ZMIZ2 was reduced by MGD-
4/MGD-28, pomalidomide, CC-220, and CC-885 treat-
ments, indicating the involvement of a transcriptional 
mechanism (Fig. 7F and Fig. S7C). CRBN knockout, addi-
tion of MLN4924, and the proteasome inhibitor MG-132 
prevented the degradation of ZNFX1, MBD1, MBD3, 
ZMIZ2, and MNT in the presence of MGD-28 (Fig. 7G 
and H). Finally, we evaluated the capacity of these pro-
teins to interact with CRBN following MGD-28 or IMiD 
treatment. We observed increased levels of endogenous 
ZNFX1, MBD1, and MBD3 that co-immunoprecipitated 
with CRBN in the presence of MGD-28, pomalidomide, 
and CC-220. In contrast, co-immunoprecipitation of 
endogenous ZMIZ2 did not change, and no co-immu-
noprecipitation of endogenous MNT was observed with 
CRBN (Fig. 7I). This result indicates that MGD-28 leads 
to CRBN-dependent ubiquitination and the subsequent 
proteasomal degradation of ZNFX1, MBD1 and MBD4. 
These findings demonstrate that MGD-4 and MGD-28 
induce the degradation of multiple neosubstrates to exert 
anti-MM and anti-leukemia effects.

MGD-28 has profound cytotoxic activity in different stage 
of MM cells and shows a broad antiproliferative profile
MM exhibits no obvious symptoms in the early stages, 
whereas advanced stages are characterized by injury 
to the bone system and represent a severe threat to 
human health, and the prognosis of patients with dis-
tal metastasis (extra-bone MM, at an advanced disease 

