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Abstract

While the use of ATP-competitive tyrosine kinase inhibitors of oncoprotein BCR-ABL1 has 

enabled durable responses in patients with chronic myeloid leukemia (CML), issues of drug 

resistance and residual leukemic stem cells remain. To test whether the degradation of BCR-ABL1 

kinase could offer improved response, we developed a series of proteolysis targeting chimera 

(PROTACs) that allosterically target BCR-ABL1 protein and recruit the E3 ligase Von Hippel 

Lindau (VHL), resulting in ubiquitination and subsequent degradation of the oncogenic fusion 

protein. In both human CML K562 cells and murine Ba/F3 cells expressing BCR-ABL1, lead 

compound GMB-475 induced rapid proteasomal degradation and inhibition of downstream 

biomarkers, such as STAT5, and showed increased sensitivity compared to diastereomeric controls 

lacking degradation activity. Notably, GMB-475 inhibited the proliferation of certain clinically 

relevant BCR-ABL1 kinase domain point mutants and further sensitized Ba/F3 BCR-ABL1 cells 

to inhibition by imatinib, while demonstrating no toxicity toward Ba/F3 parental cells. Reverse 

phase protein array analysis suggested additional differences in levels of phosphorylated SHP2, 

GAB2, and SHC associated with BCR-ABL1 degradation. Importantly, GMB-475 reduced 

viability and increased apoptosis in primary CML CD34+ cells, with no effect on healthy CD34+ 

cells at identical concentrations. GMB-475 degraded BCR-ABL1 and reduced cell viability in 

primary CML stem cells. Together, these findings suggest that combined BCR-ABL1 kinase 

inhibition and protein degradation may represent a strategy to address BCR-ABL1-dependent drug 
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resistance, and warrants further investigation into the eradication of persistent leukemic stem cells, 

which rely on neither the presence nor the activity of the BCR-ABL1 protein for survival.
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INTRODUCTION

Chronic myeloid leukemia (CML) is a myeloproliferative disorder characterized by the 

presence of the oncogenic fusion protein BCR-ABL1, the product of a translocation of 

chromosomes 9 and 22. This fusion results in a constitutively active BCR-ABL1 kinase that 

drives the overproduction and expansion of white blood cells in the bone marrow, and 

ultimately crowds out normal cells present in the bone marrow niche. Development of 

tyrosine kinase inhibitors (TKIs) specific to ABL1, such as imatinib, have drastically 

improved prognosis for patients by blocking BCR-ABL1 kinase activity without harming the 

normal cells (1).

Although in the vast majority of cases this disease is controlled by treatment with approved 

ABL1 TKIs, approximately 80% of patients must remain on treatment indefinitely, given 

that discontinuation results in relapse (2). This disease persistence can be attributed to 

residual leukemic stem cells (LSCs) which evade cell death even when BCR-ABL1 kinase 

activity is inhibited and drive relapse when TKI therapy is stopped. Previous studies have 

shown ABL1 TKIs effectively reduce kinase activity and downstream signaling of BCR-

ABL1, yet induction of apoptosis is markedly lower in the CML stem cell fraction compared 

to progenitors (3). Others have investigated alternative signaling mechanisms independent of 

BCR-ABL1 modified in LSCs, such as persistent activation of the MEK signaling cascade 

(4). Furthermore, the BCR-ABL1 fusion protein is large and features multiple other domains 

beyond the tyrosine kinase domain with important biological roles. Some have proposed that 

the dependence of CML LSCs on BCR-ABL1 protein is scaffolding-dependent; for 

example, the autophosphorylated residue Y177 of BCR interacts with GRB2 to promote 

RAS and PI3K signaling or the less characterized interactions with PP2A and JAK2 

signaling (5). The structure and leukemogenic signaling associated with specific regions of 

BCR-ABL1 also highlight involvement of non-kinase domains of the fusion protein. For 

example, the SH2 domain interacts with SHC and results in the recruitment of GRB2, which 

induces pro-cell survival mechanisms or SH3 domain interactions with signaling proteins 

regulating cell adhesion and migration (6). These non-kinase interactions of BCR-ABL1 can 

add to the recapitulation of disease despite kinase inhibition, suggesting a need to further 

eliminate BCR-ABL1 at the protein level. In this vein, our group and others have shown 

enhanced cell kill by employing compounds that interact with both BCR-ABL1 and 

proteasome degradation associated molecules (7-9).

