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Abstract
Heterobifunctional molecule that recruits E3 ubiquitin ligases, such as cereblon, for targeted protein degradation is an emerging pharmacological strategy. A major unanswered question is how generally applicable this strategy is to all protein targets. In this study, we designed a multi-kinase degrader by conjugating a highly promiscuous kinase inhibitor with a cereblon-binding ligand, and used quantitative proteomics to discover 28 kinases, including BTK, PTK2, PTK2B, FLT3, AURKA, AURKB, TEC, ULK1, ITK and 9 members of the CDK family, as degradable. This set of kinases is only a fraction of the intracellular targets bound by the degrader, demonstrating that successful degradation requires more than target engagement. The results guided us to develop selective degraders for FLT3 and BTK, with potentials to improve disease treatment. Together, this study demonstrates an efficient approach to triage a gene family of interest to identify readily degradable targets for further studies and pre-clinical developments.


3.1. Introduction
Networks of protein kinases serve as the major cellular signaling conduits in cells, and dysregulation of these pathways is common in human diseases, such as cancer and autoimmune diseases. To date, the Food and Drug Administration (FDA) has approved 35 small molecule kinase inhibitors for the treatment of cancer, rheumatoid arthritis and idiopathic pulmonary fibrosis1, 2. The majority of these and other preclinical kinase inhibitors are ATP-competitive and block the ability of kinases to transfer phosphate to their substrates, while others bind outside the ATP-binding site and allosterically inhibit kinase activity.
Recently, rationally designed small molecule kinase degraders have emerged as an attractive pharmacological strategy for abrogating kinase functions. These heterobifunctional molecules act by binding a kinase target on one end and an E3 ubiquitin ligase on the other, thereby inducing ubiquitination of the target and subsequent proteosome-dependent degradation. Potential advantages of kinase degradation versus functional inhibition include prolonged cellular effects, especially for proteins with slow turnover rate, as re-synthesis takes time, and the ability to abrogate non-enzyme-dependent, or so-called ‘scaffolding’ functions of the kinase. Kinase degradation should also prevent kinase upregulation as a resistance mechanism. In addition, because degrader molecules can act catalytically to induce protein degradation3, they may not require as high intracellular concentrations as are required by traditional ‘occupancy-based’ inhibitors to achieve an effect. Furthermore, any allosteric kinase binder that may or may not affect kinase functions can be utilized for degrader design, opening up further possibilities to achieve selectivity and efficacy.
The concept of hijacking the ubiquitin proteosome system for targeted degradation was first exemplified by the Proteolysis Targeting Chimeras (PROTACs)4. However, the phosphopeptidic nature of the E3 ligase binders utilized in the early iterations of PROTACs limited their use in cell culture and in vivo, as these molecules were unstable and poorly cell penetrant. Subsequently, chemical ligands for the E3 ligase mouse double minute 2 homolog (MDM2) and cellular inhibitor of apoptosis protein 1 (cIAP1) were applied to improve the chemical properties of PROTACs (cIAP-mediated degraders were termed specific and non-genetic IAP-dependent protein erasers (SNIPERs))5, 6. However, the effects of these degraders were still modest in cellular assays. Furthermore, the cIAP1 ligand bestatin has specificity issues7, 8, and causes cIAP1 degradation9, which further limited its utility. With recent advancement in the chemical properties of E3-binding ligands—specifically, the discovery and development of immunomodulatory imide drugs (IMiDs)10 and von Hippel-Lindau (VHL) ligands11, 12 as potent chemical binders of the cereblon (CRBN) and the VHL ubiquitin ligases, respectively—bifunctional degraders begin to demonstrate potency and in vivo efficacy that promise wide-spread applications in both discovery biology and small molecule therapeutics13, 14.
To date, VHL- and CRBN-mediated protein degraders have been developed for several targets, including: BRD415-17, FKBP1216, BRD918 and for the kinases BCR-ABL19, RIPK23 and CDK920. Several reports described the importance of varying all three components of degrader molecules, namely the warhead, the linker and the E3 ligase ligand, to optimize degradation efficiency3, 17, 19. Changes in the chemical composition may affect cellular uptake and stability, two key factors that affect the efficacy of bivalent degraders. Different warheads and linker lengths also affect the orientation in which the target and the E3 ligase can be brought into proximity, which may affect ubiquitination efficiency. Despite this knowledge, the medicinal chemistry efforts for protein degraders remain largely empirical, as there is limited understanding at the molecular levels of why certain linker compositions or combinations of warheads and E3 ligase ligands give rise to better degradation efficiency. 
Recently, the crystal structure of the selective BRD4 degrader MZ1 sandwiched between the second bromodomain (BD) of BRD4 (BRD4BD2) and the VHL ligase complex provided molecular insights to the formation of ternary complex, the species that is essential for degrader-induce targeted ubiquitination. The crystal structure revealed unexpected molecular features including linker folding, linker-protein interactions as well as protein-protein interactions21. Importantly, the authors demonstrated that certain key residues of BRD4BD2 which interact with the VHL E3 ligase promote a higher cooperativity for the formation of the ternary complex, which could explain the selective degradation of BRD4 over BRD2 and BRD3, despite comparable binding affinities toward MZ1 for all three bromodomain-containing proteins21. This degrader-induced protein-protein interaction, rather than just proximity between the target protein and an E3 ligase, mirror the actions of the IMiDs22 and the splicing inhibitor sulfonamides (SPLAMs)23 at redirecting the substrate profile of an E3 ubiquitin ligase. Considering the differential cooperativity for ternary complex formation and the reports describing improved target selectivity when an inhibitor is turned into a degrader17, 19, we hypothesized that protein targets are differentially susceptible to degradation mediated by a specific E3 ligase. Hence, we reasoned, in contrast to choosing a target of interest for iterative rounds of optimization involving warheads, E3 ligands and linkers, there is great utility in surveying the ‘low-hanging fruits’ of the degrader strategy for target prioritization.
In this study, we sought to develop a methodology that would allow us to broadly survey the susceptibility of kinases to rationally designed degraders. We developed a multi-kinase degrader based on a diaminopyrimidine scaffold and identified degradable targets using an unbiased, multiplexed quantitative proteomic approach employing tandem mass tag (TMT) reagents24. This approach allowed us to identify 28 kinases as readily degradable by CRBN in two leukemic cell lines, including therapeutically relevant kinases such as FLT3, BTK and CDK4/6. Informed by this data, we were able to prepare effective target-selective degraders of FLT3, and of BTK, based upon published selective ATP-competitive ligands with relative ease. This multi-targeted degrader strategy can be generally applied to rapidly enumerate readily degradable protein targets using promiscuous small molecule baits. These experiments are also the first steps to systematically understand the factors that may determine the susceptibility of protein targets to rationally designed degraders.

3.2. Results
TL12-186 is a CRBN-dependent multi-kinase degrader. To develop a potential multi-kinase degrader, we elaborated a 2,4-diaminopyrimidine scaffold, which is a versatile ATP-site directed pharmacophore that has been exploited in numerous kinase inhibitors. In particular, we chose TAE684 as a starting point, as it is a well-characterized inhibitor of ALK that also exhibits potent binding to a number of additional kinase targets25. To further increase the promiscuity of binding to other kinases, we removed the 2-methoxy functionality from the 2-anilino hinge-binding segment, a known key selectivity determinant for this compound25. The resultant promiscuous kinase binder is termed TL13-87 (Figure 3.1a). An available crystal structure of ALK in complex with TAE684 (PDB: 2XB7)26 informed a site for polyethylene glycol (PEG) linker installation and conjugation with pomalidomide, a CRBN-recruiting IMiD analogue, to generate TL12-186 (Figure 3.1a). We chose to focus on CRBN-mediated degradation over VHL-mediated degradation in this study because the former had demonstrated better degradation capabilities against ABL and BCR-ABL19. To ensure that TL12-186 is still capable of binding to various kinases, we performed kinase-binding measurements against a panel of 468 kinases (KINOMEscan)27. Remarkably, TL12-186 displays >90% inhibition of 193 kinases at a screening concentration of 1 μM (Figure 3.1b). We also confirmed that TL12-186 displays potent binding to CRBN (IC50 = 12 nM) using an AlphaScreen engagement assay (Figure 3.1c). A negative control of the degrader, TL13-27, was synthesize by replacing the glutarimide moiety on pomalidomide with a δ-lactam moiety (Figure 3.1a). The negative control TL13-27 demonstrated a similar kinome profile but lost much affinity for CRBN (IC50 = 5.5 μM, Figure 3.1c). 


Figure 3.1. Rationally designed mutli-kinase degrader TL12-186 presents CRBN-dependent pharmacology.
(a) Chemical structures of the multi-kinase degrader TL12-186, its parental kinase inhibitor TL13-87, and its negative control analogue TL13-27.
(b) TREEspot visualization of the kinome selectivity profile of TL12-186 (1 μM).
(c) CRBN-DDB1 engagement assay by AlphaScreen, testing the ability of thalidomide, pomalidomide, TL12-186 and TL13-27 at displacing biotinylated thalidomide for CRBN-DDB1 binding at indicated concentrations. Values represent quadruplicate means ± SD.
(d) Cellular CRBN engagement assay, testing the ability of thalidomide, pomalidomide, TL12-186 and TL13-27 at preventing CRBN-mediated degradation of FKBP12F36V-Nluc luciferase at indicated concentrations. Values represent triplicate means ± SD. 
(e) 2-day proliferation assays of WT and CRBN-/- MOLM-14 cells treated with TL13-87, TL12-186 or TL13-27. Values represent duplicate means ± SD. 
(f) 2-day proliferation assays of WT and CRBN-/- MOLT-4 cells treated with TL13-87, TL12-186 or TL13-27. Values represent duplicate means ± SD. For all plots within this figure, error bars shorter than the height of the symbols are not drawn.


As these high molecular weight conjugated molecules often suffer from poor cell penetration, we developed a dual-luciferase assay to evaluate intracellular CRBN binding. TL12-186 competitively prevented the degradation of FKBP12F36V-Nluc luciferase catalyzed by dTAG-728, indicating its engagement with intracellular CRBN (Figure 3.1d). Consistent with the biochemical assay, the negative control compound TL13-27 could not engage with CRBN to rescue the degradation effect (Figure 3.1d). 
To ensure that TL12-186 exhibits CRBN-dependent degrader functions, we compared its antiproliferative activity with TL13-87 and TL13-27 in WT and CRBN-/- cell lines. The parental kinase inhibitor, TL13-87, displayed more potent inhibition of cellular proliferation relative to the degrader molecules in CRBN-/- cells, likely reflecting the poorer permeability of bifunctional degraders (Figure 3.1e, f). However, only the degrader TL12-186 exhibited a CRBN-dependent pharmacological effect, displaying 13 to 15-fold more potent inhibition of survival of the WT cells than the CRBN-/- cells (Figure 3.1e, f).

Multiple kinases are degraded by TL12-186 in MOLM-14 and MOLT-4 cells. To identify the degradable targets of TL12-186, we employed a quantitative multiplexed proteomic approach to measure changes in protein abundance in an unbiased fashion24. We compared TL12-186 (100 nM) treatment to vehicle and TL13-27 (100 nM) controls in MOLM-14 cells. The non-CRBN-binding TL13-27 controlled for changes in protein abundance not mediated by the recruitment of CRBN. A 4-hour treatment time was chosen to capture the primary CRBN-dependent degradation response. We chose 100 nM as the treatment concentration because the maximal differential anti-proliferative effects were observed between WT and CRBN-/- MOLM-14 cells at this concentration (Figure 3.1e). 
Upon TL12-186 treatment and in contrast to TL13-27 treatment (see Differential Protein Abundance Analysis under Materials and Methods), 14 out of 7559 identified proteins in MOLM-14 cells were downregulated by at least 25%, and below the 5% false-discovery rate (FDR) calculated by the Benjamini-Hochberg procedure. Notably, 12 out of the 14 degradable proteins (85.7%) were kinases: AAK1, AURKA, AURKB, BTK, CDK12, FLT3, FES, FER, PTK2, PTK2B, ULK1, and TEC (Figure 3.2a). This ratio is much higher than that of the total proteome (293 kinases out of 7559 identified proteins, 3.9%), consistent with TL12-186 acting as a kinase-targeting degrader.
To investigate the consistency of the degradable kinome by TL12-186 in a different cellular background, we performed a second proteomic analysis using MOLT-4 cells. In MOLT-4 cells, we found 23 out of 6609 identified proteins significantly downregulated by the same standard (c). Five additional proteins were significantly downregulated (FDR < 5%), but to a lesser extent (0.75 < relative abundance < 0.85). Again, kinases were enriched among the degraded proteins (22 out of the 28, 78.6%): AAK1, AURKA, AURKB, BLK, CDK2, CDK4, CDK5, CDK6, CDK7, CDK9, CDK12, CDK13, CDK17, GAK, ITK, LCK, LIMK2, MARK2, PRKAA1, PTK2B, ULK1, and WEE1.
When comparing the repertoire of degraded kinases between the cell lines, MOLT-4 cells presented a longer list than MOLM-14 cells (22 kinases vs 12 kinases; Table 3.1). This is likely due to a higher replicate number in the MOLT-4 experiment, giving rise to better statistical significance and fewer false negatives. Six kinases (PTK2B, AURKA, AURKB, AAK1, ULK1 and CDK12) were identified in both cell lines. Five and three degradable kinases are only identified in MOLM-14 cells (PTK2, BTK, TEC, FES and FER) and MOLT-4 cells (BLK, ITK and LCK), respectively. Among the 13 kinases that are significantly degraded (FDR < 5%) in MOLT-4 cells but not MOLM-14 cells, 12 of them are reduced in abundance and showed p-values below 0.02 before correction for multiple testing (moderated t-test from limma; Table 3.1). FLT3 and LIMK2 are the only two kinases that showed discrepant degradability between the two cell lines.