(See figure on previous page.)
Fig. 7  Proteomics analysis showed that MGD-4/MGD-28 exerted multiple neosubstrates degradation. A. TMT-labelled quantitative global proteomics 
analysis of NCI-H929 cells treated for 4 h with MGD-28 (1 µM). B. Heatmap showing the ratio of global neosubstrates in whole-proteome quantification. 
NCI-H929 cells were treated with DMSO, MGD-4 (1 µM, 10 µM), MGD-28 (1 µM, 10 µM), pomalidomide (Pom, 10 µM) and CC-220 (1 µM) for 4 h; quantita-
tive proteomics analysis was performed using label-free quantitative intensities (biological replicates, n = 3). Source data are provided as a source data 
file. C. Western blot analysis of neosubstrates including ZFP91, DTWD1 and GSPT1 in NCI-H929 and MV-4-11 cells treated with the indicated compound 
for 24 h. D. Western blot analysis of ZNFX1, MBD1, MBD3, ZMIZ2 and MNT in NCI-H929 and MV-4-11 cells treated with the indicated compound for 
24 h. E. Western blot analysis of ZNFX1, MBD1, MBD3, ZMIZ2 and MNT in NCI-H929 and MV-4-11 cells treated with MGD-28 (1 µM) at indicated time. F. 
qPCR analysis ZNFX1, MBD1, MBD3, ZMIZ2 and MNT in NCI-H929 cells treated with MGD-4 (1 µM), MGD-28 (1 µM), pomalidomide (10 µM), CC-220 (1 
µM) and CC-885 (1 µM) for 24 h. Error bars denote standard deviations (independent experiments, n = 3). **p < 0.01 (t-test). G. Western blot analysis of 
ZNFX1, MBD1, MBD3, ZMIZ2 and MNT expression in NCI-H929 cells CRBN knockout, pre-treated with MLN4924, MG132 or pomalidomide (Pom) for 1 h 
and treated with MGD-28 (1 µM) for 24 h. H. Western blot analysis of ZNFX1, MBD1, MBD3, ZMIZ2 and MNT expression in MV-4-11 cells pre-treated with 
MLN4924, MG132 or pomalidomide for 1 h and treated with MGD-28 (1 µM) for 24 h. I. Immunoprecipitation of ZNFX1, MBD1, MBD3, ZMIZ2 and MNT in 
NCI-H929 cells treated with DMSO, MGD-28 (0.1, 1 µM), pomalidomide (Pom, 10 µM) and CC-220 (1 µM) for 2 h
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Fig. 8 (See legend on next page.)
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stage) remains poor [2]. Thus, we investigated the effect 
of MGD-28 on different stages of MM cells. First, the 
expression of CBRN, IKZF1, IKZF2, IKZF3 and CK1α 
in MM clinical specimens was examined using qPCR, 
respectively. As shown in Fig. 8A and D, the expression 
level of IKZF1, IKZF2, IKZF3 and CK1α in intraosse-
ous samples was significantly lower than that in the 
other three MM specimens, and highest in extra-bone 
tumor samples. In clinical specimens from all 4 stages, 
the expression of these factors increased with disease 
progression. Although the expression level of CBRN 
was similar among intraosseous samples, blood and 
bone tumor samples, its expression in extra-bone tumor 
samples was significantly increased (Fig.  8E), indicating 
the essential roles of these factors in MM progression. 
Next, we evaluated the antiproliferative effect of MGD-
28 on various stage of MM patient-derived cell (PDC) 
lines including PDC-1 (intraosseous MM), PDC-3 (MM 
cells separated from patients’ blood), PDC-5 (MM cells 
separated from the tumor tissues in bone) and PDC-7 
(Extra-bone tumor). As shown in Fig.  8F and G, MM 
PDCs showed a gradual decrease in their sensitivity to 
MGD-28 and pomalidomide with disease progression. 
MGD-28 efficiently reduced the survival of the four PDC 
lines of MM cells, with IC50 values range from the digit 
nanomolar to submicormolar levels; these effects were 
approximately 100-fold stronger than that of pomalido-
mide. Notably, MGD-28 showed much lower activity 
against normal primary B cells obtained from the three 
patients with MM (Fig. 8H). Similarly, both MGD-4 and 
MGD-28 demonstrated minimal effect on normal pri-
mary B cells obtained from two healthy individuals, with 
IC50 values over 10 µM (Fig. S8A, S8B). Furthermore, 
MGD-28 significantly induced PDC-7 apoptosis in a 
dose-dependent manner, exhibiting much higher potency 
than the minimal effects of lenalidomide and pomalido-
mide (Fig.  8I). In addition, endogenous IKZF1, IKZF2, 
IKZF3, and CK1α were effectively degraded following 
MGD-28 treatment 100 nM (Fig. 8J).

Given that MGD-28 degradedIKZF1/2/3 and CK1α, 
we assessed whether it possessed broad spectrum or 
selective antiproliferative effects across a diverse range 
of human cancers, including 46 human solid cancer cell 
lines. Remarkably, MGD-28 potently inhibited the viabil-
ity of multiple cell lines derived from solid tumors, such 
as breast and liver cancer cells, with IC50 values ranging 

from double-digit nanomolar to single-digit micromo-
lar levels (Fig. 8K). Thus, MGD-28 shows potential as a 
treatment option for a broad spectrum of hematological 
and solid tumors. In contrast, six normal cell lines from 
different tissues were insensitive to MGD-28 (IC50 > 33 
µM), highlighting the high selectivity of MGD-28 toward 
cancer cell lines.

BRD9 activation mediates acquired resistance to IMiDs
Despite the significant improvement in the outcomes of 
patients with MM treated with IMiDs, patients develop 
resistance to these agents, frequently resulting in disease 
relapse. In addition, cell lines with acquired resistance 
have been employed in drug screening efforts to identify 
more potent CRBN binders that may overcome the resis-
tance to existing IMiDs. We constructed NCI-H929 and 
RPMI-8226 cells with acquired resistance to lenalidomide 
and pomalidomide, respectively. The IC50 values in these 
cells were increased by more than 10-fold compared with 
those in primary cells (Fig. S9A-S9D). MGD-28 retained 
its potent inhibitory efficacy at concentrations in the 
double-digit nanomolar to submicromolar range. Next, 
we examined the expression of CRBN and its substrates. 
Both cell lines exhibited comparable expression levels of 
substrates (IKZF1, IKZF2, IKZF3, and CK1α) and slightly 
decreased expression of CRBN (Fig. S9E-S9G). This result 
indicates that resistance is not associated with abnormal-
ities in CRBN or its associated neosubstrates and may 
instead be caused by activation of alternative pro-survival 
pathways.