The proteolysis targeting chimera (PROTAC) technology developed in the Crews lab (10-12) 

provides a unique toolkit for probing the non-kinase roles of proteins in a cellular context 

without resorting to genetic modification of the system. PROTACs are heterobifunctional 
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molecules which recruit an E3 ligase to a target protein, resulting in ubiquitination and 

subsequent degradation of the target. The ability of PROTACs to induce degradation of the 

target is not limited to binding sites within the kinase domain, but have the potential to be 

implemented when kinase activity is not the singular role of the target protein (13). ABL1, 

one of the fusion partners in the BCR-ABL1 protein, contains an allosteric myristolation 

binding site, known to have a role in the autoinhibited state of the protein (14) and multiple 

compounds have been developed to target this region (15,16). To assess the additional 

treatment efficacy of both inhibiting the kinase and degrading the protein of BCR-ABL1, we 

further investigated the potential of a new series of PROTACs, utilizing an allosteric 

inhibitor (GNF-5) to degrade BCR-ABL1 protein and induce cell death in cell lines with 

relevant kinase domain mutants and primary CML LSCs.

MATERIALS AND METHODS

Cell lines

Ba/F3 murine cell lines (obtained from ATCC), either parental or with stable expression of 

BCR-ABL1 via pSRα vector backbone, were grown in R10 media consisting of RPMI 

(Invitrogen) supplemented with 10% FBS (Atlanta Biologicals), L-glutamine, penicillin/

streptomycin (Invitrogen) and amphotericin B (HyClone). All BCR-ABL1 positive cell lines 

were confirmed by PCR to express the BCR-ABL1 p210 fusion; Ba/F3 were confirmed 

negative for BCR-ABL1 expression. In Ba/F3 parental cells, WEHI-3B-conditioned medium 

(15%) was included as a source of IL-3. The K562 cell line was purchased from ATCC and 

cultured in IMDM (Gibco) supplemented with 10% FBS and penicillin/streptomycin 

(Invitrogen). All cell lines were confirmed mycoplasma negative prior to experimental use. 

No additional cell line authentification was performed. None of the cell lines used in this 

study was cultured for longer than 6 months from initial purchase or characterization.

Patient samples

All patient samples were collected following written informed consent and used in 

accordance with the Declaration of Helsinki. The OHSU Institutional Review Board 

approved all studies involving human specimens. Mononuclear cells (MNCs) were isolated 

from either peripheral blood, bone marrow or leukapheresis samples by Ficoll gradient. 

MNCs were then treated with ammonium-chloride-potassium (ACK) lysis buffer to remove 

any residual red blood cells. CD34+ cells were isolated via magnetic bead isolation (MACS, 

Miltenyi Biotec #130-046-703) and stored in liquid nitrogen storage in 90% FBS plus 10% 

DMSO for long term storage. For cell proliferation assays, samples were thawed and 

cultured in R10. For immunoblot assays, samples were thawed and cultured in IMDM with 

40μg/mL low-density lipoprotein (LDL, Stem Cell), 20% FBS, and 100μM beta-

mercaptaethanol (Sigma).

Flow cytometry

Samples sorted for CD38 were stained with CD34 PE-Cy™7 (BD Biosciences #348801) 

and BV421 Mouse Anti-Human CD38 (BD Biosciences #562444), washed in sterile PBS 

with 10% BSA, and sorted on a BD FACS Aria instrument. Sorted samples were recovered 
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overnight in culture in IMDM with 40μg/mL low-density lipoprotein (LDL, Stem Cell), 20% 

FBS, and 100μM beta-mercaptaethanol (Sigma).