Figure 3.2. Quantitative multiplexed proteomics revealed 28 kinases readily degradable by TL12-186 in two leukemic cell lines.
(a) Relative abundance of 7559 proteins in MOLM-14 cells when treated with TL12-186 (100 nM) for 4 hours, versus adjusted p-values (limma, duplicates, <5% FDR after the Benjamini-Hochberg procedure). The relative abundance was normalized to DMSO treatment and in contrast to TL13-27 treatment. Red and blue circles represent significantly downregulated kinases and non-kinases, respectively. 
(b) Relative abundance of 6609 proteins in MOLT-4 cells when treated with TL12-186 (100 nM) for 4 hours, versus adjusted p-values (limma, triplicates, <5% FDR after the Benjamini-Hochberg procedure). Otherwise, as in Figure 3.2a.
(c) Relative abundance, as in Figure 3.2a, of 208 kinases in MOLM-14 cells identified by mass spectrometry, versus their KINOMEscan scores.
(d) Relative abundance, as in Figure 3.2b, of 176 kinases in MOLT-4 identified by mass spectrometry, versus their KINOMEscan scores.


Table 3.1. Kinases significantly degraded by TL12-186 in MOLM-14 and/or MOLT-4 cells based on quantitative multiplexed proteomics

	
	MOLM-14
	MOLT-4
	

	Kinase
	RAa
	p-value
	adjusted
p-valueb
	RAa
	p-value
	adjusted
p-valueb
	Kinomescan
scorec

	PTK2B
	15%
	2.76E-07
	6.94E-04
	22%
	1.17E-11
	7.71E-08
	0.3

	AURKA
	30%
	1.62E-07
	6.94E-04
	32%
	5.97E-09
	1.32E-05
	0

	PTK2
	13%
	2.54E-07
	6.94E-04
	
	
	
	0

	BTK
	11%
	3.71E-07
	7.00E-04
	
	
	
	0.3

	TEC
	14%
	1.15E-06
	1.74E-03
	
	
	
	0

	FLT3
	50%
	5.48E-06
	5.18E-03
	99%
	9.52E-01
	1.00E+00
	0.15

	FES
	44%
	5.06E-06
	5.18E-03
	
	
	
	3.2

	AAK1
	52%
	7.09E-06
	5.95E-03
	41%
	1.27E-08
	1.40E-05
	5.5

	ULK1
	36%
	1.45E-05
	1.09E-02
	47%
	1.40E-05
	4.02E-03
	0.15

	CDK12
	68%
	2.00E-05
	1.38E-02
	51%
	4.38E-08
	2.67E-05
	

	FER
	36%
	2.88E-05
	1.82E-02
	
	
	
	0.35

	AURKB
	53%
	7.93E-05
	4.61E-02
	49%
	4.45E-08
	2.67E-05
	0.25

	CDK13
	80%
	3.92E-04
	1.74E-01
	72%
	4.28E-07
	1.77E-04
	7.6

	MARK2
	73%
	4.49E-04
	1.78E-01
	84%
	4.03E-06
	1.33E-03
	2.4

	WEE1
	59%
	6.94E-04
	2.50E-01
	40%
	1.15E-09
	3.79E-06
	9.1

	CDK7
	66%
	8.94E-04
	3.07E-01
	55%
	1.01E-08
	1.36E-05
	0.1

	CDK17
	68%
	1.55E-03
	4.03E-01
	67%
	6.94E-06
	2.18E-03
	5

	GAK
	83%
	1.65E-03
	4.15E-01
	81%
	2.13E-06
	7.82E-04
	4.3

	CDK5
	74%
	1.72E-03
	4.18E-01
	58%
	5.13E-08
	2.83E-05
	16

	CDK6
	85%
	2.03E-02
	7.62E-01
	65%
	5.88E-08
	2.99E-05
	

	CDK2
	86%
	5.56E-03
	7.62E-01
	71%
	4.94E-07
	1.92E-04
	35

	CDK9
	83%
	1.50E-02
	7.62E-01
	67%
	2.75E-06
	9.56E-04
	47

	CDK4
	77%
	1.38E-02
	7.62E-01
	64%
	1.55E-05
	4.19E-03
	2.4

	PRKAA1
	82%
	4.67E-03
	7.62E-01
	82%
	2.45E-05
	6.22E-03
	0.45

	LIMK2
	110%
	4.72E-01
	8.54E-01
	63%
	6.80E-08
	3.21E-05
	16

	BLK
	
	
	
	42%
	1.03E-08
	1.36E-05
	0.45

	ITK
	
	
	
	23%
	3.69E-08
	2.67E-05
	0.15

	LCK
	
	
	
	65%
	1.27E-07
	5.60E-05
	0.15



aRA stands for relative abundance.
bAdjusted p-value represents p-value after correction for multiple-hypothesis testing using the Benjamini-Hochberg procedure. It also represents false discovery rate (FDR).
cTL12-186 was profiled at a concentration of 1 µM against a diverse panel of 468 kinases (390 non-mutants kinases). Scores are reported as a percent of the DMSO control (% control). Kinases without a score are not present in the KINOMEscan platform. The lower the score, the lower the Kd is likely to be, such that scores of zero represent strong binding to the kinase by the tested molecule.


Among the degraded non-kinase proteins, INCENP and uncharacterized protein FLJ45252 were identified in both cell lines (Figure 3.2a, b). A few more non-kinase targets were identified in MOLT-4 cells, including NDUFAB1, CCNH, CCNK, and IKZF1. The degradation of IKZF1, a known degradation target of the IMiDs, suggests that pomalidomide can partially retain its IMiD functions despite linker attachment. We examined the presence of other known targets of pomalidomide and its derivatives in our proteomic studies, including IKZF3, casein kinase 1A1 (CK1α), and GSPT110, 22, 29. All these potential targets were detected (except for IKZF3 in MOLM-14 cells), but none were significantly degraded.

Engagement by TL12-186 does not guarantee degradation. When we compared the relative abundance of all identified kinases to their biochemical affinities towards TL12-186 based on KINOMEscan, we found that almost all degradable kinases are strongly bound by TL12-186, as expected (Figure 3.2c, d). The exceptions were CDK2 and CDK9, which appeared significantly degraded but are not strongly bound by TL12-186. The weak affinity of TL12-186 toward CDK2 and CDK9 is likely a false negative result due to a lack of cyclin partners in the binding assay. TL12-186 was confirmed to inhibit CDK2/cyclin A (IC50 = 73 nM) and CDK9/cyclin T1 (IC50 = 55 nM) using a biochemical substrate phosphorylation assay (Table 3.2). We found that many targets that are potently bound by TL12-186 are not degraded, suggesting that additional factors contribute to the degradability of kinases by TL12-186. Besides KINOMEscan, we further confirmed the binding of TL12-186 to a couple degraded and non-degraded kinases using biochemical assays optimized for each specific kinase target (Table 3.2).
To ensure that some non-degraded kinases are indeed engaged by TL12-186 in cells, we employed the Kinativ platform to assess the cellular kinase engagement profile of TL12-186. CRBN-/- MOLM-14 cells were treated with TL12-186 at 100 nM, 1 µM and 10 µM or DMSO for 4 hours, followed by cell lysis and labeling by the ATP-desthiobiotin probe. The CRBN-/- line was
Table 3.2. IC50 valuesa of TL12-186 at inhibiting select kinases.

	Kinase tested
	[ATP] Tested (μM)
	IC50 (nM)

	ABL1 T315I
	Km app
	4.91

	ALK
	Km app
	14.7

	AURKA (Aurora A)
	Km app
	1.61

	BTK
	Km app
	21.7

	CDK2/cyclin A
	Km app
	73.0

	CDK7/cyclin H/MNAT1
	Km app
	19.1

	CDK9/cyclin T1
	Km app
	55.8

	FLT3 ITD
	
	10.3

	JAK2 JH1 JH2 V617F
	Km app
	3.15

	JAK2 JH1 JH2
	Km app
	1.93

	JAK3
	Km app
	3.48

	RPS6KA3 (RSK2)
	Km app
	21.6



aThe IC50 value of FLT3 ITD was obtained from LanthaScreen binding assays. The IC50 values of ABL1 T315I, ALK, AURKA, BTK, CDK2, JAK2 V617F, JAK2, JAK3 and RSK2 were obtained from Z’-Lyte activity assays. The IC50 values of CDK7 and CDK9 were obtained from Adapta assays. All assays are available from ThermoFisher Scientific (SelectScreen).


necessary for this experiment to prevent kinase degradation, which would complicate data interpretation. Two higher concentrations than 100 nM were selected because the interaction between kinases and reversible kinase binders may re-equilibrate after cell lysis, leading to an underestimation of kinase engagement. Competition between reversible kinase binders with the covalent ATP-desthiobiotin probe may also lead to an underestimation of engagement.
Only a handful of kinases were substantially engaged (>35%) by TL12-186 at 100 nM, including AURKA, AURKB, IRAK3, TEC and WEE1 (Table 3.3). All these kinases were detected and significantly degraded in our proteomic study (IRAK3 was only significant before correction for multiple testing). Meanwhile, many kinases that were significantly degraded, including BTK, FER and FES, were not strongly engaged at this concentration (Table 3.3). These results may support the hypothesis that only a small portion of the kinases needs to be engaged, and catalytic turnover facilitates degradation. However, an underestimation of kinase engagement by reversible binders using the Kinativ platform likely contributed to the results.
All kinases that were significantly degraded in MOLM-14 cells and detected by the Kinativ platform exhibited substantial engagement (>35%) when treated with 1 µM TL12-186 (Table 3.3). Thus, we think it is reasonable to assess whether the non-degraded kinases were similarly engaged by TL12-186 in cells under this condition. Indeed, INSR, JAK1, JNK1, MST1, NEK9, SLK, TAK1, TBK1 and others were substantially engagement by TL12-186 but not degraded based on our proteomic study, supporting the notion that target engagement by degrader molecules does not guarantee target degradation.

Validation of CRBN-mediated kinase degradation induced by TL12-186 treatment. To ensure the reliability of our multiplexed proteomics study, we selected a subset of the identified degradable kinases for validation by Western blotting analysis. As expected, only TL12-186, but not its components pomalidomide or TL13-87, nor the negative control TL13-27, can cause the 
Table 3.3. KiNativ profiling of TL12-186 in MOLM-14 cells (only >35% at 1µM are shown)

	Kinase
	Labeling Sitea
	TL12-186 (10µM)
	TL12-186 (1µM)
	TL12-186 (0.1µM)

	ACK
	Lys1
	81.4
	51.7
	20.3

	AMPKa1, AMPKa2
	Lys2
	91.4
	60.3
	24.6

	AurA
	Lys1
	95.1
	84.9
	67.9

	AurA
	Lys2
	94.3
	88.1
	69.9

	AurB
	Lys1
	>98
	>98
	82.1

	BTK
	Lys1
	96.7
	71.5
	1.4

	CaMKK2
	Lys1
	81.2
	50.7
	7.2

	CCRK
	Lys2
	74.1
	44.7
	26.3

	CDK7
	Lys2
	85.9
	63.3
	23.3

	Erk5
	Lys2
	96.3
	77.8
	20.7

	FER
	Lys1
	93.0
	63.6
	20.2

	FES
	Lys1
	82.7
	43.1
	32.5

	HPK1
	Lys2
	95.8
	61.3
	28.1

	INSR
	Lys1
	84.5
	50.8
	28.3

	IRAK1
	Lys2
	88.0
	50.7
	16.1

	IRAK3
	Lys1
	>98
	>98
	91.7

	JAK1 domain1
	Activation Loop
	93.3
	74.6
	22.4

	JNK1, JNK2, JNK3
	Lys2
	76.2
	42.8
	5.4

	LOK
	Lys2
	95.3
	72.0
	3.1

	MAP3K1
	Lys2
	70.8
	41.3
	10.6

	MAP4K5
	Lys1
	87.8
	48.5
	-0.7

	MLK3
	Lys2
	70.6
	38.4
	5.6

	MLK4
	Lys2
	62.5
	46.9
	13.5

	MSK2 domain1
	Lys2
	81.3
	60.1
	5.8

	MST1
	Lys1
	80.2
	56.6
	8.0

	MST1, MST2
	Lys2
	81.7
	46.6
	6.5

	NEK2
	Lys2
	91.0
	50.3
	-3.1

	NEK9
	Lys2
	79.4
	38.5
	1.2

	PCTAIRE1, PCTAIRE3
	Lys2
	63.1
	49.6
	3.9

	PCTAIRE2
	Lys2
	89.5
	71.1
	18.5

	PCTAIRE2, PCTAIRE3
	Lys1
	86.6
	61.2
	22.8

	PYK2
	Activation Loop
	40.7
	45.5
	23.2

	SLK
	Lys2
	91.6
	74.3
	16.0

	STLK3
	Lys2
	46.3
	41.7
	24.9

	TAK1
	Lys2
	72.6
	35.5
	17.5

	TBK1
	Lys1
	90.0
	84.6
	33.2

	TEC
	Activation Loop
	91.5
	86.5
	47.3

	ULK1
	Lys2
	96.6
	83.1
	31.8

	ULK3
	Lys2
	84.9
	44.0
	29.0

	Wee1
	Lys2
	87.4
	80.6
	35.8


aLys1, conserved lysine 1; Lys 2, conserved lysine 2.
degradation of the 8 selected kinases in MOLM-14 cells (Figure 3.3a, 3.4a). For the kinases tested, the magnitude of degradation agreed well with our mass spectrometry-based analysis, with PTK2B, AURKA and BTK being strongly degraded, and FLT3, AURKB and CDK7 showing weaker responses (Figure 3.3a, 3.4a; Table 3.1). We were able to reverse the degradation effect of TL12-186 by pretreating MOLM-14 cells with carfilzomib, MLN4924, and pomalidomide, respectively, demonstrating that the degradation is dependent on the CRBN-mediated ubiquitin proteasome pathway (Figure 3.3b, 3.4b). Furthermore, we demonstrated that genetic loss of CRBN expression also negates the degradation effects of TL12-186, confirming the mechanism of action of the degrader (Figure 3.3c, 3.4c). We performed the same validation process in MOLT-4 cells, and confirmed that 10 of the kinases identified in the proteomic study are bona fide degradable targets mediated by CRBN and the proteosome (Figure 3.3d, e, f and 3.4d, e, f).
	We were unable to rescue the degradation of several kinase targets by carfilzomib because these targets were already downregulated upon treatment with carfilzomib, despite confirming CRBN dependence genetically. In particular, FLT3 in MOLM-14 cells, and ITK, ULK1, and CDK4/6 in MOLT-4 cells showed this trend. It was previously reported that FLT3-ITD is degraded upon proteosome inhibition due to upregulated autophagic flux30. We did not confirm whether autophagy is also responsible for downregulating these other kinases in MOLT-4 cells.