To further elucidate the mechanisms underlying 
IMiDs resistance, we conducted proteomics analyses 
in MM cells with acquired resistance to IMiDs, which 
enabled comprehensive assessment of protein changes. 
The analysis revealed significantly increased expres-
sion of bromodomain-containing protein 9 (BRD9) in 
both lenalidomide/pomalidomide-resistant NCI-H929 
(NCI-H929Len − R/NCI-H929Pom − R) cells (Fig.  9A and 
Fig. S10A). The protein and mRNA levels of BRD9 were 
increased in resistant cells. As an essential component 
of the SWI/SNF chromatin remodeling complex, studies 
have demonstrated that BRD9 uses its bromodomain to 
stimulate c-Myc expression and AML cell proliferation. 
Given that BRD9 negatively regulates SOCS3 expres-
sion, BRD9 may influence activation of the tumor-driver 
STAT5 pathway and affects leukemic cell proliferation 

(See figure on previous page.)
Fig. 8  MGD-28 has profound cytotoxic activity in different stage of MM cells and shows a broad antiproliferative profile. A-E. The expression level of IKZF1 
(A), IKZF2 (B), IKZF3 (C), CK1α (D) and CRBN (E) in MM specimens at different stages. * p < 0.05, ** p < 0.01. F-G. Viability assay of four MM PDCs (1, 3, 5, or 
7) treated with MGD-28 (F) or pomalidomide (G) for 4 days. Data shown are a representative graph of three independent experiments; mean ± SD of 
triplicates. H. Viability assay of primary B cells obtained from the 3 MM patients (MM-P1. MM-P2 and MM-P3) treated with MGD-28 for 4 days. Data shown 
are a representative graph of three independent experiments; mean ± SD of triplicates. I. Flow cytometry plot showing PDC-7 treated with indicated 
compounds for 3 days, stained with Annexin V-PE and DAPI. Histograms show the relative cell percentage of apoptosis in PDC-7. Error bars denote stan-
dard deviations (independent experiments, n = 3). Student’s t test, ns (no significance), **p < 0.01. J. Western blot analysis of PDC-7 treated with different 
concentrations of MGD-28 for 24 h. K. IC50 values of MGD-28 for the 46 solid cancer cell lines and 6 normal cell lines relative to the panel average IC50



Page 23 of 30Li et al. Journal of Hematology & Oncology           (2024) 17:77 

and survival [42, 43]. Furthermore, we observed a signifi-
cant increase in the protein and mRNA levels of c-Myc 
and STAT5 associated with BRD9 (Fig.  9B and C). We 
next investigated the effects of BRD9-mediated resis-
tance to IMiDs. First, we evaluated whether inhibition of 
BRD9 using I-BRD9, a highly selective BRD9 inhibitor, 
could overcome IMiDs resistance. Addition of I-BRD9 
successfully overcame the resistance and mediated syn-
ergistic cytotoxicity with pomalidomide and lenalido-
mide in the corresponding IMiDs-resistant NCI-H929 
and RPMI-8226 cells (Fig. 9D and Fig. S10B). In addition, 
overexpression of BRD9 resulted in strong resistance of 
MM cells (RPMI-8226, NCI-H929, and OPM-2), as evi-
denced by an approximately 5-6-fold increase in the IC50 
values for pomalidomide-induced cell death (Fig. 9E and 
F and Fig. S10C-S10E). Moreover, the combination of 
I-BRD9 and pomalidomide induced cytotoxic effects in 
wild-type NCI-H929, MV-4-11, and WSU-DLCL-2 cells, 
as evidenced by the highest single-agent (HAS) model, 
with a synergy score exceeding 10. Similar results were 
obtained for I-BRD9 and MGD-28 (Fig.  7G and H and 
Fig. S10F-S10I).

