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Abstract

We present the development of the first small molecule degraders that can induce anaplastic 

lymphoma kinase (ALK) degradation, including in non-small-cell lung cancer (NSCLC), 

anaplastic large-cell lymphoma (ALCL), and neuroblastoma (NB) cell lines. These degraders were 

developed through conjugation of known pyrimidine-based ALK inhibitors, TAE684 or LDK378, 

and the cereblon ligand pomalidomide. We demonstrate that in some cell types degrader potency is 

compromised by expression of drug transporter ABCB1. In addition, proteomic profiling 

demonstrated that these compounds also promote the degradation of additional kinases including 

PTK2 (FAK), Aurora A, FER, and RPS6KA1 (RSK1).
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INTRODUCTION

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase that was first identified in a 

chromosomal translocation associated with anaplastic large cell lymphoma (ALCL), a 

subtype of T-cell non-Hodgkin’s lymphoma.1 Chromosomal translocations involving the 

kinase domain of ALK are seen in many cancers. In addition to ALCL, ALK fusion proteins 

are seen in diffuse large B-cell lymphoma (DLBCL), inflammatory myofibroblastic tumor 

(IMT), breast cancer, colorectal cancer, esophageal squamous cell cancer (ESCC), renal cell 

cancer (RCC), and non-small-cell lung cancer (NSCLC).2 ALK fusion partners drive 

dimerization of the ALK kinase domain, leading to autophosphorylation, which in turn 

causes the kinase to become constitutively active.3 Oncogenic ALK may also be expressed 

due to point mutations as is seen in neuroblastoma (NB), where germline mutations in ALK 

have been documented to drive the majority of hereditary NB cases.4,5 Constitutively active 

oncogenic ALK signals through multiple pathways, including PI3K/AKT, RAS/ERK, and 

JAK/STAT3; this signaling leads to enhanced cell proliferation and survival.6

ALK is an attractive target for cancer therapies not only for its prominent role in a number of 

malignancies, but also for its scant expression in normal adult tissue, which is restricted to a 

small subset of neural cells, reducing off-target toxicities of ALK-selective agents.2,7 There 

are currently four FDA approved kinase inhibitors for the treatment of ALK-positive 

NSCLC: crizotinib, ceritinib (LDK378), alectinib, and, most recently, brigatinib. ALK-

positive tumors are highly sensitive to ALK inhibition, indicating that these tumors are 

addicted to ALK kinase activity. Hwever, despite initial dramatic responses of variable 

median duration (10.9 months for crizotinib; 16.6 months for ceritinib; 25.7 months for 

alectinib), resistance to therapy typically develops. 8–12

While next-generation ALK inhibitors such as lorlatinib have been able to successfully 

target resistant tumors and have shown improvements in potency and overall response rates 

relative to approved inhibitors, resistance to these inhibitors still consistently arises in 

patients.13–16 Therapeutic strategies that target ALK with a novel mechanism of action may 

provide ways to further delay the emergence of resistance mutations. Here we described the 

development and characterization of bivalent small molecules that are capable of inducing 

proteasome-mediated degradation of ALK.
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We developed small molecule degraders (also called PROTACs or degronimides) which are 

hetero-bifunctional small molecules that can induce degradation of a protein by bringing it 

into proximity of an E3 ligase.17 When the ternary complex is formed, the E3 ligase 

ubiquitinates the target protein, leading to its proteasomal degradation. It has recently been 

shown that this technology may be used to induce both kinase and kinase fusion protein 

degradation.18

Here we present two examples of degraders that can induce ALK degradation in NSCLC 

cells expressing the fusion protein echinoderm microtubule-associated protein-like 4 

(EML4)-ALK, ALCL cells expressing the fusion protein nucleophosmin (NPM)-ALK, and 

NB cells expressing either ALK F1174L or ALK R1275Q.

RESULTS AND DISCUSSION

We designed the degraders 9 and 11 based on known ALK inhibitors TAE684 and LDK378 

(ceritinib), respectively, and used the cereblon ligand pomalidomide to recruit the E3 

ubiquitin ligase complex (Figure 1A). A 2-polyethylene glycol (PEG) linker was selected for 

these prototypical ALK degraders due to the success of a previously generated TAE684 

based multi-kinase degrader.19 As control compounds to complement the degraders 9 and 

11, we designed the analogs 10 and 12 with des-carbonyl pomalidomide groups that exhibit 

substantially weakened binding to cereblon, as confirmed by a biochemical cereblon binding 

assay (Figures 1A, S1). Using an ALK activity assay, we validated that both the degraders 

and their des-carbonyl counterparts are still able to bind ALK, with IC50s comparable to 

their parental kinase inhibitors (Figure 1B, Table S1).