Development of FLT3-specific degrader. Among the degradable kinases discovered, FLT3 (particularly FLT3-ITD) was of great interest to us due to its well-credentialed role as an oncogenic driver in acute myelogenous leukemia (AML)31. In approximately 30% of AML, FLT3 becomes constitutively activated due to point mutations (e.g. D835) or chromosomal translocations (e.g. FLT3-ITD)32, 33. This has motivated the development of several clinical stage FLT3 kinase inhibitors including quizartinib (AC220)34, crenolanib35, 36, and the recently 
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Figure 3.3. Western blotting validation of multi-kinase degradation induced by TL12-186, a CRBN-mediated proteosome-dependent process.
(a) Immunoblots for PTK2B, AURKA, BTK, FLT3 and GAPDH in MOLM-14 cells after 4-hour treatment of DMSO, pomalidomide (10 μM), TL13-87 (0.1 and 1 μM), TL12-186 (0.1 and 1 μM) or TL13-27 (0.1 and 1 μM).
(b) Immunoblots for PTK2B, AURKA, BTK, FLT3 and GAPDH in MOLM-14 cells pre-treated with DMSO, carfilzomib (0.4 μM), MLN4924 (1 μM) or pomalidomide (10 μM) for 4 hours, followed by 4-hour co-treatment with DMSO, or TL12-186 (0.1 μM).
(c) Immunoblots for PTK2B, AURKA, BTK, FLT3, GAPDH and CRBN in WT and CRBN-/- MOLM-14 cells after 4-hour treatment with DMSO or TL12-186 (0.1 and 1 μM). 
(d) Immunoblots for PTK2B, AURKA, ITK, WEE1 and GAPDH in MOLT-4 cells after the same treatment regimen described in Figure 3.3a.
(e) Immunoblots for PTK2B, AURKA, ITK, WEE1 and GAPDH in MOLT-4 cells after the same treatment regimen described in Figure 3.3b. 
(f) Immunoblots for PTK2B, AURKA, ITK, WEE1, GAPDH and CRBN in WT and CRBN-/- MOLT-4 cells after 4-hour treatment with DMSO or TL12-186 (0.1 and 1 μM).
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Figure 3.4. Western blotting validation of multi-kinase degradation induced by TL12-186, a CRBN-mediated proteasome-dependent process. Related to Figure 3.
(a) Immunoblots for FER, AURKB, CDK7, CDK4 and GAPDH in MOLM-14 cells after the same treatment regimen described in Figure 3.3a.
(b) Immunoblots for FER, AURKB, CDK7, CDK4 and GAPDH in MOLM-14 cells after the same treatment regimen described in Figure 3.3b. 
(c) Immunoblots for FER, AURKB, CDK7, CDK4, GAPDH and CRBN in WT and CRBN-/- MOLM-14 cells after 4-hour treatment of DMSO or TL12-186 (0.1 and 1 μM).
(d) Immunoblots for ULK1, AURKB, CDK7, LCK, CDK4, CDK6 and GAPDH in MOLT-4 cells after the same treatment regimen described in Figure 3.3a.
(e) Immunoblots for ULK1, AURKB, CDK7, LCK, CDK4, CDK6 and GAPDH in MOLT-4 cells after the same treatment regimen described in Figure 3.3b. 
(f) Immunoblots for ULK1, AURKB, CDK7, LCK, CDK4, CDK6, GAPDH and CRBN in WT and CRBN-/- MOLT-4 cells after 4-hour treatment of DMSO or TL12-186 (0.1 and 1 μM).


approved midostaurin37, among others38. Using MOLM-14 cells, which harbor the FLT3-ITD translocation39, we confirmed the time-dependent degradation of FLT3 in response to TL12-186, which was apparent after 4-8 hours of treatment (Figure 3.5a). This response was slower than the observed degradation of Aurora A, which occurred as early as 2 hours post treatment. We confirmed again the degradation effect is dependent on CRBN functions using MLN4924 and pomalidomide (Figure 3.5b). Since proteasome inhibition leads to paradoxical degradation of FLT3-ITD through autophagy30, we were unable to use carfilzomib to validate the dependency of FLT3 degradation on the proteasome as we did for Aurora A and BTK (Figure 3.5b). We investigated the contribution of the lysosomal pathway for induced FLT3 degradation using bafilomycin A1 and chloroquine. Based on the increase in FLT3 levels upon autophagy inhibition, the lysosomal pathway is likely a constitutive pathway through which endogenous FLT3 proteins get turned over. However, autophagy inhibition cannot significantly rescue the degradation of FLT3 induced by TL12-186, suggesting that the lysosomal pathway is not primarily responsible for the induced FLT3 degradation (Figure 3.5b).
We next sought to establish whether FLT3 could be efficiently degraded with a structurally distinct and more selective degrader molecule. We chose to build the degraders based on AC220, a well-characterized selective clinical-stage ATP-competitive FLT3 inhibitor34. We used the available FLT3-AC220 crystal structure (PDB: 4XUF) to inform the site for installing a PEG linker, and 9 degraders with variable linker types and lengths were explored (Figure 3.5c, 3.6a). Unexpectedly, we observed that AC220 treatment in MOLM-14 cells led to a significant increase in FLT3 levels (Figure 3.5d, e), an effect that we postulate to occur via disruption of the control over FLT3 endocytosis and degradation. While several degraders demonstrated no effects on FLT3 degradation, likely due to suboptimal linker attachments and lengths, TL13-117 and TL13-149 caused FLT3 degradation to the endogenous levels or slightly below (Figures 3.5d, e and 3.6b, c). We confirmed the resultant FLT3 levels were the combined results of FLT3 
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Figure 3.5. Design and characterization of AC220-based FLT3 degraders. 
(a) Immunoblots for FLT3, AURKA and VINC in MOLM-14 cells treated with DMSO, TL12-186 (100 nM) or TL13-27 (100 nM) for the indicated amount of time.
(b) Immunoblots for FLT3, BTK, AURKA, LC3 and GAPDH in MOLM-14 cells pre-treated with DMSO, carfilzomib (0.4 μM), MLN4924 (1 μM), pomalidomide (10 μM), bafilomycin A1 (100 nM) or chloroquine (100 μM) for 4 hours, followed by 4-hour co-treatment with DMSO, or TL12-186 (100 nM).
(c) Chemical structures of the two best AC220-based FLT3 degraders developed, TL13-117 and TL13-149.
(d) Immunoblots for FLT3, AURKA, and GAPDH in MOLM-14 cells pre-treated with DMSO or pomalidomide (10 μM) for 4 hours, followed by 12-hour co-treatment with DMSO, TL12-186 (100 nM), AC220 (100 nM), TL13-117 (100 nM), TL13-148 (100 nM) or TL13-149 (100 nM).
(e) Immunoblots for FLT3 and α-tubulin in MOLM-14 cells treated with DMSO, AC220, TL13-117 or TL13-149 at indicated concentrations for 12 hours.
(f) Immunoblots for FLT3, BTK, PTK2B, AURKA and GAPDH in MOLM-14 cells treated with DMSO, TL12-186 (100 nM), AC220 (100 nM), TL13-117 (100 nM) or TL13-149 (100 nM) for 8 hours.


Figure 3.5 (continued).
(g) Immunoblots for FLT3 and GAPDH in MOLM-14 cells treated with DMSO, AC220 or TL13-117 at indicated concentrations for 12 hours.
(h) 2-day proliferation assays of WT and CRBN-/- MOLM-14 cells treated with AC220, TL13-117 or TL13-149. Values represent duplicate means ± SD. Error bars shorter than the height of the symbol are not drawn.
(i) 3-day proliferation assays of WT and CRBN-/- MV4-11 cells treated with AC220, TL13-117 or TL13-149. Values represent duplicate means ± SD. Error bars shorter than the height of the symbol are not drawn.



Figure 3.6. Characterization of other AC220-based FLT3 degraders. Related to Figure 3.5.
(a) Chemical structures of AC220-based FLT3 degraders.
(b) Immunoblots for FLT3 and VINC in MOLM-14 cells pre-treated with pomalidomide (10 μM) for 4 hours, followed by 12-hour co-treatment with DMSO, AC220 (200 nM), JB-04-066 (200 nM), TL13-117 (200 nM) or TL12-186 (200 nM).
(c) Immunoblots for FLT3 and VINC in MOLM-14 cells treated with DMSO, AC220, JB-4-048, -049, -050, -066, -072 or -073 at indicated concentrations for 12 hours.


upregulation and degradation by using pomalidomide to rescue the degradation effect (Figure 3.5d). Consistent with AC220 being a more selective kinase inhibitor relative to TL12-186, we observed that neither TL13-117 nor TL13-149 exhibited degradation of Aurora A, BTK or PTK2B (Figure 3.5d, f). An extensive dose response analysis of TL13-117 revealed the hook effect, which is consistent with a ternary complex-mediated mechanism40, and demonstrated that 10- and 100-nM treatments led to the most degradation (Figure 3.5g).
We next compared the antiproliferative properties of AC220 with the AC220-based degrader molecules and investigated whether they exhibited CRBN-dependent pharmacology. In both MOLM-14 and MV4-11 cells, AC220 exhibited the greatest anti-proliferative potency with an observed IC50 approximately 5-fold lower than TL13-117 and TL13-149 (Figure 3.5h, i). By comparing the sensitivity of WT and CRBN-/- cell lines to the degraders, we showed that the extent of FLT3 degradation achieved by TL13-117 and TL13-149 provided little improvement to their antiproliferative effects (Figure 3.5h, i). 

Development of BTK-specific degrader. We next chose to develop selective degraders of BTK, a primary target of the covalent drug ibrutinib, which has demonstrated remarkable clinical efficacy in a variety of B cell-derived tumors including chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL) and Waldenström’s macroglobulinemia (WM)41. Aberrant B-cell activities in several autoimmune diseases, including rheumatoid arthritis42, systemic lupus erythematosus43, and multiple sclerosis44, also motivates the development of new pharmacological strategies to block BTK functions. 
First, we synthesized two distinct BTK degraders—one based on bosutinib, a cyanoquinoline BCR-ABL inhibitor that also inhibits the Src family and TEC family kinases, including BTK, and the other based on RN486, an aminopyridinone-based inhibitor that displays remarkable selectivity for BTK based upon its ability to occupy a selectivity pocket uniquely accessible in BTK45, 46. Again, available co-crystal structures of both compounds (PDB: 3UE4 and 4OTR) revealed the solvent exposed side of the inhibitor for linker installation. Both BTK degraders—CJH-005-067 (bosutinib-based) and DD-04-015 (RN486-based)—effectively degrade BTK after a 4-hour treatment (Figure 3.7a, b, c). An extensive dose response analysis of TL12-186 and DD-04-015 revealed that both degraders were most efficient at 100 nM (Figure 3.7d). We also confirmed that DD-04-015 selectively degrades BTK, but not other degradable targets of TL12-186, which is expected based on the selectivity of RN486 (Figure 3.7b).
We next sought to determine whether the pharmacology of the degrader would be different from that of the conventional inhibitor. We compared the antiproliferative effects of DD-04-015 with RN486 on TMD8 cells, a diffuse large B-cell lymphoma line that is highly dependent on BTK activity for survival. After 3 days of treatment, we observed that RN486 and DD-04-015 demonstrated similar anti-proliferative potencies (Figure 3.7e). To evaluate the duration of response following inhibition versus degradation, we performed an experiment where cells were treated with RN486 or DD-04-015 for 6 hours, followed by compound washout. Cell viability following washout is lower in cells treated with DD-04-015 than those treated with RN486, which suggests that the degrader could exhibit prolonged pharmacodynamic effects, likely due to BTK degradation as its primary mode of action (Figure 3.7e). Taken together, selective BTK degraders such as DD-04-015 present a new pharmacological approach to treating BTK-dependent diseases. 