The efficacy of combination treatment in overcoming 
IMiDs resistance in vivo was assessed. As illustrated in 
Fig. 9I and J, single-agent treatment with pomalidomide 
(10 mg/kg, p.o.) had a minimal effect compared with that 
of the vehicle, indicating that the reserved resistance of 
NCI-H929Pom − R cells to pomalidomide in vivo. How-
ever, daily oral administration of I-BRD9 (10  mg/kg) as 
a single agent resulted in a modest TGI% of 47.8% with 
18 days post-treatment. In contrast, when I-BRD9 was 
combined with pomalidomide, the tumor growth of 
NCI-H929Pom − R cells was significantly reduced, with a 
TGI% of 82.3%. This result suggests that BRD9 inhibi-
tors can overcome IMiDs resistance in vivo by inhibit-
ing BRD9 activation. In accordance with the findings 
of in vitro studies, oral administration of MGD-28 at a 
dose of 3  mg/kg daily potently inhibited tumor growth, 
with a TGI% of 71.9%. Furthermore, the combination of 
I-BRD9 (10  mg/kg) and MGD-28 (3  mg/kg) resulted in 
a more profound inhibitory effect with a TGI% of 93.6%. 
The drug combination exhibited a consistent and potent 
inhibitory effect on tumor growth. Neither drug combi-
nations caused discernible toxicity at the administered 
doses, as indicated by slight fluctuations in body weight 
observed during the experiment. Furthermore, IHC sec-
tions of tumors stained with Ki67 revealed a more pro-
nounced inhibitory effect on the number of Ki67-positive 
cells in the combination group, confirming the strong 
inhibitory effect on IMiDs-resistant MM tumor growth 
(Fig. 9K). Our findings indicated that BRD9 activation is 
a pivotal factor in the regulation of IMiDs sensitivity. Fur-
thermore, BRD9 inhibition may restore IMiDs-induced 

MM cytotoxicity and enhance the anti-leukemic effects 
of IMiDs against MM and AML.

Synergy between BRD9 inhibitors and IMiDs as a 
therapeutic strategy for MM
Next, we validated the potential of co-targeting with a 
BRD9 inhibitor and CRBN for clinical MM treatment. 
First, the expression of BRD9 in MM clinical specimens 
was examined using qPCR. As shown in Fig.  10A, the 
expression of BRD9 was significantly lower in intraosse-
ous samples than in the other three MM specimens, and 
highest in extra-bone tumor samples, demonstrating that 
BRD9 is involved in tumor development and progres-
sion. Second, the expression level of BRD9 was positively 
related to the expression of IKZF1, IKZF2, IKZF3, and 
CK1αin MM specimens at different stages; the results 
are shown in a scatter plot with P values (Fig.  10B and 
E). Third, the dose-response curve for I-BRD9 com-
bined with MGD-28 revealed much higher potency than 
a single agent and strong synergistic effects on PDC-7 
viability, as evidenced by the HAS model with a syn-
ergy score of 11.93 (Fig. 10F and G). Similar results were 
observed for the combination of I-BRD9 and pomalido-
mide (Fig. 10H and I). These results improve the under-
standing of the correlation of BRD9 and neosubstrates in 
MM and may assist in the development of more effective 
therapeutic strategies involving synergy between BRD9 
inhibitors and IMiDs for MM treatment.

