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            Abstract
Lenalidomide is a highly effective treatment for myelodysplastic syndrome (MDS) with deletion of chromosome 5q (del(5q)). Here, we demonstrate that lenalidomide induces the ubiquitination of casein kinase 1A1 (CK1α) by the E3 ubiquitin ligase CUL4–RBX1–DDB1–CRBN (known as CRL4CRBN), resulting in CK1α degradation. CK1α is encoded by a gene within the common deleted region for del(5q) MDS and haploinsufficient expression sensitizes cells to lenalidomide therapy, providing a mechanistic basis for the therapeutic window of lenalidomide in del(5q) MDS. We found that mouse cells are resistant to lenalidomide but that changing a single amino acid in mouse Crbn to the corresponding human residue enables lenalidomide-dependent degradation of CK1α. We further demonstrate that minor side chain modifications in thalidomide and a novel analogue, CC-122, can modulate the spectrum of substrates targeted by CRL4CRBN. These findings have implications for the clinical activity of lenalidomide and related compounds, and demonstrate the therapeutic potential of novel modulators of E3 ubiquitin ligases.
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                    Figure 1: Lenalidomide-induced changes in ubiquitination and protein levels.[image: ]


Figure 2: Lenalidomide induces the ubiquitination of CK1α by CRL4CRBN.[image: ]


Figure 3: Ectopic CSNK1A1 overexpression reduces lenalidomide sensitivity in primary MDS del(5q) cells.[image: ]


Figure 4: Amino acid changes in CRBN explain species-specific lenalidomide effects.[image: ]


Figure 5: Effects of lenalidomide treatment on Csnk1a1+/− mouse haematopoietic cells.[image: ]


Figure 6: Substrate specificity of thalidomide analogues.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effect of lenalidomide on specific ubiquitination sites.
Median log2 ratios for different lysine residues in CK1α isoform 2, IKZF1 isoform 1, and CRBN isoform 2 for 1 or 10 µM lenalidomide-treated KG-1 cells versus DMSO-treated cells. SILAC experiments were performed in two biological replicates with flipped SILAC labelling. Only lysine residues detected in both replicates are shown. Error bars show range.


Extended Data Figure 2 Effect of lenalidomide in human cells.
a, Time course of effect of lenalidomide treatment on CK1α protein levels in KG-1 cells. b, Immunoblot of CK1α protein levels in the bone marrow (1, 2) and peripheral blood (3, 4) mononuclear cells of AML patients treated with lenalidomide as part of a clinical trial. Pre-treatment samples are taken at the screen or before the first treatment (C1D1). Subsequent time points are cycle 1 day 15 (C1D15), cycle 2 day 1 (C2D1) or cycle 1 day 8 (C1D8) of lenalidomide treatment. Further details about these patients (n = 4) can be found in Extended Data Table 2. c, MM1S, K562, and Jurkat cells were treated with different concentrations of lenalidomide for 24 h. CK1α protein levels were detected by western blot and CSNK1A1 mRNA expression levels were measured by RQ-PCR. Data are mean ± s.d., n = 3 each with three technical replicates. d, Immunoblot confirming loss of CRBN expression in 293T cells with the CRBN gene disrupted by CRIPSR-Cas9 genome editing. e, Immunoprecipitation with a CRBN-specific antibody in 293T cells treated with DMSO or 10 µM lenalidomide for 5 h in the presence of 10 µM MG132. Results in a, c, d, and e are each representative of two independent experiments. Uncropped blots are shown in Supplementary Fig. 1.


Extended Data Figure 3 Sequence determinants of CK1α degradation.
a, 293T cells were transfected with plasmids expressing Flag–CK1α isoform 1 or isoform 2 together with a human CRBN-expressing plasmid. Cells were treated with DMSO or 10 µM lenalidomide for 16 h. Cells expressing Flag–CK1α isoform 1, which contains a nuclear localization domain, were incubated in the absence or presence of the nuclear export inhibitor leptomycin B. b, 293T cells expressing Flag–CK1α isoform 2 wild-type or two different point mutations identified in patient samples were treated with DMSO or 10 µM lenalidomide for 16 h. c, Immunofluorescence for CK1α after treatment with DMSO or 10 μM lenalidomide. Enlarged area is indicated by a box in Merge. FITC channel represents staining for CK1α. No changes in CK1α localization are seen upon lenalidomide treatment. Experiment was performed twice in biological duplicate. In each condition, at least 25 cells were assessed. d, Chimaeric proteins of casein kinase 1A1 (CK1α) and casein kinase 1E (CK1ε), which shares significant homology with CK1α but is not responsive to lenalidomide, that were used in e to determine the lenalidomide-responsive region in CK1α. e, Flag-tagged (chimaeric) proteins from d were transfected in 293T cells together with a CRBN-expressing plasmid. Cells were treated with 1 µM lenalidomide for 24 h and protein was detected with a Flag-specific antibody. Data are representative of two (a, c), three (b) or four (e) independent experiments. Uncropped blots are shown in Supplementary Fig. 1.