3.3. Discussion
Recent advancement in the design of heterobifunctional degraders—owing to the discovery of VHL and CRBN ligands—implies that rationally designed protein degraders will likely become a valuable addition to the pharmaceutical armamentarium. However, we suspect not all proteins are equally susceptible to the degrader strategy. To quickly identify protein 

Figure 3.7. Design and characterization of bosutinib and RN486-based BTK degraders.
(a) Chemical structures of a bosutinib-based and an RN486-based BTK degrader, CJH-005-067 and DD-04-015, respectively.
(b) Immunoblots for BTK, PTK2B, AURKA, CDK7 and GAPDH in MOLM-14 cells treated with DMSO, RN486 or DD-04-015 at indicated concentrations for 4 hours.
(c) Immunoblots for BTK, AURKA and α-tubulin in MOLM-14 cells treated with DMSO, TL12-186 or CJH-005-067 at indicated concentrations for 4 hours.
(d) Immunoblots for BTK, AURKA and GAPDH in MOLM-14 cells treated with DMSO, TL12-186 or DD-04-015 at indicated concentrations for 4 hours.
(e) 3-day proliferation assays of TMD8 cells treated with RN486 or DD-04-015, with or without washout following 6 hours of treatment. Values represent triplicate means ± SD from one representative experiment. Error bars shorter than the height of the symbol are not drawn.


targets tractable for degradation, we prepared a CRBN-mediated multi-kinase degrader exploiting a promiscuous kinase binder, and identified 28 kinases as readily degradable in two leukemic cell lines using quantitative multiplexed proteomics. 
The scope of the kinome that was investigated was limited to the approximately 200 kinases targetable by TL12-186 and the kinases present in MOLM-14 and MOLT-4 cells. Furthermore, as warheads and linkers may also affect the efficiency of degraders3, 17, 19, our study with TL12-186 by no means defines the degradability of every kinase. Despite these caveats, we convincingly demonstrated how this strategy quickly multiplied the number of validated degradable kinases in the literature, and allowed us to prioritize the actionable targets with great clinical impacts for further medicinal chemistry efforts. Knowing that a target is degradable is also conducive to the medical chemistry campaign, as there is at least a positive-control degrader to serve as a benchmark for structure-activity relationship studies.
	Within the study, two systems were particularly useful for ensuring on-target mechanisms: (1) CRBN-/- cell lines and (2) negative degrader controls unable to bind CRBN. When combining the systems to examine the antiproliferative effects of TL12-186 versus TL13-27 in WT versus CRBN-/- cell lines, we demonstrated two important facts about the degraders. First, heterobifunctional degraders are less cell-permeable in comparison to its parental target binders. It is likely a result of their higher molecular weights, floppy structures, and possibly increased compound efflux. The conclusion is also supported by our cell-based dual-luciferase assay, where thalidomide and pomalidomide exhibit more potent competition for intracellular CRBN than TL12-186. Second, the degraders can exhibit CRBN-dependent potentiation of their anti-proliferative effects due to degradation of essential genes. In certain cases, such as TL12-186 in MOLT-4 cells, multi-kinase degradation compensates for more than the loss of intracellular availability, leading to a stronger anti-proliferative effect than that of its parental inhibitor.
Among all detected kinases that were significantly degraded, two kinases—FLT3 and LIMK2—demonstrated discrepant degradability between the cell lines. When we examined the raw data of the quantitative proteomic study, we noticed that the number of peptide-spectrum match (PSM) and the total MS3 reporter ion intensities of FLT3 and LIMK2 are considerably lower in the cell line in which they are not degraded. Although the number of identified peptides and integrated ion intensities are not robust indicators of protein abundance, we propose that FLT3 and LIMK2 were not degraded in the respective cell lines due to their low protein levels. The differential expression levels of FLT3 and LIMK2 in MOLM-13 (a sister cell line of MOLM-14) and MOLT-4 cell lines are supported by the mRNA expression data from the Cancer Cell Line Encyclopedia47.
Interestingly, many degraded non-kinase proteins are associated with the degraded kinases. Specifically, INCENP is known to directly interact with Aurora B in the chromosomal passenger complex48. One possibility is that INCENP is less stable when its binding partner Aurora B is downregulated. It is also possible that INCENP is ubiquitinated due to its interaction and proximity to Aurora B. Two other components of the chromosomal passenger complex, borealin (CDCA8) and survivin (BIRC5), were unaffected. Borealin and survivin do not directly interact with Aurora B48, and the relative distance may explain why these two complex components are spared from degradation. As for uncharacterized protein FLJ45252, it is a putative protein encoded in the 3’UTR region of AAK1 kinase49. Its identity and function have otherwise been poorly characterized, and it could be an isoform of AAK1 kinase, which would explain its degradability. CCNH and CCNK, similar to the case between INCENP and Aurora B, are perhaps degraded due to their interaction with CDK7 and CDK12, two degradable targets of TL12-186, respectively. The degradation of IKZF1 but not IKZF3 by TL12-186 suggests that the interaction surface created by pomalidomide and CRBN for neo-substrate recognition can partially retain its functions despite linker attachment. This observation warrants examination of the degradation profiles of all IMiD-based degraders, especially if the studies are performed in IMiD-sensitive leukemia models.
Based on the consistency of degradable kinases between the two cell lines, we postulate that the intrinsic degradability of a kinase is largely general across cell lines. However, differences may exist due to the variable proteomic compositions. It is possible that the proteins actively regulated by the ubiquitin-mediated degradation pathways are predisposed to the degrader strategy, as Aurora kinases, WEE1 and CDKs are among the degraded kinases we identified. We also consider the possibility that proteins endogenously regulated by the cullin-RING family of E3 ligases (CRL) are more susceptible to the CRBN-mediated degrader strategy as the E3 ligases are of the same class. For example, Aurora kinases (APC/C), ULK1 (Cul3-KLHL20) and WEE1 (SCFβ-TRCP) are all CRL substrates50-53. Testing several other promiscuous degraders with different linker lengths and bifunctional ends in a variety of cell lines is necessary before we can examine these hypotheses. Factors such as protein half-life, stabilization by deubiquitinating enzymes (DUBs), distribution and density of surface lysines, compatibility of the molecular interface between the kinase and the ligase as well as cellular localization are all of interest.
The success and relative ease of preparing selective FLT3 and BTK degraders using selective FLT3 and BTK binders support that our multi-kinase degrader approach indeed identifies the ‘low-hanging fruits’ of the degrader strategy. It also demonstrates an effective strategy to convert a promiscuous degrader to a selective one. Furthermore, none of the selective FLT3 or BTK degraders were derived from the 2,4-diaminopyrimidine scaffold, suggesting that the degradability of kinases are not necessarily sensitive to the scaffold of kinase binder employed, making our discoveries conveniently extensible. 
Our evaluation of FLT3 degradation was complicated by an acute AC220-induced increase in FLT3 levels. A reversible increase of FLT3 level under prolonged treatment of FLT3 inhibitors was previously reported and attributed as a potential resistance mechanism54. However, such short-term response has not been reported. We suspect AC220 may cause FLT3 upregulation by abrogating the internalization signal when inhibiting FLT3 autophosphorylation, a regulatory mechanism common for receptor tyrosine kinases55. Unfortunately, the extent of FLT3 degradation conferred by our optimal AC220-based FLT3 degraders did not translate to an improved anti-proliferative effect. One possible reason is that the increase in FLT3 levels induced by short-term AC220 treatment is a dynamic signaling response that does not confer survival advantage. Another possibility is that we simply need a stronger degradation effect, one that brings FLT3 significantly below the endogenous level, similar to that achieved by TL12-186. Our future goal is to identify a more effective selective FLT3 degrader to study whether a FLT3 degrader confers longer-lasting antiproliferative response or prevents emergence of resistance.
The facile and strong degradation of BTK in BTK-expressing cell lines using degraders derived from three different scaffolds suggests that certain features of BTK make it especially susceptible to the degrader strategy. In fact, the TEC kinase family may all be especially susceptible to degradation based on our proteomics data, and it is of great importance to understand the reasons in future studies, which may involve crystallography and computational modeling.
In conclusion, our study demonstrates an efficient chemoproteomic strategy to survey the degradable kinome using a promiscuous kinase-directed heterobifunctional degrader. We quickly identified several well-validated therapeutic targets as tractable to this new mode of pharmacology, bringing the potential to improve the standard of care in the related disease areas. Our study design can be applied beyond CRBN-mediated degraders to include the VHL-mediated degraders and any new E3 ligase recruiters. Furthermore, different promiscuous binders targeting other enzyme classes or domain-containing proteins can be investigated this way. We envision that a more comprehensive annotation of the degradability of the proteome may help elucidate the key factors that determine degradation efficiency, which is crucial for establishing the degrader strategy as a widely applicable and modular platform.

3.4. Materials and methods
Cell lines. MOLM-14 and MV4-11 cells were authenticated using short tandem repeat (STR) profiling. Cell lines are routinely examined to be free of mycoplasma using the MycoAlert mycoplasma detection kit (Lonza, LT07-318). MOLM-14 cells, MOLT-4 cells, MV4-11 cells and their CRBN-/- counterparts were maintained in RPMI medium 1640 (L-glutamine; Thermo Fisher Scientific) supplemented with 10% FBS (Gibco) and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific). TMD8 cells were maintained in IMDM media supplemented with 10% FBS and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific). All cell lines were cultured at 37 °C in a humidified chamber in the presence of 5% CO2.

CRISPR Genome Editing (CRBN Knockout). The CRBN gene editing vectors were kindly provided by Dr. Georg Winter, and were generated by ligating PX458 digested by BbsI with the annealed oligonucleotide pairs, as listed:
sgCRBN-494 Forward 5’-CACCGTAAACAGACATGGCCGGCGA-3’,
sgCRBN-494 Reverse 5’-AAACTCGCCGGCCATGTCTGTTTAC-3’;
sgCRBN-496 Forward 5’-CACCGATATGCCTATCGAGAAGAAC-3’,
sgCRBN-496  Reverse 5’-AAACGTTCTTCTCGATAGGCATATC-3’.
MOLM-14 and MV4-11 cells were transfected with the CRBN-targeting CRISPR constructs using the Neon transfection system (1200V, 40ms, 1 pulse) (Thermo Fisher Scientific). GFP+ populations were single-cell sorted by FACS into 96-well plates. After 2-3 weeks, expand the cell clones that grew up from each individual wells and confirm the knockout status using both Western Blotting and PCR genotyping verified by Sanger sequencing (Genewiz). The PCR primers used for genotyping are as listed:
Forward(for locus targeted by 494): 5’-CGTGAAGCAGCTTTCCGGTG-3’
Reverse(for locus targeted by 494): 5’-GCAGGGGACGGCGTTCTGTC-3’
Forward(for locus targeted by 496): 5’-GATGCATAGCAAGGTTGGAAACCAC-3’
Reverse(for locus targeted by 496): 5’-CAACGCAGCGAGACTCCATC-3’

Antibodies. Primary antibodies used in this study include anti-AURKA (14475S, Cell Signaling), anti-AURKB (3094S, Cell Signaling), anti-BTK (8547S, Cell Signaling), anti-CDK4 (12790S, Cell Signaling), anti-CDK6 (3136T, Cell Signaling), anti-CDK7 (sc-365075, C-5, Santa Cruz), anti-CRBN (NBP191810, Novus Biologicals), anti-FER (4268, Cell Signaling), anti-FLT3 (sc-478, C-20, Santa Cruz), anti-GAPDH (2118S, Cell Signaling), anti-ITK (2380S, Cell Signaling), anti-LCK (2984T, Cell Signaling), anti-LC3 (12741T, Cell Signaling), anti-PTK2B (3090S, Cell Signaling), anti-α-tubulin (3873S, Cell Signaling), anti-VINC (Sigma, St. Louis, MO), anti-WEE1 (13084T, Cell Signaling), and anti-ULK1 (4776S, Cell Signaling). Secondary antibodies used were IRDye700-conjugated anti-rabbit IgG and IRDye800-conjugated anti-mouse IgG (Rockland, Gilbertsville, PA).

Immunoblotting. Cells were lysed with RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate, pH 7.4) supplemented with EDTA-free protease inhibitor cocktails (cOmplete, Roche) and phosphatase inhibitor cocktails (PhosSTOP, Roche) at 4 °C for at least 30 minutes. Clear lysates were collected after max speed centrifugation at 4 °C for 10 minutes, and were analyzed for protein concentration using Pierce BCA protein assay (Thermo Fisher Scientific). Lysate concentrations are normalized, mixed with 4X NuPAGE LDS sample buffer (10% 2-mercaptoethanol added freshly; Thermo Fisher Scientific), and denatured at 95 °C for 10 minutes. Equal amount of proteins (20–40 μg) was resolved by Bolt 4-12% Bis-Tris Plus gels, and then transferred onto a nitrocellulose membrane. The membrane was blocked with 5% non-fat milk in TBS-T (TBS with 0.2% Tween-20), followed by incubation with primary antibodies at 4 °C overnight. Next day, after washing with TBS-T, the membrane was incubated with fluorophore-conjugated secondary antibodies for 1 hr at room temperature. The membrane was then washed and scanned with an Odyssey Infrared scanner (Li-Cor Biosciences, Lincoln, NE).

CRBN-DDB1 Expression and Purification. Expression and purification of CRBN-DDB1 were performed as described 56 using Sf9 cells (Invitrogen). pFastBac vectors encoding human CRBN and DDB1 were a kind gift from Nicolas Thomä and Eric Fischer.

CRBN-DDB1 AlphaScreen Engagement Assay. Assays were performed with minimal modifications from the manufacturer’s protocol (PerkinElmer, USA). All reagents were diluted in 50 mM HEPES, 150 mM NaCl, 0.1% w/v BSA, 0.01% w/v Tween20, pH 7.5 and allowed to equilibrate to room temperature prior to addition to plates. After addition of Alpha beads to master solutions all subsequent steps were performed under low light conditions. A 2X solution of components with final concentrations of CRBN-DDB1 (see protein expression section) at 50 nM and 125 nM biotinylated-thalidomide (see bio-thal under the synthesis section) was added in 20 µL to 384-well plates (AlphaPlate-384, PerkinElmer, USA). Plates were spun down at 150 × g, 100 nL of compound in DMSO from stock plates were added by pin transfer using a Janus Workstation (PerkinElmer, USA). The streptavidin-coated donor beads and Ni-coated acceptor beads (both at 10 µg/ml final) were added as with the previous solution in a 2X, 20 µL volume. Following this addition, plates were sealed with foil to prevent light exposure and evaporation. The plates were spun down again at 150 × g. Plates were incubated at room temperature for 1 hour and then read on an Envision 2104 (PerkinElmer, USA) using the manufacturer’s protocol.

Cellular CRBN Engagement Assay. A lentiviral construct comprising firefly luciferase (Fluc) and FKBP12F36V fused to nanoluciferase (FKBP12F36V-Nluc) was used to produce virus and transduce 293FT cells. Nluc/Fluc plasmids were a kind gift from Dr. William Kaelin. For intracellular CRBN competition assays, cells were dispensed into white 384-well culture plates (Thermo) in 20 µL at 4000 cells / well. The cells were incubated overnight and pinned with 100 nL of competitor compound in DMSO followed by 100 nL of 16 uM dTAG-728 using a JANUS workstation (PerkinElmer). Cells were incubated with compounds for 5.5 hours at 37 °C, 5% CO2 and then allowed to cool to room temperature for 30 min. Following incubation, 25 µL/well Fluc buffer (200 mM Tris, 15 mM MgSO4, 100 uM EDTA, 1 mM DTT, 1 mM ATP, 200 uM Coenzyme A, 400 uM D-Luciferin, 0.1% Trition X-100) was added to each plate, incubated for 15 min at RT, and then read on an Envision 2104 (PerkinElmer) for luminescence. 25 µL of Nluc buffer (25 mM Na4PPi, 10 mM NaOAc, 15 mM EDTA, 500 mM NaSO4, 500 mM NaCl, 16 uM coelenterazine, 50 uM 4-(6-methyl-1,3-benzothiazol-2-yl)aniline [sc-276812]) was then added to each well and the plate incubated for 15 min at RT before a second read. Nluc values were normalized by setting values from dTAG-7-only wells to 0% and those treated with DMSO to 100%.  Data were further analyzed and plotted using GraphPad PRISM v6 and IC50 values were determined using the ‘log(agonist) vs normalized response –variable slope’ analysis module.