Immunoblot analysis

Samples were lysed in 1X Cell Signaling lysis buffer (#9803S) supplemented with PMSF 

and complete mini tablets (Sigma #11836153001). Lysates were quantified and separated on 

4-15% Tris-glycine polyacrylamide gels. Gels were transferred and then blocked in TBS-

Tween buffer with 5% BSA. The following primary antibodies were used: tABL, BD 

#554148 anti-mouse 1:400; c-ABL1, SantaCruz #24-11 anti-mouse 1:1000; B-tubulin, 

Millipore #05-66—MI anti-mouse 1:5000; pSTAT5, #CS9351S anti-rabbit 1:1000 pSTAT5, 

#CS4322 anti-rabbit 1:1000; pBCR-Abl, #CS2865 anti-rabbit 1:1000; pCRKL, #CS491 anti-

rabbit 1:1000; pAKT, #CS4060 anti-rabbit 1:1000; pERK, #CS4695 anti-rabbit 1:1000; 

pSHP-2, Abcam #62322 anti-rabbit 1:1000; pGAB1, #CS3233 anti-rabbit 1:1000; pGAB2, 

#CS3882 anti-rabbit 1:1000; pSHC, #CS2434 anti-rabbit 1:1000; VHL, #CS68547 anti-

rabbit 1:1000; pCRKL, #CS3181S anti-rabbit 1:1000. Following incubation with appropriate 

HRP-conjugated secondary antibodies, membranes were imaged on a BioRad ChemiDoc 

using BioRad Clarity Western ECL substrate and Thermo Super Signal West Femto 

Maximum Sensitivity substrate.

Cell viability assay

Cell lines and patient samples were exposed to dose ranges of single or combination agents 

and incubated for 3 days at 37°C, 5% CO2 and subjected to a CellTiter 96 AQueous One 

solution cell proliferation assay (Promega). IC50 values calculated and analyzed using Prism 

6 software (GraphPad).

Apoptosis analysis

Patient samples were incubated ranging from 48 to 96 h, stained and analyzed according to 

the Guava Nexin Reagent analysis kit (Milipore #4500-0450) or ApoScreen Annexin V-

FITC (Southern Biotech #10040-02) for flow cytometry analysis.

PROTAC synthesis

For chemical synthesis, see supporting information.

Reverse phase protein arrays (RPPA)

K562 cells were treated with DMSO, GMB-475 (5 μM) or GMB-651 (5 μM) for 8 h in 

duplicate, washed twice with PBS and lysed in RPPA lysis buffer (1% Triton X-100, 50 mM 

HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM Na 

pyrophosphate, 1 mM Na3VO4, 10% glycerol, containing freshly added protease and 

phosphatase inhibitors from Roche Applied Science). RPPA was performed in the MDACC 

CCSG core as described at http://www.mdanderson.org/education-and-research/resources-

for-professionals/scientific-resources/core-facilities-and-services/functional-proteomics-

rppa-core/index.html.
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RESULTS

Development and synthesis of potent BCR-ABL1-specific PROTACs

Previously, we and others have demonstrated the efficacy of synthesizing ATP-competitive 

compounds with both the capability to inhibit kinase activity and degrade the total protein. 

(7,17). Here we embarked on a program to develop BCR-ABL1 PROTACs derived from the 

allosteric GNF family of compounds (15,18). The GNF compounds bind at the membrane 

tethering myristate binding pocket present on ABL1/BCR-ABL1 (Fig. 1A/B) (15,18). 

Inspection of the crystal structure of the GNF-2/ABL1 complex (PDB ID:3K5V) revealed 

solvent exposed regions suitable for linker attachment and therefore PROTAC conversion. 

Initial synthesis focused on extension of the solubilizing group from GNF-5 into a linker and 

conjugation to the VHL ligand developed in our laboratory (19,20). This ligand addition 

gave us rapid access to a BCR-ABL1 PROTAC (GMB-101) with moderate activity (Fig. 

S1A).

Next, we aimed to further optimize the PROTAC to both improve potency and cell 

permeability (Fig. 1C). Replacement of the aryl amide bond with an ether linkage 

(GMB-180) gave modest boost in degradation and improved cell permeability, evidenced by 

enhanced inhibition of downstream signaling. Finally, altering the vector where the VHL 

ligand extends from the myristate pocket by moving the aryl ether linkage from the meta to 

the para position further enhanced the activity, resulting in our lead compound (GMB-475) 

(Fig. S1B). The diastereomeric control compound (GMB-651), which has equal cell 

permeability but is unable to recruit VHL, was also prepared to allow a direct comparison 

with respect to inhibition alone (Fig. S2A-C) (21).