Discussion
In this study, phenotypic profiling of a small molecule 
compounds library in multiple hematological can-
cer cell lines revealed that, a novel lead degrader with 
phthalazinone scaffold, MGD-4, exhibited submicro-
molar antiproliferative effects in MM and AML cells 
through CRBN-mediated degradation of IKZF1, IKZF2 
and IKZF3. To enhance its potency and expand the 
range of neosubstrates that can be degraded, unbiased 
MD-based rational design, large cell-based identifica-
tion, and unbiased proteomics were employed to obtain 
a novel potent degrader MGD-28, which exhibited sig-
nificant efficacy against a broad range of hematological 
cancer cell lines with nanomolar IC50 values. In addi-
tion, MGD-28 demonstrated nanomolar DC50 potency in 
degrading IKZF1/2/3 and CK1α, markedly exceeding the 
depth, kinetics, and potency of neosubstrate degradation 
induced by lenalidomide and pomalidomide. Single-agent 
oral administration of MGD-28 and combination therapy 
with standard of care agents (dexamethasone, tazemeto-
stat, and bortezomib) significantly inhibited the growth 
of MM xenograft. Moreover, MGD-28 induced the deg-
radation of other neosubstrates (e.g. ZFP91 and DTWD1) 
degradation and CRBN-dependent proteins degrada-
tion including ZNFX1, MBD1 and MDB3. Furthermore, 
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MGD-28 exhibited preferential cytotoxic activity against 
MM cells compared with primary B cells as well as a 
broad antiproliferative profile against solid tumor cell 
lines, suggesting a wide range of potential therapeu-
tic opportunities. Finally, through unbiased proteomics 
analysis of pomalidomide-/lenalidomide-resistant MM 

cells and cell-based functional assays, we demonstrated 
that BRD9 activation decreased the sensitivity MM cells 
to IMiDs, and BRD9 inhibition restored IMiDs-induced 
MM cytotoxicity and enhanced the effects of IMiDs 
against MM and AML. In clinical MM specimens, we 

Fig. 9 (See legend on next page.)
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observed a positive correlation between BRD9 and CRBN 
at different MM stages.

CK1α has been identified as a potential target for hema-
tological indications. However, classical ATP-competitive 
CK1α inhibitors, such as TG003, IC261, D4476, and epi-
blastin A, only exhibit submicromolar to micromolar 
IC50 inhibitory activity against CK1α with moderate anti-
proliferative efficacy, along with low subtype selectivity 
[17]. In contrast, CK1α degraders notably enhance phar-
macodynamic activity both in vivo and in vitro, without 
inducing degradation of other CK1 protein subtypes. 
However, lenalidomide is the only drug approved by the 
FDA to induce CK1α protein degradation with moder-
ate efficacy. This may explain why lenalidomide shows 
meaningful clinical effects in MDS characterized by 
CK1α haploinsufficiency, but lacks efficacy against AML 
in preclinical and clinical settings. Recently, the Gray and 
Woo labs reported the production of dual CK1α/IKZF2 
degraders derived from lenalidomide [44]. Another study 
was conducted to optimize the substitution vector on 
lenalidomide to establish direct interactions with the 
degron motif, with the ultimate goal of developing selec-
tive CK1α degraders [22]. In this study, an IKZF1/2/3 
degrader, MGD-4, with a novel phthalazinone structure, 
was discovered through phenotypic profiling as the lead 
compound. The structure of the compound was modi-
fied using MD based on the CK1α-IMiD-CRBN complex 
structure and mechanism of action, resulting in the iden-
tification of CK1α degraders (MGD-15, MGD-18, and 
MGD-28). The observed outstanding improvements can 
be rationalized by inducing CRBNTyr355 residue inver-
sion to enlarge the cavity of the β hairpin structure of 
CRBN, thus promoting the formation of stable ternary 
complexes induced by these degraders. In comparison, 
MGD-15, MGD-18, and MGD-28 demonstrated supe-
rior CK1α degradation in terms of depth, kinetics, and 
potency relative to lenalidomide. The stability rank of 
the formed ternary complex directly reflects the trends 

observed in the degradation potency, validating our opti-
mization strategy.