We examined the effects of the degraders on cell proliferation in ALK-driven NSCLC line 

H3122, and ALCL lines Karpas 299 and SU-DHL-1. In both NSCLC and ALCL cell lines 

the degraders and parental kinase inhibitors were about equipotent, while the des-carbonyl 

compounds were less active than the inhibitors, indicating that the potent anti-proliferative 

effects seen with the degraders are due in part to their ability to degrade ALK (Figure 2).

We next studied the induced degradation of ALK and a known off-target of TAE684 and 

LDK378, Aurora A kinase, in H3122 and Karpas 299 cells.20,21 A dose titration of 9 and 11 
in each cell line for 16 hours demonstrated that 9 is more selective for degradation of ALK 

versus Aurora A than 11, which is consistent with LDK378’s higher selectivity for ALK 

compared to TAE684 (Figure 3A).21 From these dose titrations the DC50s of 9 and 11 
against ALK were calculated to be the same in H3122 cells (10 nM, two independent 

experiments), while 11 induced more potent ALK degradation in Karpas 299 than 9 with 

DC50s of 40 nM and 180 nM, respectively (two independent experiments). Time course 

treatments with both degraders showed that some ALK degradation is observed at 4 hours of 

treatment in H3122 cells and at 8 hours of treatment in Karpas 299 cells, and maximum 

degradation is achieved at 16 hours in both cases (Figure 3B).

Pre-treatment of the cell lines with the proteasome inhibitor carfilzomib prevented 

degradation of both ALK and Aurora A, validating that the degradation seen is occurring via 

the proteasome (Figure 3C). MLN4924 indirectly inhibits the cereblon E3 ligase by blocking 
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neddylation of the cullin RING ligase, CUL4, in the protein complex, which is required for 

ligase activity. Pre-treatment with MLN4924 also prevented degradation of ALK and Aurora 

A, confirming that the degradation seen is occurring via recruitment of the cereblon E3 

ligase complex (Figure 3C). Pre-treatment with pomalidomide or the parental kinase 

inhibitor also prevented ALK degradation, although pre-treatment with LDK378 only 

showed partial rescue in H3122 cells. This demonstrates that engagement of both ALK and 

cereblon is required for the observed degradation.

We compared the effects on downstream signaling between the parental kinase inhibitors, 

the degraders, and their des-carbonyl counterparts by examining ALK phosphorylation by 

western blot after 16 hours of treatment; this demonstrated that the extent of downstream 

signaling inhibition by the degraders is cell line dependent (Figure 3D). In H3122 cells, 9 
inhibits downstream signaling to a similar extent as its parental kinase inhibitor, while 11 
shows improved downstream inhibition. In Karpas 299 cells the degraders affect 

downstream signaling to a lesser extent than the kinase inhibitors. In both cell lines the 

degraders affect downstream signaling more than their des-carbonyl counterparts, indicating 

that the degrader downstream effects are due to both degradation and inhibition of ALK.

When observing downstream signaling over a 48-hour time course in H3122 cells, 9 sustains 

inhibition of ALK and STAT3 phosphorylation to a similar extent as TAE684, while 11 
shows a distinct improvement on sustained inhibition compared to LDK378 (Figure 3E). 

This is significant because inhibition of STAT3 signaling leads to significant anti-

proliferative effects in EML4-ALK expressing cells and sustained ALK pathway inhibition 

has been linked to greater anti-tumor efficacy. 22–24

When we tested the anti-proliferative effects of the degraders in NB cell lines we observed 

an unreported, as of this writing, potential obstacle with the degrader technology related to 

the ATP-binding cassette sub-family B member 1 (ABCB1) drug transporter. We used Kelly 

and Lan5 lines, which are ABCB1 low expressing cells, and SH-SY5Y and CHLA20 lines, 

which are ABCB1 high expressing cells. ABCB1 has been shown to efflux hydrophobic and 

amphipathic compounds.25 This drug transporter activity can be inhibited by tariquidar.26 In 

the ABCB1 high expressing cells the degraders had low anti-proliferative activity compared 

to the parental inhibitors. However, when we co-treated with tariquidar we saw an increase 

in anti-proliferative activity of the degraders with EC50s comparable to the parental kinase 

inhibitors (Figure 4). In addition, knockdown of ABCB1 using shRNA also increased 

degrader-mediated ALK degradation and inhibition of proliferation (Figure S6). Thus, we 

concluded that degraders can be substrates of the ABCB1 transporter. Future SAR efforts 

will need to focus on modifications to the degrader molecules that will prevent them from 

being effluxed by ABCB1 transporters.