Cell Proliferation Assay. For 2-day proliferation assays of MOLM-14, MOLT-4, MV4-11 cells, and their CRBN-/- counterparts, 100 μL of 5 × 105 cells/mL cells were seeded per 96-well one day before compound treatment. For 3-day proliferation assay of TMD8 cells, 100 μL of 1 × 105 cells/mL cells were seeded per 96-well and treated with compounds at indicated concentrations (5 µM to 0.5 nM in triplicates) for 3 days. Washout assays were performed in the same way as the 3-day proliferation assay described above, except that after 6 hours of drug treatment, cells were washed 3 times with culture medium without drugs, and allowed to grow in culture medium without drugs for the remaining time. Relative cell numbers were assessed using CellTiter-Glo assay kits (Promega, G7571) as described in product manual by luminescence measurements on an Envision plate reader (PerkinElmer). IC50 values were determined using GraphPad Prism v6 nonlinear regression curve fit.

Sample Preparation for KiNativ Live-cell Target Engagement Assay. ATP and ADP Acyl-nucleotide probes were synthesized as described previously57. MOLM-14 cells were treated in duplicates with DMSO and in singlicates with TL12-186 (0.1 µM, 1.0 µM and 10 µM) for 4 hours. Cells were washed with ice-cold PBS once, pelleted, and snap-frozen with liquid nitrogen. The cell pellets were lysed by sonication in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Triton-X-100, phosphatase inhibitors [Cocktail II AG Scientific #P-1518]). After lysis, the samples were cleared by centrifugation, and the supernatant collected for probe labeling. For live cell treatment, 50 µL of a 10X aqueous solution of the desthiobiotin-ATP probe was added to each sample for a final probe concentration of 20 µM, and samples were incubated with probe for 10 minutes.
	Samples were prepared for MS analysis as described previously58. Briefly, probe-labeled lysates were denatured and reduced (6 M urea, 10 mM DTT, 65°C, 15 min), alkylated (40 mM iodoacetamide, 37°C, 30 min), and gel filtered (Biorad Econo-Pac® 10G) into 10 mM ammonium bicarbonate, 2 M urea, 5 mM methionine. The desalted protein mixture was digested with trypsin (0.015 mg/ml) for 1 hour at 37°C, and desthiobiotinylated peptides captured using 12.5 μl high-capacity streptavidin resin (Thermo Scientific). Captured peptides were then washed extensively, and probe-labeled peptides eluted from the streptavidin beads using two 35-μl washes of a 50% CH3CN/water mixture containing 0.1% TFA at room temperature.

Sample Preparation for Quantitative Mass Spectrometry Analysis. MOLM-14 or MOLT-4 cells were treated with DMSO, TL12-186, or TL13-27. MOLM-14 cells were treated in duplicates with DMSO, TL12-186 (0.1 µM and 1.0 µM) or TL13-27 (0.1 µM and 1.0 µM) for 4 hours. MOLT-4 cells were treated in triplicates with DMSO, TL12-186 (0.1 µM) or TL13-27 (0.1 µM) for 4 hours. Cells were washed with ice-cold PBS once, and lysed in 1 mL of lysis buffer (8 M urea, 1% SDS, 50 mM Tris pH8.5 supplemented with protease and phosphatase inhibitors). A micro-BCA assay (Pierce) was used to determine the protein concentration of each sample. A total of 1200 µg of proteins from each sample was depleted of abundant proteins using two Pierce Top 12 protein depletion spin columns. Eluted proteins were combined, and protein concentration was determined by micro-BCA. Proteins were precipitated on ice for 1 hour with 13% trichloroacetic acid (TCA), washed twice with acetone, and pellets were allowed to air dry. Proteins were resuspended in 6 M urea, 50 mM Tris pH 8.5, reduced with 5 mM dithiothreitol (DTT) at room temperature for 1 hour, and alkylated with 15 mM iodoacetamide in the dark at room temperature for 1 hr. Alkylation was quenched with DTT. Urea concentration was reduced to 4 M and proteins were digested with LysC (1:50; enzyme:protein) for 6 hours at 25°C. The LysC digestion was diluted to 1 M urea, 50 mM Tris pH 8.5 and then digested with trypsin (1:100; enzyme:protein) overnight at 37°C. Peptides were desalted using a C18 solid phase extraction cartridges as previously described 59 and dried by SpeedVac. Dried peptides were resuspended in 200 mM EPPS pH 8.0. Peptide quantification was performed using the micro-BCA assay (Pierce). The same amount of peptide from each condition was labeled with tandem mass tag (TMT) reagent (1:4; peptide:TMT label) (Pierce). The 10-plex (only 9 labels were used for the MOLT-4 experiment) labeling reactions were performed for 2 hours at 25°C. Modification of tyrosine residue with TMT was reversed by the addition of 5% hydroxyl amine for 15 minutes at 25°C. The reaction was quenched with 0.5% trifluoroactic acid (TFA) and samples were combined at a 1:1:1:1:1:1:1:1:1:1 ratio. Combined samples were desalted and offline fractionated into 24 fractions as previously described 60.

Liquid Chromatography-MS3 Spectrometry (LC-MS/MS). 12 of the 24 peptide fractions from the basic reverse phase fractionation (every other fraction) were analyzed with an LC-MS3 data collection strategy 60 on an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) equipped with a Proxeon Easy nLC 1000 for online sample handling and peptide separations. Approximately 5 µg of peptide resuspended in 5% formic acid + 5% acetonitrile was loaded onto a 100 µm inner diameter fused-silica micro capillary with a needle tip pulled to an internal diameter less than 5 µm. The column was packed in-house to a length of 35 cm with a C18 reverse phase resin (GP118 resin 1.8 μm, 120 Å, Sepax Technologies). The peptides were separated using a 180 min linear gradient from 3% to 25% buffer B (100% acetonitrile (ACN) + 0.125% formic acid) equilibrated with buffer A (3% ACN + 0.125% formic acid) at a flow rate of 400 nL/min across the column. The scan sequence for the Fusion Orbitrap began with an MS1 spectrum (Orbitrap analysis, resolution 120,000, 400−1400 m/z scan range, AGC target 2 × 105, maximum injection time 100 ms, dynamic exclusion of 90 seconds). The “Top10” precursors was selected for MS2 analysis, which consisted of CID (quadrupole isolation set at 0.5 Da and ion trap analysis, AGC 8 × 103, NCE 35, maximum injection time 150 ms). The top ten precursors from each MS2 scan were selected for MS3 analysis (synchronous precursor selection), in which precursors were fragmented by HCD prior to Orbitrap analysis (NCE 55, max AGC 1 × 105, maximum injection time 150 ms, resolution 60,000.
	For the KiNativ target engagement assay, samples were analyzed by LC-MS/MS as described previously58. Samples were analyzed on Thermo LTQ ion trap mass spectrometers coupled with Agilent 1100 series micro-HPLC systems with autosamplers, essentially as described, using a custom target list comprising 352 unique kinase peptides that had been previously identified during the characterization of various in data dependent mode58, 61.

LC-MS3 Data Analysis. A suite of in-house software tools were used to for .RAW file processing and controlling peptide and protein level false discovery rates, assembling proteins from peptides, and protein quantification from peptides as previously described. MS/MS spectra were searched against a Uniprot human database (February 2014) with both the forward and reverse sequences. Database search criteria are as follows: tryptic with two missed cleavages, a precursor mass tolerance of 50 ppm, fragment ion mass tolerance of 1.0 Da, static alkylation of cysteine (57.02146 Da), static TMT labeling of lysine residues and N-termini of peptides (229.162932 Da), and variable oxidation of methionine (15.99491 Da). TMT reporter ion intensities were measured using a 0.003 Da window around the theoretical m/z for each reporter ion in the MS3 scan. Peptide spectral matches with poor quality MS3 spectra were excluded from quantitation (<200 summed signal-to-noise across 10 channels and <0.5 precursor isolation specificity).
	For signal extraction/quantitation from the KiNativ experiment, typically up to four ions were selected for based on their presence, intensity, and correlation to the reference MS/MS spectrum. The resulting chromatographic peaks from each run were then integrated and the integrated peak areas used to determine % inhibition values relative to control runs. For each peptide quantitated, the MS signal for the adult myocyte samples relative to the MS signal for the neonatal myocyte samples was expressed as fold-change using the following equation:

All data points were visually verified, as were all data points showing variability outside of normal limits.  Significance of data points changing more than 2-fold were determined according to the Student T-test (one-tailed distribution, two-sample equal variance). In cases where scores <0.04, the fold-change was considered significant. In cases where the peptide signals in the adult myocyte samples were undetectable (noise), the fold-change value was preceded by “>”.

Differential Protein Abundance Analysis. The 1-µM concentration points from the MOLT-4 experiments were omitted from further analysis after normalization and scaling through a modified limma design matrix since we noticed reduced degradation for most targets (known as the hook effect and common to heterobifunctional degraders).
All data analysis was carried out using the R statistical framework62. Reporter ion intensities were normalized (normalization factors calculated by dividing the summed intensities of each channel by the maximum value of all channels, and subsequently applied to each reporter ion value) and scaled (scaling the sum of reporter ion intensities to 100 for each protein/peptide) using in house scripts. Proteins quantified with a minimum of 2 unique peptides were considered for downstream analysis. Log2-transformed, scaled and normalized reporter ion intensities were analyzed using a linear model approach implemented in the limma package63, which allows modeling of both, the general changes by adding a small molecule degrader or negative control, and the specific effect of the degrader TL12-186. Resulting data was subjected to a moderated t-test to assess statistical significance also implemented in the limma package. In the moderated t-test, the standard errors are more robust calculated using an empirical Bayes method inferring information across all proteins. The nominal p-values are further corrected for multiple testing (termed adjusted p-value in this study) by controlling the false discovery rate (FDR), as proposed by Benjamini and Hochberg64.

Statistical Analysis. Statistical tests and the associated error bars are identified in the corresponding figure legends. Typical replicate numbers describe the number of technical replicates analyzed in a single experiment. “Independent” replicate numbers describe the number of biological replicates, which were repeat experiments performed on different days. Data met the assumptions for all tests used. 

General Information for Chemical Synthesis. Unless otherwise noted, reagents and solvents were obtained from commercial suppliers and were used without further purification. 1H NMR spectra were recorded on Bruker Avance (400 MHz) or Bruker A500 (500 MHz), and chemical shifts are reported in parts per million (ppm, ) downfield from tetramethylsilane (TMS). Coupling constants (J) are reported in Hz. Spin multiplicities are described as s (singlet), br (broad singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).  Mass spectra were obtained on a Waters Micromass ZQ instrument. Preparative HPLC was performed on a Waters Sunfire C18 column (19 x 50 mm, 5µM) using a gradient of 15-95% methanol in water containing 0.05% trifluoroacetic acid (TFA) over 22 min (28 min run time) at a flow rate of 20 mL/min. Purities of assayed compounds were in all cases greater than 95%, as determined by reverse-phase HPLC analysis. Details of chemical synthesis and the relevant NMR spectra are included below.


Synthesis of TL12-186

tert-butyl 4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazine-1-carboxylate (3).
Intermediate 1 was prepared according to the literature25, while tert-butyl 4-(4-aminophenyl)piperazine-1-carboxylate (2) was commercially available. To 1 (693 mg, 2.0 mmol) and 2 (666 mg, 2.4 mmol) in sec-butanol (4 mL) was added TFA (185 µL, 2.4 mmol) and the mixture was stirred overnight at 80 C. The mixture was then concentrated and purified by column chromatography (dichloromethane:methanol = 20:1) to yield 830 mg (71%) of 3 as a white solid.
1H NMR (400 MHz, CDCl3) δ 9.97 (s, 1H), 8.53 (d, J = 8.4 Hz, 1H), 8.02 (d, 1H), 7.92 (d, J = 8.4 Hz, 1H), 7.54 (dd, J = 8.8, 8.4 Hz, 1H), 7.41 (d, J = 8.8 Hz, 2H), 7.30 (dd, J = 8.4, 8.4 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 3.60 (m, 4H), 3.22 (m, 1H), 3.11 (m, 4H), 1.49 (m, 9H), 1.31 (d, J = 6.8 Hz, 6H). MS (ESI) m/z 587 (M+H)+.

N2-(4-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-1-yl)phenyl)-5-chloro-N4-(2-(isopropylsulfonyl)phenyl)pyrimidine-2,4-diamine (5). 
To 3 (590 mg, 1.0 mmol) in dichloromethane (18 mL) was added TFA (1.8 mL), and the mixture was stirred at room temperature (RT) for 2 h, then was concentrated and dried under vacuum. To the obtained crude intermediate in acetonitrile (5 mL) was added commercial available bromide 4 (300 mg, 1.2 mmol) and potassium carbonate (414 mg, 3.0 mmol). The resulted mixture was stirred under 80 °C overnight, then cooled down to RT and diluted with 50 mL of dichloromethane. The precipitation was filtered, and the filtrate was concentrated and purified by column chromatography (dichloromethane:methanol = 10:1) to yield 514 mg (80%) of 5 as a colorless oil.
1H NMR (400 MHz, DMSO-d6) δ 9.49 (s, 1H), 9.32 (s, 1H), 8.65 (br, 1H), 8.23 (s, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.73 (dd, J = 8.4, 8.4 Hz, 1H), 7.43 (d, J = 9.2 Hz, 2H), 7.36 (dd, J = 8.4, 8.0 Hz, 1H), 6.86 (d, J = 8.5 Hz, 2H), 3.61 (t, J = 4.8 Hz, 2H), 3.57 (m, 6H), 3.44 (m, 1H), 3.40 (t, J = 5.2 Hz, 2H), 3.06 (m, 4H), 2.58 (m, 4H), 1.16 (d, J = 6.8 Hz, 6H). MS (ESI) m/z 644 (M+H)+.

tert-butyl (2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycinate (7).
Intermediate 6 was prepared according to the literature15. To 6 (550 mg, 2.0 mmol) and glycine tert-butyl ester (260 mg, 2.0 mmol) in anhydrous DMSO (20 mL) was added N,N-diisopropylethylamine (DIEA) (700 μL, 4.0 mmol). The reaction mixture was stirred under 90 °C for 1 day, then cooled down. The mixture was diluted with ethyl acetate (200 mL), washed with water and brine, dried with Na2SO4, then filtered and concentrated, purified by column chromatography (dichloromethane:ethyl acetate = 2:1) to yield 530 mg (68%) of 7 as a yellow oil.
1H NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 7.51 (dd, J = 8.4, 7.2 Hz, 1H), 7.15 (d, J = 7.6 Hz, 1H), 6.76 (d, J = 6.76 Hz, 1H), 4.93 (dd, J = 12.0, 6.4 Hz, 1H), 3.94 (s, 2H), 2.67-2.92 (m, 2H), 2.12 (m, 1H), 1.93 (m, 1H), 1.50 (s, 9H). MS (ESI) m/z 388 (M+H)+.