Multiple approaches have been used to improve the 
outcomes of patients resistant to IMiDs. Overall, the 
highly effective strategies can be classified into two cat-
egories. One is to continue targeting CRBN such as by 
exploring factors associated with CRBN, CRBN-bind-
ing proteins and CRL4CRBN ligase or developing next-
generation IMiD degraders to overcome resistance. 
The other is elucidating the underlying mechanisms 
of IMiDs-resistant state and exploiting combinational 
or synthetic lethality therapies. For the former, a previ-
ous study utilized CRISPR-Cas9 screening to identify 
genes that regulate the expression of CRBN to modulate 
IMiDs sensitivity [45]. Some studies exploited a series 
of newer generation of IMiDs, including CC-220 [46], 
CC-92,480 [47], and CFT7455 [48], which exhibit high 
binding affinity to CRBN and potent degradation efficacy 
on various neosubstrates, can overcome resistance to 
the earlier-generation of IMiDs such as thalidomide and 
pomalidomide. MGD-28 demonstrated robust inhibi-
tory effects with IC50 values ranging from double-digit 
nanomolar to submicromolar levels in lenalidomide-/
pomalidomide-resistant MM cells. In addition, it exhib-
ited antitumor activity in NCI-H929-pomalidomide 
resistant tumor growth in vivo. This effect may have 
resulted from its potent, rapid, and sustained degrada-
tion of IKZF1/2/3, CK1α or other significant reduced 
neosubstrates. Although downregulation or mutations in 
CRBN have been linked to IMiDs resistance, it is impor-
tant to note that MM cells can exhibit resistance without 
CRBN dysfunction, suggesting the presence of alterna-
tive mechanisms of IMiDs resistance. For the latter, sev-
eral novel pathways and their associated small molecule 
inhibitors have been investigated. Based on current data, 
the most promising avenues for further investigation may 
be those targeting the MEK pathway [49], extra-lineage 
transcription factors such as ETV4 [50], and epigenetic 
regulators such as CRBP/EP300 [51] and EZH2 [40, 52]. 

(See figure on previous page.)
Fig. 9  BRD9 activation mediates acquired resistance to IMiDs. A. Proteomics analysis of NCI-H929 cells that were resistant to pomalidomide (Pom-R). 
B. Western blot analysis of BRD9 in NCI-H929 and RPMI-8226 cells that were resistant to lenalidomide (Len-R) and pomalidomide (Pom-R), respectively. 
C. qPCR analysis of the indicated gene expression associated BRD9 in NCI-H929 and RPMI-8226 cells that were resistant to lenalidomide (Len-R) and 
pomalidomide (Pom-R), respectively, compared with parental NCI-H929 cells. Error bars denote standard deviations (independent experiments, n = 3). 
**p < 0.01 (t-test). D. Effects of pomalidomide (Pom), lenalidomide (Len), I-BRD9 or drug combination on viability of NCI-H929 cells that were resistant to 
pomalidomide (NCI-H929Pom − R, left) and lenalidomide (NCI-H929Len − R, right), respectively. Data shown are a representative graph of three independent 
experiments; mean ± SD of triplicates. E-F. Effects of BRD9 overexpression on MM cell lines in response to pomalidomide treatment. WB analysis was 
conducted to detect BRD9 expression in MM cells that were stably transfected with empty vector (EV) or BRD9 (E). The effects of empty vector, BRD9 
overexpression on the IC50 of pomalidomide are shown in the bar graph (F). Error bars denote standard deviations (independent experiments, n = 3). 
**p < 0.01 (t-test). G. Effect of pomalidomide (Pom), MGD-28, I-BRD9 or drug combination on viability of NCI-H929 cells. Data shown are a representa-
tive graph of three independent experiments; mean ± SD of triplicates. H. Three-dimensional synergy score heatmaps for pomalidomide (Pom, left) or 
MGD-28 (right) plus I-BRD9 combination in NCI-H929 cells calculated using SynergyFinder. I-J. NOD/SCID nude mice transplanted with NCI-H929Pom − R 
cells were orally administrated with single agent I-BRD9, pomalidomide (Pom), MGD-28 and vehicle as well as combinational treatment of I-BRD9 + Pom 
and I-BRD9 + MGD-28 for 24 days. The change of NCI-H929Pom − R tumor volume (I) and change of body weight (J) of all mice in each group were shown 
(n = 7). Data are mean ± SD, ns (no significance), **p < 0.01 (one-way ANOVA). K. Representative images of Ki67-IHC staining in harvested tumors from each 
group in (I) are shown. Scale bars represent 50 mm
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Our whole-proteome analysis of MM cells with acquired 
resistance to lenalidomide and pomalidomide revealed 
significant hyperactivation of BRD9 in both lenalido-
mide- and pomalidomide-resistant NCI-H929 cells. 
Previous studies have established BRD9 as a potential 
therapeutic target for certain sarcomas and leukemia. 
BRD9 tended to be highly expressed in patient MM cells 
compared with in normal plasma cells, and higher BRD9 
expression was associated with poor overall survival [53]. 
Inhibition of BRD9 inhibits the growth and differen-
tiation of AML cells [54], whereas degradation of BRD9 
enhances the effects of several chemotherapeutic agents 
and targeted therapies against AML and MM [55]. Our 
findings indicate that overexpression of BRD9 conferred 