We next studied induced ALK degradation by immunoblots using Kelly and CHLA20 cells; 

CHLA20 cells were always co-treated with 125 nM tariquidar. In Kelly cells 9 and 11 were 

equipotent ALK degraders, with DC50s of 50 nM each as determined by western blot after 

16 hr dose titrations (two independent experiments) (Figure 5A). As in the NSCLC and 

ALCL cell lines, 9 was less selective for ALK over Aurora A than 11 in both NB lines 

(Figure 5A). Time courses in the Kelly and CHLA20 cells showed that ALK degradation by 
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the degraders could be observed after 4 hours of treatment in CHLA20 and after 8 hours in 

Kelly cells (Figure 5B). Interestingly, although pre-treatment with carfilzomib, MLN4924, 

or pomalidomide in both Kelly and CHLA20 cells did prevent Aurora A degradation (Figure 

5C), only pomalidomide and parental inhibitor pre-treatment prevented ALK degradation. 

This may be due to carfilzomib and MLN4924 causing an upregulation of lysosomal 

degradation by suppressing the ubiquitin-proteasome system.27

In Kelly cells 9 is equipotent to TAE684 at inhibiting downstream ALK signaling, while 11 
is more potent than LDK378 at 16 hr (Figure 5D). In CHLA20 cells both degraders are more 

potent inhibitors of downstream ALK signaling than their parental inhibitors. 11 shows 

improved sustained inhibition of ALK phosphorylation compared to LDK378 in both Kelly 

and CHLA20 cells (Figure 5E). In Kelly and CHLA20 cells STAT3 feedback signaling was 

activated by the parental inhibitors, but not the degraders (Figure 5E). This observation 

indicates that STAT3 was not a downstream player in the anti-proliferative effects observed 

in these cells and that kinase degraders may have the advantage of preventing feedback 

activation of STAT3 that has been previously reported as a major drawback of kinase-

targeted therapeutics.28

Expression proteomics was performed after 4 hours of treatment with 9 and 11 in Kelly 

cells; this early time point was selected in order to minimize secondary effects. However, a 

decrease in ALK abundance was not measured at a significant level for either compound 

(Figure S7). The degradation of targets other than ALK, including PTK2, FER, RPS6KA1, 

and Aurora A, was measured at significant levels and confirmed by western blot (Figures S8, 

S9); the degraded proteins detected by proteomics were shown during time courses to be 

more rapidly degraded than ALK, which may have resulted in the differences in detection by 

proteomics. PTK2, FER, and Aurora A have also been previously demonstrated to be very 

susceptible to kinase targeting degraders.19 Interestingly, although 9 is a better inhibitor of 

RPS6KA1 than 11 (Table S2), 11 is a better RPS6KA1 degrader (Figures S7–9). These 

results highlight the importance of determining degrader selectivity profiles separately from 

their parental inhibitors. Since the ability to be degraded may vary for different protein 

targets, degrader selectivity must be carefully assessed. ALK degraders may be improved 

upon in the future by using more selective inhibitor scaffolds.

The potential ability of degraders to overcome acquired resistance mutations was assessed 

using Ba/F3 cells expressing EML4-ALK with the resistant mutations L1196M, C1156Y, or 

G1202R (Figure S10). 9 and 11 both show a drop in anti-proliferative activity similar to the 

behavior seen with the parental ALK inhibitors when EML4-ALK has a resistant mutation. 

Since 9 and 11 have demonstrated that ALK is amenable to small molecule induced 

degradation, it is likely that future ALK targeting degraders based on ALK inhibitors that are 

able to overcome resistance mutations may have improved pharmacodynamic properties in 

these resistant mutant cell lines.

While the efficacy of ALK degraders against resistant mutations must be explored further, 

this work does speak to potential challenges with resistance that may be inherent in the 

degrader technology since several processes must function together. In addition to the 
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potential resistance by drug transporters demonstrated here, it is possible that factors such as 

cereblon down-regulation or deubiquitinase upregulation may impact degrader activity.