Validation of BCR-ABL1 allosteric PROTAC function in CML model systems

To further characterize the potency and efficacy of GMB-475, we sought to study its 

function in CML model systems: human K562 cells and murine BCR-ABL1 transformed 

Ba/F3 cells. GMB-475 induced the degradation of BCR-ABL1 and c-ABL1 in the context of 

both K562 (Fig. 2A) and Ba/F3 (Fig. 2B) cells with concomitant inhibition of downstream 

signaling via the STAT5 pathway, in a dose- and time-dependent fashion (human and murine 

VHL share >70% identity). In both cases, GMB-475 was capable of inhibiting cell 

proliferation with an IC50 of approximately 1 μM (Fig. 2C/D). Notably, neither GMB-475 

nor GMB-651 displayed toxicity against parental Ba/F3 cells up to 10 μM, emphasizing the 

selectivity of these compounds (Fig. S2D and S3A). Furthermore by co-treatment with 

pharmacological modulators, we determined that the degradation of BCR-ABL1 progresses 

by a ubiquitination and proteasome-dependent mechanism and is not lysosome-dependent 

(Fig. 2E/F). Co-treatment of K562 cells with the proteasome inhibitor epoxomicin (22) and 

GMB-475 restored the levels of BCR-ABL1 and c-ABL1 compared to GMB-475 alone, 

while modulation of lysosomal pH with chloroquine had no effect. Additionally, inhibition 

of neddylation using MLN-4924 inhibited the degradation of BCR-ABL1 and ABL1, since 

VHL neddylation is required for its E3 ligase activity (Fig. 2E/F) (23).
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Combination treatment with ATP-competitive BCR-ABL1 TKIs

Since PROTACs and imatinib bind at orthogonal sites on the protein, we sought to 

characterize the effects of co-treatment on cell proliferation. We performed dose response 

titrations with BCR-ABL1 transformed Ba/F3 cells for imatinib, GMB-475 and GMB-651 

and found IC50 values of 0.17 μM, 1.11 μM and 1.55 μM respectively (Fig. 3A/S3A). 

Furthermore, we determined the IC50 of imatinib in the presence of increasing 

concentrations of GMB-475 or GMB-651 (Fig. 3A). Co-treatment with 2.5 μM GMB-475 

reduced the IC50 of imatinib almost 3-fold, likely due to degradation reducing the BCR-

ABL1 protein present, suggesting a lower dose of imatinib can entirely abrogate signaling. 

In comparison, the co-treatment of the diastereomer GMB-651 slightly reduced the IC50 

value for imatinib, demonstrating that co-treatment with an active degrader is advantageous 

over co-treatment with the equivalent allosteric inhibitor. Furthermore, we examined the 

effect of co-treatment with ponatinib (24), a potent BCR-ABL1 inhibitor effective against 

imatinib-resistant kinase domain point mutations such as T315I, with our PROTACs by 

immunoblot blot (Fig. 3B). Dual treatment with ponatinib and the active degrader was able 

to fully inhibit phosphorylation of CRKL in Ba/F3 BCR-ABL1 wild-type cells.

The Ba/F3 system also allowed us to explore the ability of GMB-475 to inhibit the 

proliferation of clinically relevant imatinib-resistant BCR-ABL1 point mutants (Fig. 3C-D, 

Table 1). As shown above, GMB-475 demonstrated a slight advantage over GMB-651 

against Ba/F3 cells expressing wild-type BCR-ABL1 but neither were as potent as imatinib 

(Table 1). Introduction of a T315I mutation significantly reduced the ability of imatinib to 

inhibit cell proliferation by more than 20-fold but had little effect on the IC50 for GMB-475 

(Fig. 3C). Interestingly, cells bearing a G250E mutation in BCR-ABL1 were particularly 

susceptible to GMB-475 displaying enhanced antiproliferative activity (Figs. 3D). At the 

level of degradation, GMB-475 treatment only modestly degraded the BCR-ABL1 T315I 

protein while thoroughly degrading the G250E mutant (Figs. S3B-D). When combined with 

ponatinib, GMB-475 afforded a slight additive reduction in BCR-ABL1 protein levels and 

downstream signaling in Ba/F3 BCR-ABL1 T315I cells (Fig. S3B). Interestingly, ponatinib 

stabilizes the inactive conformation of BCR-ABL1 upon binding, which appears to enhance 

the ability of GMB-475 to induce degradation in the wild-type cells (Fig. 3B). Co-treatment 

of ponatinib and GMB-651 showed little additional effect beyond the level of inhibition of 

kinase activity of ponatinib alone (Fig. S3A-C). Together, these data suggest that PROTAC 

treatment could be used in concert with traditional inhibitors to reduce the dose of inhibitor 

required and therefore potentially reduce side effects of ATP mimics.