Extended Data Figure 4 CSNK1A1 knockdown increases lenalidomide sensitivity in haematopoietic cells.
a, Knockdown validation by western blot. b–d, CD34+ cells were transduced with GFP-labelled lentivirus expressing either control shRNA targeting luciferase (b) or shRNA targeting CSNK1A1 (c, d) and treated with DMSO or 1 µM lenalidomide. The percentage of GFP+ cells was assessed by flow cytometry over time. Results are representative of 3 independent experiments each with n = 3 biological replicates.


Extended Data Figure 5 Expression of CSNK1A1 and IKZF1 in patient samples.
a, mRNA expression of CSNK1A1 in cord blood CD34+ cells infected with lentivirus expressing human CSNK1A1 or empty vector. CD34+ cells were infected with GFP-tagged lentivirus and GFP+ cells were sorted three days later. Values are mean ± s.d., n = 4 biological replicates, each with 3 technical replicates. b, mRNA expression of IKZF1 in cord blood CD34+ cells infected with lentivirus expressing IKZF1 or empty vector as in a. Values are mean ± s.d., n = 3 biological replicates, each with 3 technical replicates. c, CD34+ cells derived from patient or control bone marrow were transduced with a lentivirus expressing human IKZF1 (hIKZF1) and GFP or an empty control vector and treated with DMSO or 1 µM lenalidomide. The percentage of GFP+ cells was assessed by flow cytometry after five days for each vector-drug combination. Results are reported as a ratio of the percentage of GFP+ cells in the lenalidomide condition to the percentage of GFP+ cells in the DMSO condition. Results are combined from three experiments. d, Characteristics of patient samples used for CSNK1A1 and IKZF1 expression experiments. Results of TP53 sequencing, including exons with adequate coverage, is given in the rightmost column. All samples sequenced had wild-type TP53. ND, not done due to limited patient material. WT, TP53 exon sequence has only known benign polymorphisms.


Extended Data Figure 6 Effect of lenalidomide on mouse cells.
a, CK1α protein levels are unaffected in mouse Ba/F3 cells and primary mouse AML cells (MA9) treated with a range of lenalidomide doses. Data are representative of two independent experiments (n = 2). b, CK1α expression in bone marrow cells of mice treated with DMSO (n = 5) or lenalidomide (n = 5). c, CK1α protein levels in Ba/F3 cells transduced with empty vector, mouse Crbn, human CRBN or Crbn(I391V) and treated with lenalidomide. d, Quantification of CK1α protein levels in Ba/F3 cells using ImageJ. Graphs show the fraction of normalized CK1α protein levels as compared to control (DMSO) treated cells of the respective line. Bars represent mean ± s.e.m. from three independent experiments as in c. e, f, Effect of lenalidomide on an IKZF3–luciferase (e) and IKZF1–luciferase fusion protein (f) in 293T cells expressing human, mouse or different chimaeras or mutations of CRBN. Data are shown as mean ± s.e.m. (n = 3, biological replicates) and are representative of three (f) or five (e) independent experiments. Uncropped blots are shown in Supplementary Fig. 1.


Extended Data Figure 7 Difference electron density map of mouse residue I391 calculated in the absence of a side chain showing the favoured orientation of the residue.
The density is contoured at 3.8σ following a single round of Refmac5 refinement.


Extended Data Figure 8 Comparison of the effects of thalidomide derivatives.
a, Comparison of log2 ratios for CK1α and IKZF1 in MDS-L cells after treatment with lenalidomide or CC-122 for 24 or 72 h assessed by tandem mass tag (TMT) quantitative proteomics. Analysis was performed with n = 4 for DMSO control and n = 3 for each drug treatment time point. b, Adjusted P values for CK1α and IKZF1 proteomic data in MDS-L cells. c, Western blot validation of IKZF1 and CK1α levels in DMSO (n = 4), lenalidomide (n = 3) and CC-122 (n = 3) treated samples used for MDS-L proteomic analysis. d, Western blot validation of the effects of the different agents on CK1α and IKZF1 protein levels in KG-1 cells. e, Effect of lenalidomide, pomalidomide (Pom), and thalidomide (Thal) on protein levels of CK1α, β-catenin, and IKZF1 in KG-1 cells treated for 24 h with the indicated drug concentrations. f, Effect of CC-122 and lenalidomide on β-catenin protein levels in KG-1 cells after 72 h. g, Effect of lenalidomide on CK1α and β-catenin protein levels in HEL cells. Data are representative of two (e, g) or three (c, d) independent experiments. Uncropped blots are shown in Supplementary Fig. 1.


Extended Data Table 1 Statistically significant SILAC results with 1 μM lenalidomideFull size table


Extended Data Table 2 Characteristics of the patient samples from the AML-001 trial used in Extended Data Fig. 2bFull size table





Supplementary information
Supplementary information
This file contains Supplementary Methods (Synthesis and characterization of CC-1220); a Supplementary Note (Pharmacokinetics of lenalidomide in humansand) and Supplementary Figure 1, which shows the full uncropped scans of all Western Blots with molecular weight markers. (PDF 935 kb)


Supplementary Table 1
This file contains the full data table for KG-1 proteomics studies. Proteome tab lists the effects of 1 μM and 10 μM lenalidomide on protein levels. KGG tab lists the results of ubiquitin profiling. (XLSX 8344 kb)
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