CONCLUSION

By linking known ALK inhibitors TAE684 and LDK378 to pomalidomide we have provided 

prototypical examples that ALK degradation may be induced by E3 ligase recruitment in 

three major ALK-positive disease models. These compounds have displayed the ability to 

improve upon the pharmacodynamic properties of their parental inhibitors, especially 

sustained inhibition of downstream ALK signaling, indicating that degraders are a promising 

new avenue for targeted ALK therapies.

EXPERIMENTAL METHODS

Unless otherwise noted, reagents and solvents were obtained from commercial suppliers and 

were used without further purification. 1H NMR spectra were recorded on 500 MHz (Bruker 

A500), and chemical shifts are reported in parts per million (ppm, δ) 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 × 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.

tert-butyl 4-(4-((5-chloro-4-((2(isopropylsulfonyl)phenyl) 
amino)pyrimidin-2yl)amino)-3-methoxyphenyl) piperazine-1-carboxylate (3). 
Intermediate 1 was prepared according to the literature,29 while tert-butyl 4-(4-amino-3-

methoxyphenyl) piperazine-1-carboxylate (2) was commercially available. To 1 (693 mg, 

2.0 mmol) and 2 (740 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 925 mg 

(75%) of 3 as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.54 (s, 1H), 8.60 (d, J = 8.4 Hz, 

1H), 8.13 (s, 1H), 8.06 (d, J = 7.2 Hz, 1H), 7.91 (d, J 8.0 Hz, 1H), 7.62 (dd, J = 8.8, 8.4 Hz, 

1H), 7.33 (s, 1H), 7.25 (dd, J = 8.4, 8.4 Hz, 1H), 6.55 (s, 1H), 6.47 (d, J = 8.8 Hz, 1H), 3.88 

(s, 3H), 3.60 (m, 4H), 3.24 (m, 1H), 3.09 (m, 4H), 1.49 (s, 9H), 1.30 (d, J = 7.2 MS (ESI) 

m/z 617 (M+H)+.

N2-(4-(4-(2-(2-(2-azidoethoxy)ethoxy)ethyl)piperazin-1-yl)-2-methoxyphenyl)-5-chloro-
N4-(2-(isopropylsulfonyl)phenyl) pyrimidine-2,4-diamine (5). To 3 (620 mg, 1.0 mmol) in 

dichloromethane (18 mL) TFA was added (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 commercially available bromide 4 (300 

mg, 1.2 mmol) and potassium carbonate (414 mg, 3.0 mmol). The resulted mixture was 

stirred under 80 oC overnight, then cooled down to RT and diluted with 50 mL of 

dichloromethane. The precipitation was filtered, and the filtrate was concentrated and 
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purified by column chromatography (dichloromethane:methanol = 10:1) to yield 524 mg 

(78%) of 11 as a colorless oil. 1H NMR (400 MHz, DMSO-d6) δ 9.54 (s, 1H), 8.62 (d, J = 

8.4 Hz, 1H), 8.13 (s, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.62 (dd, J = 

8.0, 8.0 Hz, 1H), 7.30 (m, 2H), 6.56 (s, 1H), 6.48 (d, J = 8.4 Hz, 1H), 3.88 (s, 3H), 3.70 (m, 

10H), 3.25 (m, 1H), 3.41 (t, J = 5.2 Hz, 2H), 3.20 (m, 4H), 2.70 (m, 4H), 1.32 (d, J = 7.2 Hz, 

6H). MS (ESI) m/z 674 (M+H)+.

tert-butyl(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)glycinate (7). Intermediate 

6 was prepared according to the literature.30 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 oC 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)-3-methoxyphenyl) piperazin-1-yl)ethoxy)ethoxy)ethyl)-2-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)acetamide (9). Under a nitrogen 

atmosphere, to 5 (135 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 (71%) of 9 as a yellow foam. 1H NMR 

(500 MHz, DMSO-d6) δ 11.10 (s, 1H), 9.76 (br, 1H), 9.57 (s, 1H), 8.56 (br, 1H), 8.41 (H, 

1H), 8.19 (s, 1H), 8.18 (m, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.60 (m, 1H), 7.57 (dd, J = 8.0, 7.5 

Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 7.30 (dd, J = 8.0, 7.5 Hz, 1H), 7.07 (d, J = 7.0 Hz, 1H), 

6.95 (m, 1H), 6.85 (d, J = 8.5 Hz, 1H), 6.71 (d, J = 2.5 Hz, 1H), 6.53 (dd, J = 8.5, 2.5 Hz, 

1H), 5.07 (dd, J = 13.0, 5.5 Hz, 1H), 3.94 (d, J = 5.0 Hz, 2H), 3.85 (m, 2H), 3.80 (m, 2H), 

3.76 (s, 3H), 3.58 (m, 4H), 3.45 (m, 4H), 3.40 (m, 4H), 3.30 (m, 2H), 3.24 (m, 2H), 3.03 (m, 

2H), 2.53–2.63 (m, 2H), 1.16 (d, J = 7.0 Hz, 6H). MS (ESI) m/z 961 (M+H)+.