strong resistance in MM cells. In contrast, inhibition 
of BRD9 using I-BRD9 overcome resistance and medi-
ates synergistic cytotoxicity with IMiDs in correspond-
ing IMiD-resistant MM cells, both in vitro and in vivo. 
Moreover, analysis of MM specimens at different stages 
showed that higher BRD9 expression was associated with 
MM progression in patients with MM. Although BRD9 
expression not positively related to CRBN at different 
disease stages of MM specimens (Fig. S10J), positive 
correlation between BRD9 with various neosubstrates 
(IKZF1, IKZF2, IKZF3, CK1α) was observed. These find-
ings demonstrate the pivotal role of BRD9 in mediating 
IMiD resistance, and suggest that co-targeting BRD9 and 

Fig. 10  Synergy between BRD9 inhibitors and IMiDs as a therapeutic strategy for MM. A. The expression level of BRD9 in MM specimens at different 
stages. * p < 0.05, ** p < 0.01. B-E. The association between BRD9 and IKZF1 (B), IKZF2 (C), IKZF3 (D) and CK1α (E) in MM specimens at different stages. F. Ef-
fect of MGD-28, I-BRD9 or drug combination on viability of PDC-7. Data shown are a representative graph of three independent experiments; mean ± SD 
of triplicates. G. Three-dimensional synergy score heatmaps for MGD-28 plus I-BRD9 combination in PDC-7 calculated using SynergyFinder. H. Effect 
of pomalidomide (Pom), I-BRD9 or drug combination on viability of PDC-7. Data shown are a representative graph of three independent experiments; 
mean ± SD of triplicates. I. Three-dimensional synergy score heatmaps for pomalidomide (Pom) plus I-BRD9 combination in PDC-7 calculated using 
SynergyFinder
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CRBN is a promising therapeutic approach against MM 
and AML.