(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycine (8). 
To 7 (390 mg, 1.0 mmol) in dichloromethane (18 mL) added TFA (1.8 mL). The mixture was stirred at RT overnight, then was concentrated and dried under vacuum to give 8 as a yellow solid, which was used in next step without purification. 
MS (ESI) m/z 330 (M-H)-.

N-(2-(2-(2-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)ethoxy)ethoxy)ethyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamide (TL12-186).
Under a nitrogen atmosphere, to 5 (130 mg, 0.2 mmol) in tetrahydrofuran (18 mL) and water (1.8 mL) was added triphenylphosphine (63 mg, 0.24 mmol). The reaction mixture was stirred overnight, then concentrated and dried under vacuum. To the obtained crude oil in anhydrous dichloromethane (3 mL) was added 8 (73 mg, 0.22 mmol) and (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (HATU) and DIEA (110 μL, 0.6 mmol). The reaction mixture was stirred for 2 h, then concentrated and purified by column chromatography (dichloromethane:methanol = 10:1) to yield 136 mg (74%) of TL12-186 as a yellow oil.
1H NMR (500 MHz, DMSO-d6) δ 11.11 (s, 1H), 9.8 (br, 1H), 9.50 (s, 1H), 9.38 (s, 1H), 8.65 (br, 1H), 8.25 (s, 1H), 8.20 (dd, J = 5.5, 5.5 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.75 (dd, J = 8.0, 7.5 Hz, 1H), 7.59 (dd, J = 8.0, 7.5 Hz, 1H), 7.48 (d, J = 8.5 Hz, 2H), 7.37 (dd, J = 8.5, 8.0 Hz, 1H), 7.08 (d, J = 7.0 Hz, 1H), 6.93 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.5 Hz, 1H), 5.07 (dd, J = 13.0, 5.5 Hz, 1H), 3.95 (d, J = 5.5 Hz, 2H), 3.80 (m, 2H), 3.74 (m, 2H), 3.59 (m, 6H), 3.46 (m, 3H), 3.18-3.42 (m, 4H), 3.00 (m, 2H), 2.89 (m, 2H), 2.53-2.63 (m, 2H), 2.02 (m, 2H), 1.17 (d, J = 6.5 Hz, 6H). MS (ESI) m/z 931 (M+H)+.

Synthesis of TL13-27
TL13-27 was synthesized with similar procedures as TL12-186.

N-(2-(2-(2-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)ethoxy)ethoxy)ethyl)-2-((1,3-dioxo-2-(2-oxopiperidin-3-yl)isoindolin-4-yl)amino)acetamide (TL13-27). 
1H NMR (400 MHz, DMSO-d6, TFA salt) δ 9.49 (s, 1H), 9.32 (s, 1H), 8.63 (br, 1H), 8.23 (s, 1H), 8.18 (t, J = 5.6 Hz, 1H), 7.83 (m, 2H), 7.73 (dd, J = 8.4, 7.6 Hz, 1H), 7.44 (dd, J = 8.4, 7.2 Hz, 1H), 7.42 (d, J = 8.8 Hz, 2H), 7.36 (dd, J = 8.0, 7.6 Hz, 1H), 7.03 (dd, J = 8.0, 7.6 Hz, 1H), 6.94 (t, J = 5.6 Hz, 1H), 6.85 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 8.4 Hz, 1H), 4.52 (dd, J = 11.6, 6.4 Hz, 1H), 4.11 (dd, J = 10.4, 5.2 Hz, 2H), 3.92 (d, J = 5.6 Hz, 2H), 3.55 (m, 2H), 3.51 (m, 2H), 3.44 (t, J = 6.4 Hz, 2H), 3.28 (dd, J = 11.2, 5.2 Hz, 1H), 3.20 (m, 2H), 3.16 (m, 4H), 3.05 (m, 4H), 2.57 (m, 4H), 2.20 (m, 1H), 1.97 (m, 1H), 1.88 (m, 2H), 1.16 (d, J = 6.8 Hz, 6H). MS (ESI) m/z 917 (M+H)+.

Synthesis TL13-87
TL13-87 was synthesized with similar procedures as TL12-186.

5-chloro-N4-(2-(isopropylsulfonyl)phenyl)-N2-(4-(4-methylpiperazin-1-yl)phenyl)pyrimidine-2,4-diamine (TL13-87). 
1H NMR (500 MHz, DMSO-d6, TFA salt) δ 9.71 (br, 1H), 9.51 (s, 1H), 9.40 (s, 1H), 8.63 (br, 1H), 8.25 (s, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.75 (dd, J = 9.0, 8.5 Hz, 1H), 7.49 (d, J = 9.0 Hz, 2H), 7.38 (dd, J = 8.0, 8.0 Hz, 1H), 6.94 (d, J = 9.0 Hz, 1H), 3.75 (m, 2H), 3.52 (m, 2H), 3.45 (m, 1H), 3.17 (m, 2H), 2.90 (m, 2H), 2.87 (s, 3H), 1.17 (d, J = 7.0 Hz, 6H). MS (ESI) m/z 501 (M+H)+.

Synthesis of TL13-117
TL13-117 was synthesized with similar procedures as TL12-186.

N-(2-(2-(2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)ethoxy)ethoxy)ethyl)-2-((1,3-dioxo-2-(2-oxopiperidin-3-yl)isoindolin-4-yl)amino)acetamide (TL13-117).
1H NMR (500 MHz, DMSO-d6) δ 11.10 (s, 1H), 9.54 (s, 1H), 8.88 (s, 1H), 8.60 (s, 1H), 8.16 (m, 1H), 7.85 (d, J = 9.0 Hz, 1H), 7.77 (d, J = 9.0 Hz, 2H), 7.66 (d, J = 2.5 Hz, 1H), 7.58 (dd, J = 8.0, 7.5 Hz, 1H), 7.51 (d, J = 8.5 Hz, 2H), 7.14 (dd, J = 8.5, 2.5 Hz, 1H), 7.06 (d, J = 7.5 Hz, 1H), 6.94 (m, 1H), 6.86 (d, J = 8.5 Hz, 1H), 6.52 (s, 1H), 5.07 (dd, J = 13.0, 5.5 Hz, 1H), 4.14 (br, 2H), 3.93 (d, J = 5.5 Hz, 2H), 3.50 (m, 4H), 3.49 (s, 2H), 3.43 (m, 1H), 3.32 (m, 4H), 3.26 (m, 2H), 2.89 (m, 2H), 2.72 (m, 2H), 2.36-2.62 (m, 8H), 2.03 (m, 1H), 1.30 (s, 9H). MS (ESI) m/z 990 (M+H)+.

Synthesis of TL13-148
TL13-148 was synthesized with similar procedures as TL12-186.

N-(2-(2-(3-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)propoxy)ethoxy)ethyl)-2-((1,3-dioxo-2-(2-oxopiperidin-3-yl)isoindolin-4-yl)amino)acetamide (TL13-148). 
1H NMR (500 MHz, DMSO-d6) δ 11.11 (s, 1H), 9.54 (s, 1H), 8.88 (s, 1H), 8.60 (s, 1H), 8.17 (m, 1H), 7.86 (d, J = 9.0 Hz, 1H), 7.78 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 2.5 Hz, 1H), 7.58 (dd, J = 8.0, 7.5 Hz, 1H), 7.52 (d, J = 9.0 Hz, 2H), 7.16 (dd, J = 8.5, 2.5 Hz, 1H), 7.05 (d, J = 7.0 Hz, 1H), 6.94 (m, 1H), 6.85 (d, J = 9.0 Hz, 1H), 6.53 (s, 1H), 5.08 (dd, J = 13.0, 5.5 Hz, 1H), 4.17 (m, 2H), 3.94 (d, J = 5.5 Hz, 1H), 3.78 (m, 2H), 3.60 (m, 2H), 3.55 (m, 2H), 3.46 (t, J = 5.5 Hz, 2H), 3.28 (m, 2H), 2.90 (m, 1H), 2.58 (m, 2H), 2.03 (m, 1H), 1.31 (s, 9H). MS (ESI) m/z 878 (M+H)+.

Synthesis of TL13-149
TL13-149 was synthesized with similar procedures as TL12-186.

N-(2-(2-(2-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethoxy)ethoxy)ethoxy)ethyl)-2-((1,3-dioxo-2-(2-oxopiperidin-3-yl)isoindolin-4-yl)amino)acetamide (TL13-149).
1H NMR (500 MHz, DMSO-d6) δ 11.10 (s, 1H), 9.52 (s, 1H), 8.86 (s, 1H), 8.59 (s, 1H), 8.15 (m, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.77 (d, J = 8.5 Hz, 2H), 7.66 (d, J = 2.5 Hz, 1H), 7.57 (dd, J = 8.5, 7.5 Hz, 1H), 7.51 (d, J = 8.5 Hz, 2H), 7.15 (dd, J = 9.0, 2.5 Hz, 1H), 7.05 (d, J = 7.0 Hz, 1H), 6.93 (m, 1H), 6.84 (d, J = 8.5 Hz, 1H), 6.52 (s, 1H), 5.06 (dd, J = 13.0, 5.5 Hz, 1H), 4.16 (m, 2H), 3.93 (d, J = 5.5 Hz, 1H), 3.77 (m, 2H), 3.60 (m, 2H), 3.55 (m, 4H), 3.51 (m, 2H), 3.46 (t, J = 5.5 Hz, 2H), 3.28 (m, 2H), 2.90 (m, 1H), 2.58 (m, 2H), 2.03 (m, 1H), 1.30 (s, 9H). MS (ESI) m/z 922 (M+H)+.

Synthesis of biotinylated-thalidomide

N1-(4-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamido)butyl)-N5-(15-oxo-19-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanonadecyl)glutaramide (Bio-thal)
N-(4-aminobutyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (14.3 mg, 0.0277 mmol, 1 eq)16 was added to 5,21-dioxo-25-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-10,13,16-trioxa-6,20-diazapentacosan-1-oic acid N,N-Diisopropylethylamine salt (18.4 mg, 0.0277 mmol, 1 eq) as a 0.1 M solution in DMF (277 microliters). DIPEA (13.9 microliters, 0.0800 mmol, 3 eq) and HATU (10.5 mg, 0.0277 mmol, 1 eq) were added and the mixture was stirred at room temperature. After 19 hours, the mixture was diluted with methanol and purified by preparative phase HPLC to give the desired product as a light yellow oil (18.92 mg, 0.0189 mmol, 68%).
1H NMR (400 MHz, Methanol-d4) δ 7.81 (dd, J = 8.4, 7.4 Hz, 1H), 7.54 (d, J = 6.9 Hz, 1H), 7.43 (d, J = 8.2 Hz, 1H), 5.14 (dd, J = 12.5, 5.5 Hz, 1H), 4.76 (s, 2H), 4.48 (dd, J = 7.8, 4.3 Hz, 1H), 4.30 (dd, J = 7.9, 4.5 Hz, 1H), 3.63 (dd, J = 5.9, 2.9 Hz, 4H), 3.60 – 3.54 (m, 4H), 3.50 (tt, J = 5.5, 2.7 Hz, 4H), 3.34 (d, J = 5.2 Hz, 1H), 3.27 – 3.17 (m, 6H), 2.95 – 2.62 (m, 6H), 2.18 (q, J = 7.7 Hz, 7H), 1.87 (q, J = 7.6 Hz, 2H), 1.79 – 1.34 (m, 15H). MS (ESI) m/z 945.45 (M+H)+.

Synthesis of JB-4-048

4-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)-4-oxobutanoic acid
1-(5-(tert-butyl)isoxazol-3-yl)-3-(4-(7-(2-(piperazin-1-yl)ethoxy)benzo[d]imidazo[2,1-b]thiazol-2-yl)phenyl)urea (56.0 mg, 0.10 mmol, 1 eq) was dissolved in DMF (1 mL). Succinic anhydride (15.0 mg, 0.15 mmol, 1.5 eq) and DMAP (12.2 mg, 0.10 mmol, 1 eq) were added and the mixture was stirred for 23 hours. The mixture was then diluted with MeOH and purified by preparative HPLC to give the desired product as a tan solid (68.04 mg).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.17 (s, 1H), 7.75 (d, J = 8.9 Hz, 1H), 7.50 (d, J = 8.6 Hz, 2H), 7.44 – 7.36 (m, 3H), 7.13 (dd, J = 8.9, 2.4 Hz, 1H), 6.40 (s, 1H), 4.47 – 4.39 (m, 2H), 4.20 – 3.37 (m, 10H), 2.72 – 2.61 (m, 4H), 1.36 (s, 9H). MS (ESI) m/z 660.47 (M+H)+.