10, 11 and 12 were synthesized with similar procedures as 9.
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N-(2-(2-(2-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl) phenyl)amino)pyrimidin-2-
yl)amino)-3-methoxyphenyl) piper azin-1-yl)ethoxy)ethoxy)ethyl)-2-((1,3-dioxo-2-(2- 
oxopiperidin-3-yl)isoindolin-4-yl)amino)acetamide (10). 1H NMR (500 MHz, DMSO-d6) 

δ 9.78 (br, 1H), 9.59 (s, 1H), 8.55 (br, 1H), 8.44 (s, 1H), 8.20 (s, 1H), 8.18 (dd, J = 6.0, 5.5 

Hz, 1H), 7.82 (s, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.60 (m, 1H), 7.55 (dd, J =8.0, 7.5 Hz, 1H), 

7.40 (d, J = 8.5 Hz, 1H), 7.31 (dd, J = 7.5, 7.5 Hz, 1H), 7.04 (d, J = 7.0 Hz, 1H), 6.95 (m, 

1H), 6.82 (d, J = 8.5 Hz, 1H), 6.71 (d, J = 2.5 Hz, 1H), 6.53 (dd, J = 8.5, 2.5 Hz, 1H), 4.52 

(dd, J = 12.0, 6.5 Hz, 1H), 3.93 (d, J = 4.5 Hz, 2H), 3.85 (m, 2H), 3.80 (m, 2H), 3.77 (s, 3H), 

3.60 (m, 4H), 3.57 (m, 2H), 3.46 (m, 4H), 3.40 (m, 2H), 3.30 (m, 2H), 3.22 (m, 2H), 3.03 

(m, 2H), 2.20 (m, 1H), 1.96 (m, 1H), 1.89 (m, 2H), 1.16 (d, J = 6.5 Hz, 6H). MS (ESI) m/z 

947 (M+H)+.

N-(2-(2-(2-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl) phenyl)amino)pyrimidin-2-
yl)amino)-5-isopropoxy-2- methylphenyl)piperidin-1-yl)ethoxy)ethoxy)ethyl)-2-((2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino) acetamide (11). 1H NMR (500 

MHz, DMSO-d6) δ 11.09 (s, 1H), 9.59 (s, 1H), 9.46 (s, 1H), 8.44 (d, J = 8.5 Hz, 1H), 8.38 

(br, 1H), 8.25 (s, 1H), 8.18 (dd, J = 6.0, 5.5 Hz, 1H), 8.09 (s, 1H), 7.83 (d, J = 8.0 Hz, 1H), 

7.60 (dd, J = 8.5, 8.0 Hz, 1H), 7.57 (dd, J = 8.0, 7.5 Hz, 1H), 7.34 (dd, J = 8.5, 8.0 Hz, 1H), 

7.06 (d, J = 6.0 Hz, 1H), 6.93 (dd, J = 5.5, 5.5 Hz, 1H), 6.84 (d, J = 9.0 Hz, 1H), 6.75 (s, 

1H), 5.06 (dd, J = 13.0, 5.5 Hz, 1H), 4.48 (m, J = 6.0 Hz, 1H), 3.93 (d, J = 5.5 Hz, 2H), 3.78 

(m, 2H), 3.59 (m, 4H), 3.56 (m, 2H), 3.44 (m, 4H), 3.28 (m, 2H), 3.13 (m, 4H), 2.83–2.99 

(m, 2H), 2.52–2.61 (m, 1H), 2.13 (s, 3H), 1.85–2.04 (m, 4H), 1.22 (d, J = 6.0 Hz, 6H), 1.15 

(d, J = 7.0 Hz, 6H). MS (ESI) m/z 1002 (M+H)+.