Notably, the degradation mechanisms of IMiDs against 
a multitude of substrates enable their beneficial activi-
ties to be exerted in various contexts. To investigate the 
global protein degradation of neosubstrates induced by 
our degraders, we conducted quantitative proteomics. In 
addition to IKZF1 and CK1α, expression of ZFP91 and 
DTWD1 was significantly decreased in MM and AML 
cells following MGD-4 and MGD-28 treatment. Stud-
ies have demonstrated that ZFP91 is not only essential 
for the survival of bone marrow and B cell malignancies, 
but also synergizes with IKZF1 to regulate cell survival 
in IMiDs-resistant T cell lymphomas [56, 57]. These data 
suggest that use of MGD-4/MGD-28 is be a promising 
therapeutic approach for patients with T-cell lympho-
mas patients. Furthermore, our findings indicate that 
MGD-4 and MGD-28 can induce CRBN-dependent 
ubiquitination and subsequent proteasomal degradation 
of ZNFX1, MBD1, and MBD3, and the protein level of 
them were increased during the co-immunoprecipitation 
with CRBN in the presence of MGD-28, pomalidomide, 
and CC-220, respectively. These results suggested that 
these proteins may act as IMiD-dependent CRL4CRBN 
substrates. ZNFX1 has been shown to activate intracel-
lular immune pathways [58]. ZNFX1 antisense RNA 1, a 
novel long non-coding RNA transcribed in the antisense 
orientation of ZNFX1, is upregulated in multiple cancers, 
including gastric cancer and hepatocellular carcinoma, 
contributing to cancer development and progression [59]. 
However, the role of ZNFX1 in tumorigenesis remains to 
be elucidated. A substantial body of research has demon-
strated the role of MBD1 and MBD3 in cancer develop-
ment. High MBD1 expression is associated with lymph 
node metastasis and poor survival in patients with gall-
bladder cancer. MBD1 regulates epithelial-mesenchymal 
transition (EMT) program and is involved in resistance 
to gemcitabine chemotherapy [60]. MBD3 plays a pivotal 
role in multiple facets of the colon [61], gastric [62], and 
hepatocellular carcinomas [63], particularly the EMT 
process, which facilitates metastasis and leads to unfa-
vorable prognoses. Furthermore, the levels of ZMIZ2 and 
MNT were significantly reduced by MGD-4/MGD-28 
treatment. ZMIZ2 is upregulated in triple negative breast 
cancer and promotes the progression of this cancer by 
stimulating CCL5, which affects several immune-related 
pathways, including NOD-like and Toll-like receptor 
signaling pathways [63]. MNT functions as a member 
of the MYC transcription factor network, suppresses 
MYC-driven apoptosis, and is essential for the survival 
of MYC-driven premalignant and malignant B lymphoid 
cells [64, 65]. Our findings indicate that patients with 
various malignancies harboring ZNFX1, MBD1, MBD3, 

ZMIZ2, and MNT may benefit from MGD-4 and MGD-
28 treatment.

Despite these noteworthy findings, we acknowledge 
that there are still some imperfections in our study. First, 
the phenotypic screening approach relies solely on cell 
viability, which may overlook degraders that can serve 
as promising starting points for optimizing neosubstrate 
degradation. Moreover, because MGD-28 shows a broad 
antiproliferative profile, studies are needed to investi-
gate the effects of MGD-28 as single agent or combined 
with other therapeutics in specific type of solid tumors. 
Furthermore, studies have demonstrated that IKZF2 is 
expressed in a majority of regulatory T cells, as well as 
in certain T cell and lymphocyte subsets [66], and IKZF2 
depletion enhances the anti-tumor immune response 
in mouse syngeneic tumor models [67]. Thus, explor-
ing the potential immunotherapeutic contribution of 
these degraders will reveal other promising therapies. 
Finally, although the homology between mouse CRBN 
and human CRBN is more than 97% and both mouse and 
human CRBN bind thalidomide derivatives, CRBNIle391 
in murine causes steric hindrance that prevents recruit-
ment of these neosubstrates and subsequent degradation 
in mice [68, 69], limiting investigation of their thera-
peutic activity or toxicity in vivo. MGD-4 and MGD-28 
showed high specificity for tumor cells reflected by the 
minimal antiproliferative activity against primary B cells 
isolated from healthy individuals, however, a more rel-
evant humanized mouse model (e.g., CRBNI391V mice) 
could be utilized to evaluate the toxicity and side effects 
of our degraders in preclinical studies.

Conclusion
This study offers a rationale for the application of MGD-4 
and MGD-28 in a broad range of hematologic and solid 
tumor. Additionally, MD-based strategies are useful for 
rational optimization of CK1α degraders, Degrading 
IKZF1/2/3 and CK1α is a viable therapeutic strategy, pro-
viding a foundation for the development of other degrad-
ers with an expanded array of substrates to enhance their 
functionality and efficacy.
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