[image: ]
JB-4-048
N-(4-aminobutyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (10.3 mg, 0.020 mmol, 1 eq)16 was added to 4-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)-4-oxobutanoic acid (13.2 mg, 0.020 mmol, 1 eq) as a 0.1M solution in DMF (200 microliters) at room temperature. DIPEA (10.5 microliters, 0.060 mmol, 3 eq) was added, followed by HATU (7.6 mg, 0.020 mmol, 1 eq). After 13 hours, the mixture was diluted with MeOH and purified by preparative HPLC to give the desired product as a yellow residue (14.69 mg, trifluoroacetate salt, 0.0127 mmol, 63%).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.16 (s, 1H), 7.79 – 7.72 (m, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.54 – 7.41 (m, 4H), 7.32 (d, J = 8.4 Hz, 1H), 7.14 (d, J = 8.6 Hz, 1H), 6.38 (s, 1H), 5.04 (dd, J = 12.3, 5.5 Hz, 1H), 4.67 (d, J = 2.2 Hz, 2H), 4.45 (s, 2H), 3.98 – 3.34 (m, 12H), 3.24 – 3.15 (m, 2H), 2.85 – 2.47 (m, 7H), 2.16 – 2.11 (m, 1H), 1.69 – 1.49 (m, 4H), 1.34 (s, 9H). MS (ESI) m/z 1044.56 (M+H)+.

Synthesis of JB-4-049

2-(2,6-dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione
3-Hydroxyphthalic anhydride (1.641 g, 10 mmol, 1 eq) and 3-aminopiperidine-2,6-dione hydrochloride (1.646 g, 10 mmol, 1 eq) were dissolved in pyridine (40 mL, 0.25 M) and heated to 110 °C. After 14 hours, the mixture was cooled to room temperature and concentrated under reduced pressure. Purification by column chromatography (ISCO, 24 g silica column, 0-10% MeOH/DCM) gave the desired product as a tan solid (2.424 g, 8.84 mmol, 88%).
1H NMR (400 MHz, DMSO-d6) δ 11.08 (s, 2H), 7.65 (dd, J = 8.4, 7.2 Hz, 1H), 7.36 – 7.28 (m, 1H), 7.25 (dd, J = 8.4, 0.6 Hz, 1H), 5.07 (dd, J = 12.8, 5.4 Hz, 1H), 2.88 (ddd, J = 17.3, 14.0, 5.4 Hz, 1H), 2.63 – 2.50 (m, 2H), 2.08 – 1.95 (m, 1H).

[image: ]
tert-butyl 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetate
2-(2,6-dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (1.568 g, 5.71 mmol, 1 eq) was dissolved in DMF (57 mL, 0.1 M) at room temperature. Potassium carbonate (1.19 g, 8.58 mmol, 1.5 eq) and tert-butyl bromoacetate (0.843 mL, 5.71 mmol, 1 eq) were then added. After 2 hours, the mixture was diluted with EtOAc and washed once with water then twice with brine. The organic layer was dried over sodium sulfate, filtered and concentrated under reduced pressure. Purification by column chromatography (ISCO, 24 g silica column, 0-100%EtOAc/hexanes, 21 minute gradient) gave the desired product as a cream colored solid (2.06 g, 5.30 mmol, 93%). 
1H NMR (500 MHz, Chloroform-d) δ 7.94 (s, 1H), 7.67 (dd, J = 8.4, 7.3 Hz, 1H), 7.52 (d, J = 6.8 Hz, 1H), 7.11 (d, J = 8.3 Hz, 1H), 4.97 (dd, J = 12.3, 5.3 Hz, 1H), 4.79 (s, 2H), 2.95 – 2.89 (m, 1H), 2.85 – 2.71 (m, 2H), 2.14 (dtd, J = 10.2, 5.0, 2.7 Hz, 1H), 1.48 (s, 9H). MS (ESI) m/z 389.33 (M+H)+.
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2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid
tert-butyl 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetate (2.06 g, 5.30 mmol, 1 eq) was dissolved in TFA (53 mL, 0.1M) at room temperature. After 4 hours, the solution was diluted with DCM and concentrated under reduced pressure. The resultant cream colored solid (1.484 g, 4.47 mmol, 84%) was deemed sufficiently pure and carried onto the next step without further purification. 
1H NMR (500 MHz, DMSO-d6) δ 11.11 (s, 1H), 7.79 (dd, J = 8.4, 7.4 Hz, 1H), 7.48 (d, J = 7.2 Hz, 1H), 7.39 (d, J = 8.6 Hz, 1H), 5.10 (dd, J = 12.8, 5.4 Hz, 1H), 4.99 (s, 2H), 2.93 – 2.89 (m, 1H), 2.63 – 2.51 (m, 2H), 2.04 (ddd, J = 10.5, 5.4, 3.1 Hz, 1H). MS (ESI) m/z 333.25 (M+H)+.
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tert-butyl (8-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamido)octyl)carbamate
Boc-1,8-diaminooctane (2.10 g, 8.59 mmol, 1.1 eq) was dissolved in DMF (86 mL). In a separate flask, 2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid (2.60 g, 7.81 mmol, 1 eq) was dissolved in DMF (78 mL). The solution of Boc-1,8-diaminooctane in DMF was then added, followed by DIPEA (4.08 mL, 23.4 mmol. 3 eq) and HATU (2.97 g, 7.81 mmol, 1 eq). The mixture was stirred for 19 hours at room temperature, then diluted with EtOAc (600 mL). The organic layer was washed sequentially with 200 mL of half saturated sodium chloride, 200 mL 10% citric acid (aq.), 200 mL of half saturated sodium chloride, 200 mL of saturated sodium bicarbonate (aq.), 200 mL water and twice with 200 mL brine. The organic layer was dried over sodium sulfate, filtered and concentrated under reduced pressure. Purification by column chromatography (ISCO, 40 g column, 0-5% MeOH/DCM, 35 minute gradient) gave the desired product as a white solid (3.53 g, 6.32 mmol, 81%). 
1H NMR (500 MHz, Chloroform-d) δ 8.49 (s, 1H), 7.74 (dd, J = 8.3, 7.4 Hz, 1H), 7.55 (d, J = 7.2 Hz, 1H), 7.39 (t, J = 5.3 Hz, 1H), 7.19 (d, J = 8.4 Hz, 1H), 4.97 (dd, J = 12.4, 5.3 Hz, 1H), 4.63 (d, J = 2.2 Hz, 2H), 4.59 (d, J = 10.0 Hz, 1H), 3.36 (q, J = 6.9 Hz, 2H), 3.12 – 3.03 (m, 2H), 2.95 – 2.72 (m, 3H), 2.16 (ddt, J = 10.3, 5.2, 2.7 Hz, 1H), 1.59 (p, J = 7.1 Hz, 2H), 1.37 (d, J = 67.6 Hz, 19H). MS (ESI) m/z 559.47 (M+H)+.
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N-(8-aminooctyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate
tert-butyl (8-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamido)octyl)carbamate (3.53 g, 6.32 mmol, 1 eq) was dissolved in TFA (63 mL, 0.1M) and heated to 50 °C. After 1 hour, the mixture was cooled to room temperature, diluted with MeOH and concentrated under reduced pressure. The crude material was triturated with diethyl ether and dried under vacuum to give a white solid (2.93 g, 5.12 mmol, 81%). 
1H NMR (500 MHz, Methanol-d4) δ 7.82 (dd, J = 8.4, 7.4 Hz, 1H), 7.55 (d, J = 7.2 Hz, 1H), 7.44 (d, J = 8.4 Hz, 1H), 5.14 (dd, J = 12.5, 5.5 Hz, 1H), 4.76 (s, 2H), 3.33 (dd, J = 6.8, 1.8 Hz, 1H), 3.30 (s, 1H), 2.94 – 2.85 (m, 3H), 2.80 – 2.69 (m, 2H), 2.19 – 2.11 (m, 1H), 1.60 (dq, J = 24.8, 7.0 Hz, 4H), 1.37 (s, 8H). MS (ESI) m/z 459.45 (M+H)+.
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JB-4-049
N-(8-aminooctyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (11.5 mg, 0.020 mmol, 1 eq) was added to 4-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)-4-oxobutanoic acid (13.2 mg, 0.020 mmol, 1 eq) as a 0.1M solution in DMF (200 microliters) at room temperature. DIPEA (10.5 microliters, 0.060 mmol, 3 eq) was added, followed by HATU (7.6 mg, 0.020 mmol, 1 eq). After 14 hours, the mixture was diluted with MeOH and purified by preparative HPLC to give the desired product as a yellow oil (9.61 mg, trifluoroacetate salt, 0.00791 mmol, 40%).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.11 (s, 1H), 7.76 – 7.69 (m, 4H), 7.52 – 7.49 (m, 3H), 7.41 (d, J = 2.4 Hz, 1H), 7.29 (d, J = 8.3 Hz, 1H), 7.12 (dd, J = 8.9, 2.5 Hz, 1H), 6.37 (s, 1H), 5.03 – 4.98 (m, 1H), 4.63 (s, 2H), 4.45 – 4.41 (m, 2H), 3.93 – 3.34 (m, 12H), 3.13 (t, J = 7.2 Hz, 2H), 2.83 – 2.74 (m, 3H), 2.64 (s, 2H), 2.51 (t, J = 6.3 Hz, 2H), 2.16 – 2.11 (m, 1H), 1.60 – 1.53 (m, 2H), 1.45 (d, J = 6.8 Hz, 2H), 1.33 (s, 17H). MS (ESI) m/z 1101.55 (M+H)+.

Synthesis of JB-4-050
[image: ]
JB-4-050
N-(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (13.0 mg, 0.020 mmol, 1 eq)16 was added to 4-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)-4-oxobutanoic acid (13.2 mg, 0.020 mmol, 1 eq) as a 0.1M solution in DMF (200 microliters) at room temperature. DIPEA (10.5 microliters, 0.060 mmol, 3 eq) was added, followed by HATU (7.6 mg, 0.020 mmol, 1 eq). After 21 hours, the mixture was diluted with MeOH/DMF and purified by preparative HPLC to give the desired product as a dark yellow oil (16.88 mg, trifluoroacetate salt, 0.0131 mmol, 65%).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.18 (s, 1H), 7.75 (q, J = 7.0 Hz, 2H), 7.67 (d, J = 6.2 Hz, 2H), 7.50 (d, J = 7.2 Hz, 3H), 7.44 (d, J = 2.3 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.14 (dd, J = 8.8, 2.3 Hz, 1H), 6.39 (s, 1H), 5.03 (dd, J = 12.4, 5.5 Hz, 1H), 4.45 (s, 2H), 4.05 – 3.36 (m, 24H), 3.24 (t, J = 6.7 Hz, 2H), 2.80 (q, J = 6.0, 5.6 Hz, 2H), 2.75 – 2.61 (m, 3H), 2.52 (t, J = 6.4 Hz, 2H), 2.13 (dt, J = 12.7, 5.0 Hz, 1H), 1.84 (p, J = 6.5 Hz, 2H), 1.74 (p, J = 6.4 Hz, 2H), 1.34 (s, 9H). MS (ESI) m/z 1177.62 (M+H)+.

Synthesis of JB-4-066
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tert-butyl 2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)acetate
1-(5-(tert-butyl)isoxazol-3-yl)-3-(4-(7-(2-(piperazin-1-yl)ethoxy)benzo[d]imidazo[2,1-b]thiazol-2-yl)phenyl)urea (56.0 mg, 0.10 mmol, 1 eq) was dissolved in THF (2 mL) at room temperature. Triethylamine (41.8 microliters, 0.30 mmol, 3 eq) was added, followed by tert-butyl bromoacetate (22.1 microliters, 0.15 mmol, 1.5 eq). After 26 hours, the mixture was diluted with EtOAc and washed with saturated sodium bicarbonate, water and brine. The organic layer was dried over sodium sulfate, filtered, and concentrated under reduced pressure. The crude material was purified by column chromatography (ISCO, 0-15%MeOH/DCM, 15 minute gradient) to give  the desired product as a cream colored solid (0.05g).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.04 (s, 1H), 7.75 – 7.70 (m, 2H), 7.62 (d, J = 8.9 Hz, 1H), 7.51 – 7.46 (m, 2H), 7.31 (d, J = 2.4 Hz, 1H), 7.05 (dd, J = 8.9, 2.4 Hz, 1H), 6.39 (s, 1H), 4.16 (t, J = 5.4 Hz, 2H), 3.11 (s, 2H), 2.85 (t, J = 5.4 Hz, 2H), 2.66 (d, J = 17.2 Hz, 8H), 1.45 (s, 9H), 1.33 (s, 9H). MS (ESI) m/z 674.65 (M+H)+.
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2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)acetic acid
tert-butyl 2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)acetate (0.05 g, 0.10 mmol) was dissolved in DCM (10 mL) at room temperature. TFA (2 mL) was added and the mixture was stirred for 21 hours. The reaction mixture was concentrated under reduced pressure, triturated with diethyl ether, then dried under vacuum to give a cream colored solid (67 mg, quantitative yield), which was used without further purification.
1H NMR (500 MHz, Methanol-d4) δ 8.41 (s, 1H), 7.90 (d, J = 8.9 Hz, 1H), 7.79 (d, J = 8.7 Hz, 2H), 7.61 (d, J = 2.4 Hz, 1H), 7.56 (d, J = 8.7 Hz, 2H), 7.25 (dd, J = 8.9, 2.5 Hz, 1H), 6.40 (s, 1H), 4.45 – 4.40 (m, 2H), 3.58 – 3.50 (m, 4H), 3.45 – 3.34 (m, 4H), 3.13 (d, J = 34.1 Hz, 4H), 1.36 (s, 9H). MS (ESI) m/z 618.48 (M+H)+.
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JB-4-066
N-(4-aminobutyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (10.3 mg, 0.020 mmol, 1 eq)16 was added to 2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)acetic acid (12.4 mg, 0.020 mmol, 1 eq) as a 0.1M solution in DMF (200 microliters) at room temperature. DIPEA (10.5 microliters, 0.060 mmol, 3 eq) was added, followed by HATU (7.6 mg, 0.020 mmol, 1 eq). After 20 hours, the mixture was diluted with MeOH/DMF and purified by preparative HPLC to give the desired product as a light brown oil (10.84 mg mg, trifluoroacetate salt, 0.00971 mmol, 49%).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.24 (s, 1H), 7.75 (ddd, J = 17.8, 11.9, 8.7 Hz, 4H), 7.53 (d, J = 8.5 Hz, 2H), 7.50 (d, J = 7.3 Hz, 1H), 7.46 (d, J = 2.2 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 7.15 (dd, J = 8.9, 2.3 Hz, 1H), 6.38 (s, 1H), 5.05 (dd, J = 12.5, 5.5 Hz, 1H), 4.67 (s, 2H), 4.40 (s, 2H), 3.52 (s, 2H), 3.38 (d, J = 26.9 Hz, 5H), 3.29 – 3.16 (m, 5H), 2.98 (d, J = 8.7 Hz, 4H), 2.85 – 2.70 (m, 3H), 2.17 – 2.12 (m, 1H), 1.59 (d, J = 5.6 Hz, 4H), 1.34 (s, 9H). MS (ESI) m/z 1002.56 (M+H)+.