N-(2-(2-(2-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl) phenyl)amino)pyrimidin-2-
yl)amino)-5-isopropoxy-2-methylphenyl)piperidin-1-yl)ethoxy)ethoxy)ethyl)-2-((1,3-
dioxo-2-(2-oxopiperidin-3-yl)isoindolin-4-yl)amino) acetamide (12). 1H NMR (500 MHz, 

DMSO-d6) δ 9.46 (s, 1H), 8.46 (d, J = 8.5 Hz, 1H), 8.25 (s, 1H), 8.16 (dd, J = 5.5, 5.0 Hz, 

1H), 8.07 (s, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.81 (s, 1H), 7.61 (dd, J = 8.5, 8.0 Hz, 1H), 7.55 

(dd, J = 8.0, 7.5 Hz, 1H), 7.52 (s, 1H), 7.35 (dd, J = 8.5, 8.0 Hz, 1H), 7.03 (d, J = 6.0 Hz, 

1H), 6.93 (dd, J = 6.0, 5.5 Hz, 1H), 6.83 (d, J = 8.5 Hz, 1H), 6.78 (br, 1H), 4.52 (dd, J = 

12.0, 6.0 Hz, 1H), 3.92 (d, J = 5.5 Hz, 2H), 3.54 (m, 6H), 3.45 (m, 4H), 3.29 (m, 4H), 3.21 

(m, 4H), 2.20 (m, 3H), 2.12 (s, 3H), 1.81–2.00 (m, 6H), 1.22 (d, J = 6.0 Hz, 6H), 1.16 (d, J = 

6.5 Hz, 6H). MS (ESI) m/z 988 (M+H)+.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ABCB1 ATP-binding cassette sub-family B member 1

ALCL anaplastic large-cell lymphoma

ALK anaplastic lymphoma kinase

EML4 echinoderm microtubule-associated protein-like 4

NB neuroblastoma

NPM nucleoplasmin

NSCLC non-small-cell lung cancer
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Figure 1. 
Chemical structures and characterization of ALK degraders. (A) TAE684 is the parental 

kinase inhibitor of 9 and 10. LDK378 is the parental inhibitor of 11 and 12. 9 and 11 are 

ALK targeted degraders while 10 and 12 contain des-carbonyl versions of the pomalidomide 

group, causing them to exhibit substantially weakened binding to cereblon. (B) TR-FRET 

ALK activity assay, plotted as the mean of three technical replicates ± SD
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Figure 2. 
Anti-proliferative best fit EC50 values with 95% CI in NSCLC and ALCL cell lines after 72-

hr treatments (three biological replicates; Graphpad Prism 7 software).
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Figure 3. 
Degrader behavior in H3122 and Karpas 299 cells. (A) Immunoblots after 16 hours of 

treatment with dose titrations of 9 and 11. (B) Immunoblots after treatment with 250 nM of 

compound for the indicated amount of time. (C) Immunoblots after 2-hour pre-treatments 

with DMSO, carfilzomib (Car), MLN4924 (MLN), pomalidomide (Pom), TAE684, or 

LDK378 followed by 16-hour treatments with 9 or 11. (D) Immunoblots of downstream 

ALK signaling after 16-hour compound treatments; t-ALK indicates total ALK and p-ALK 

indicates phosphorylated ALK. (E) Immunoblots of sustained downstream ALK signaling 

after the indicated treatment times.
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Figure 4. 
(A) Anti-proliferative best fit EC50 values with 95% CI in NB cell lines after 72-hr 

treatments (two biological replicates; Graphpad Prism 7 software: * = upper CI not 

calculated by model). 125 nM of tariquidar (Tari.) was used for the indicated co-treatments. 

(B) Immunoblot of ABCB1 expression in NB lysates.
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Figure 5. 
Degrader behavior in Kelly and CHLA20 cells. (A) Immunoblots after 16 hours of treatment 

with dose titrations of 9 and 11. Tari. indicates tariquidar. (B) Immunoblots after treatment 

with 100 nM of compound for the indicated amount of time. (C) Immunoblots after 2-hour 

pre-treatments with DMSO, carfilzomib (Car), MLN4924 (MLN), pomalidomide (Pom), 

TAE684, or LDK378 followed by 16-hour treatments with 9 and 11. (D) Immunoblots of 

downstream ALK signaling after 16-hour compound treatments; t-ALK indicates total ALK 

and p-ALK indicates phosphorylated ALK. (E) Immunoblots of sustained downstream ALK 

signaling after the indicated treatment times.
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Scheme 1. 
Synthesis of 9
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