Synthesis of JB-4-072
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JB-4-072
N-(8-aminooctyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (11.5 mg, 0.020 mmol, 1 eq) was added to 2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)acetic acid (12.4 mg, 0.020 mmol, 1 eq) as a 0.1M solution in DMF (200 microliters) at room temperature. DIPEA (10.5 microliters, 0.060 mmol, 3 eq) was added, followed by HATU (7.6 mg, 0.020 mmol, 1 eq). After 18 hours, the mixture was diluted with MeOH and purified by preparative HPLC to give the desired product as a light brown oil (11.00 mg, trifluoroacetate salt, 0.00938 mmol, 47%).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.23 (d, J = 9.0 Hz, 1H), 7.81 – 7.70 (m, 4H), 7.55 – 7.46 (m, 4H), 7.32 (d, J = 8.4 Hz, 1H), 7.15 (dd, J = 8.9, 2.4 Hz, 1H), 6.38 (s, 1H), 5.05 (dd, J = 12.4, 5.4 Hz, 1H), 4.65 (s, 2H), 4.40 (s, 2H), 3.52 (s, 2H), 3.46 – 3.32 (m, 4H), 3.30 – 3.18 (m, 6H), 2.99 (d, J = 21.2 Hz, 4H), 2.84 – 2.72 (m, 3H), 2.17 – 2.11 (m, 1H), 1.60 – 1.54 (m, 2H), 1.52 – 1.47 (m, 2H), 1.34 (s, 17H). MS (ESI) m/z 1058.59 (M+H)+.

Synthesis of JB-4-073
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JB-4-073
N-(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetamide trifluoroacetate salt (13.0 mg, 0.020 mmol, 1 eq)16 was added to 2-(4-(2-((2-(4-(3-(5-(tert-butyl)isoxazol-3-yl)ureido)phenyl)benzo[d]imidazo[2,1-b]thiazol-7-yl)oxy)ethyl)piperazin-1-yl)acetic acid (12.4 mg, 0.020 mmol, 1 eq) as a 0.1M solution in DMF (200 microliters) at room temperature. DIPEA (10.5 microliters, 0.060 mmol, 3 eq) was added, followed by HATU (7.6 mg, 0.020 mmol, 1 eq). After 20 hours, the mixture was diluted with MeOH/DMF and purified by preparative HPLC to give the desired product as a yellow oil (14.77 mg, trifluoroacetate salt, 0.0118 mmol, 59%).
1H NMR (500 MHz, 1:1 CD3OD:CDCl3) δ 8.19 (s, 1H), 7.78 – 7.69 (m, 4H), 7.53 (d, J = 8.6 Hz, 2H), 7.49 – 7.43 (m, 2H), 7.27 (d, J = 8.4 Hz, 1H), 7.14 (dd, J = 8.8, 2.3 Hz, 1H), 6.38 (s, 1H), 5.03 (dd, J = 12.4, 5.6 Hz, 1H), 4.62 (s, 2H), 4.40 (s, 2H), 3.66 – 3.48 (m, 14H), 3.45 – 3.33 (m, 6H), 3.24 (s, 4H), 2.97 (s, 4H), 2.83 – 2.71 (m, 3H), 2.14 (dt, J = 8.2, 4.8 Hz, 1H), 1.84 (p, J = 6.6 Hz, 2H), 1.77 (p, J = 6.3 Hz, 2H), 1.34 (s, 9H). MS (ESI) m/z 1134.60 (M+H)+.


Synthesis of DD-04-015
[image: ]

[image: ]
tert-butyl 4-(6-((5-bromo-1-methyl-2-oxo-1,2-dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (3).
Compounds 1 and 2 were commercially available. Compound 1 (800 mg, 3.0 mmol, 1 equiv.), compound 2 (1.0 g, 3.6 mmol, 1.2 equiv.), Cs2CO3 (2.1 g, 6.4 mmol, 2.1 equiv.), and XantPhos (175 mg, 0.3 mmol, 0.1 equiv.) were dissolved in anhydrous 1,4-dioxane (15 mL) and the mixture was degassed by bubbling N2 (g) through it for 10 min. Then Pd2(dba)3 (275 mg, 0.3 mmol, 0.1 equiv.) was added, the vial was sealed, then stirred at 120 °C for 1h. The reaction was cooled to r.t. and filtered through Celite. The filtrate was concentrated then purified via silica gel column chromatography to obtain the product as brown oil (900 mg, 1.94 mmol, 65% yield). MS (ESI) m/z 465 (M+H)+.
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tert-butyl 4-(6-((1-methyl-2-oxo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (4). 
[bookmark: _Hlk480860394]Compound 3 (145 mg, 0.31 mmol, 1.0 equiv.), B2Pin2 (159 mg, 0.63 mmol, 2.0 equiv.), and KOAc (92 mg, 0.94 mmol, 3.0 equiv.), and Pd(dppf)2Cl2.CH2Cl2 (31 mg, 0.04 mmol, 0.1 equiv.) were stirred in anhydrous 1,4-dioxane (3 mL) at 90 °C for 2h. The reaction was cooled to r.t. and filtered through Celite. The filtrate was concentrated then used in the next step without further purification.
MS (ESI) m/z 511 (M+H)+.
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tert-butyl 4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-oxo-1,2-dihydropyridin-3-yl)amino)pyridin-3-yl)piperazine-1-carboxylate (6).
Compound 5 was prepared according to the literature45. Compound 5 (487 mg, 1.4 mmol, 1.0 equiv.), compound 4 (1.45 g, 2.8 mmol, 2.0 equiv.), Na2CO3 (376 mg, 3.5 mmol, 2.5 equiv.), and XPhos (135 mg, 0.28 mmol, 0.2 equiv.) were dissolved in 1,4-dioxane (20 mL) and water (2.7 mL) and the mixture was degassed by bubbling N2 (g) through it for 10 min. Then Pd(dppf)2Cl2.CH2Cl2 (116 mg, 0.14 mmol, 0.1 equiv.) was added, the vial was sealed, then stirred at 100 °C overnight. The reaction was cooled to r.t. and filtered through Celite. The filtrate was concentrated then purified via silica gel column chromatography to obtain the product as an oil (259 mg, 0.374 mmol, 26% yield). 
MS (ESI) m/z 693 (M+H)+.
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tert-butyl (2-(2-(2-(4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-oxo-1,2-dihydropyridin-3-yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)ethyl)carbamate (8).
To a solution of compound 6 (259 mg, 0.374 mmol, 1.0 equiv.) in DCM (2 mL) was added trifluoroacetic acid (2 mL) then stirred for 30 min. The solution was concentrated then redissolved in DMF (1 mL). Tert-butyl (2-(2-(2-bromoethoxy)ethoxy)ethyl)carbamate (117 mg, 0.3 mmol, 1 equiv.) and K2CO3 (92 mg, 0.67 mmol, 1.8 equiv.) were added and stirred in a sealed vial at 80 °Cfor 3h. The reaction was cooled to r.t. then purified using an HPLC with a reverse phase C18 column to afford the product as an oil (131 mg, 0.16 mmol, 53% yield over two steps).
MS (ESI) m/z 825 (M+H)+.

[image: ]
N-(2-(2-(2-(4-(6-((5-(3-(6-cyclopropyl-8-fluoro-1-oxoisoquinolin-2(1H)-yl)-2-(hydroxymethyl)phenyl)-1-methyl-2-oxo-1,2-dihydropyridin-3-yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)ethyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamide (DD-04-015)
To a solution of compound 8 (58 mg, 0.07 mmol, 1.0 equiv.) in DCM (1 mL) was added trifluoroacetic acid (1 mL) then stirred for 30min. The solution was concentrated then redissolved in DMF (1 mL). HATU (35 mg, 0.09 mmol, 1.3 equiv.), DIPEA (37 µL, 0.2 mmol, 3.0 equiv.), and compound 10 (28 mg, 0.08 mmol, 1.2 equiv.) were added and the solution stirred for 1h, then purified using an HPLC with a reverse phase C18 column to afford the product as a white solid (10 mg, 0.009 mmol, 15% yield over two steps). 
1H NMR (500 MHz, DMSO) δ 11.10 (s, 1H), 8.56 (d, J = 2.2 Hz, 1H), 8.36 (s, 1H), 8.16 (t, J = 5.6 Hz, 1H), 7.85 (d, J = 2.5 Hz, 1H), 7.61 – 7.55 (m, 1H), 7.52 (t, J = 7.7 Hz, 1H), 7.46 – 7.40 (m, 1H), 7.37 – 7.29 (m, 4H), 7.26 (d, J = 1.3 Hz, 1H), 7.20 (d, J = 9.0 Hz, 1H), 7.05 (t, J = 11.8 Hz, 1H), 7.02 – 6.90 (m, 2H), 6.85 (d, J = 8.6 Hz, 1H), 6.58 (dt, J = 17.1, 8.5 Hz, 1H), 5.07 (dd, J = 12.8, 5.4 Hz, 1H), 4.76 (t, J = 4.4 Hz, 1H), 4.31 (dd, J = 11.2, 3.7 Hz, 1H), 4.26 – 4.15 (m, 1H), 3.93 (d, J = 5.6 Hz, 2H), 3.66 – 3.47 (m, 10H), 3.44 (dd, J = 12.4, 6.4 Hz, 2H), 3.26 (dd, J = 11.5, 5.8 Hz, 2H), 2.99 (d, J = 30.9 Hz, 4H), 2.94 – 2.82 (m, 1H), 2.14 – 1.94 (m, 2H), 1.16 – 1.03 (m, 2H), 0.93 – 0.78 (m, 2H). MS (ESI) m/z 1038 (M+H)+.


Synthesis of CJH-005-067
[image: ]
Preparation of 1 was previously described65.
Preparation of 6 was previously described15.

[image: ]
2-(2-(2-(4-(3-((3-cyano-4-((2,4-dichloro-5-methoxyphenyl)amino)-6-methoxyquinolin-7-yl)oxy)propyl)piperazin-1-yl)ethoxy)ethoxy)ethyl-4-methylbenzenesulfonate (3)
To a solution of 1 (1.0 eq) and 2 (1.0 eq) in DMF (0.2 M) was added K2CO3 (4.0 eq) at 25 °C. The mixture was heated to 50 °C and then stirred for 14 h. After the reaction, the mixture was cooled to room temperature, poured into water, and extracted with EtOAc (x3). The combined organic layer was washed with brine, dried over MgSO4, and then concentrated under reduced pressure. The crude residue was purified by flash chromatography (CH2Cl2 to 1:10 MeOH:CH2Cl2) to afford 3. 
MS (ESI) m/z 802 (M+H)+.

[image: ]
7-(3-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-1-yl)propoxy)-4-((2,4-dichloro-5-methoxyphenyl)amino)-6-methoxyquinoline-3-carbonitrile (4)
To a solution of 3 (1.0 eq) in DMF (0.1 M) was added NaN3 (2.0 eq) at 25 °C. The mixture was heated to 80 °C and then stirred for 14 h. After the reaction, the mixture was cooled to room temperature, poured into water, and extracted with EtOAc (x3). The combined organic layer was washed with brine, dried over MgSO4, and then concentrated under reduced pressure. The resulting residue (4) was used to next step without further purification.
MS (ESI) m/z 673 (M+H)+.

[image: ]
7-(3-(4-(2-(2-(2-aminoethoxy)ethoxy)ethyl)piperazin-1-yl)propoxy)-4-((2,4-dichloro-5-methoxyphenyl)amino)-6-methoxyquinoline-3-carbonitrile (5)
To a solution of 4 (1.0 eq) in THF (0.1 M) was added PPh3 (1.5 eq) and water (1.5 eq) at 25 °C. The mixture was stirred for 14 h, and then the solvent was removed. The crude residue was purified by flash chromatography (CH2Cl2 to 1:10 MeOH (5% NH4OH):CH2Cl2) to afford 5.
MS (ESI) m/z 647 (M+H)+.

[image: ]
4-((2,4-dichloro-5-methoxyphenyl)amino)-7-(3-(4-(2-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)ethyl)piperazin-1-yl)propoxy)-6-methoxyquinoline-3-carbonitrile (CJH-005-067)
To a solution of 5 (1.0 eq) and 6 (1.0 eq) in DMF (0.1 M) was added DIPEA (2.0 eq) at 25 °C. The mixture was heated to 90 °C, and then stirred for 14 h. After the reaction, the mixture was cooled to room temperature, poured into water, and extracted with EtOAc (x3). The combined organic layer was washed with brine, dried over MgSO4, and then concentrated under reduced pressure. The resulting residue was purified by preparative HPLC to afford the desired compound.  Yield: 12 %, yellow oil.
1H NMR (400 MHz, d6-DMSO)  11.13 (s, 1H), 8.74 (s, 1H), 7.97 (s, 1H), 7.82 (s, 1H), 7.59 (t, J = 7.4 Hz, 1H), 7.43 (d, J = 7.9 Hz, 2H), 7.16 (d, J = 8.6 Hz, 1H), 7.06 (d, J = 7.0 Hz, 1H), 6.60 (br, 1H), 5.07 (m, 1H), 4.42 (t, J = 5.4 Hz, 2H), 4.12 (br, 8H), 3.95 (s, 3H), 3.89 (m, 3H), 3.87 (s, 3H), 3.64 (m, 4H), 3.48 (m, 2H), 3.16 (br, 4H), 2.84-3.01 (m, 4H), 2.17 (m, 2H), 2.04 (m, 2H). MS (ESI) m/z 903 (M+H)+. HPLC (Rt = 4.84 min).
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