Non-kinase roles of BCR-ABL1 assessed by protein array analysis in K562 cells

To address potential non-kinase roles of BCR-ABL1 which may be contributing to the 

additional effect of the PROTAC, we employed a functional proteomic approach to compare 

degradation to allosteric inhibition. Using reverse phase protein arrays (RPPA) (25), we 

analyzed changes in protein levels and post-translational modifications in a rapid and 

efficient manner. K562 cells were treated with 5 μM of either GMB-475 or GMB-651 for 8 h 

to probe the acute changes in protein states which occur on the degradation/inhibition of 

BCR-ABL1 (Table S1). As a proof of principle, treatment with GMB-475, but not 

GMB-651, showed a decrease in total ABL1 protein by RPPA (Table S1 and Fig. S2C). 
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Immunoblot analysis was used to validate selected target proteins at 8 h and 24 h (Fig. 4A). 

Both GMB-475 and GMB-651 were able to inhibit the kinase activity of BCR-ABL1 as 

verified by both pBCR-ABL1 (Tyr412) and pSTAT5 (Tyr694) (Fig. 4A). Interestingly, 

differences between degradation and inhibition alone became evident at 8 h and were further 

accentuated after 24 h of treatment. For example, downstream signaling of BCR-ABL1 via 

the pCRKL and pERK pathways was inhibited to a greater extent with the active PROTAC 

compared to the inhibitor only control (Fig. 4A), indicating the advantages of degradation on 

suppression of oncogenic signaling.

However, the most extreme differences observed were for pSHP-2, pGAB2, pSHC and 

VHL. The increase in VHL protein can be explained by the stabilizing effect the binding of 

a ligand imparts to the VHL protein itself, as exemplified by the increase in the intensity of 

the VHL band in K562 cells treated with the VHL ligand alone (See Fig. S4A/B). GAB2, 

SHC and SHP-2 are all in the canonical network of BCR-ABL1 and together contribute to 

the activation of the MAPK signaling cascade (26). Phosphorylation of Y177 of BCR-ABL1 

yields a docking site for GRB2 which in turn recruits GAB2 and/or SHC . Once 

phosphorylated, GAB2 recruits and activates SHP-2. Inhibition of BCR-ABL1 had no effect 

on the phosphorylation state of GAB2 but degradation of BCR-ABL1 reduced the level of 

GAB2 phosphorylation (Figs. 4 and S4C). To further investigate this phenomenon, we 

repeated the experiment in the presence and absence of serum. Under full serum (10% FBS) 

conditions, both GMB-475 and GMB-651 were able to inhibit the kinase activity of BCR-

ABL1, as measured by loss of pSTAT5 signal, but only GMB-475 was able to reduce 

phosphorylation of GAB2 and SHC (Fig. 4B). Conversely, under serum-free conditions, 

both GMB-475 and GMB-651 were able to inhibit phosphorylation of GAB2 and SHC, as 

well as STAT5 (Fig. 4B). This suggests a scaffolding role for BCR-ABL1 in signaling via 

this pathway (Fig. S4D). Under serum-free conditions, only the constitutively active BCR-

ABL1 kinase domain is able to (auto)-phosphorylate Y177, a key docking site, and thus both 

degrader (GMB-475) and inhibitor (GMB-651) are able to block signaling.

PROTAC efficacy in primary CML patient samples

To further explore the scaffolding roles of BCR-ABL1 and the pro-survival effects in CML 

stem and progenitor cells, in the context of targeted protein degradation, we evaluated our 

compounds in experiments utilizing primary CML patient samples (Fig. S5A/B). Initially, 

we assessed the anti-proliferative activity of GMB-475 and GMB-651 in CD34+ cells from 

newly diagnosed CML patients (patient 1 and 2, Table S2; Fig. 5A/S5C, respectively). 

PROTACs, as well as the positive control (imatinib) (Fig. S5D), inhibited in vitro 
proliferation and induced apoptosis in primary CML CD34+ patient cells but had no effect 

on healthy donor CD34+ cells (Fig. 5B/S5E, p<0.0001, Chi-square; Fig. S5F, p<0.0001, 

One-way ANOVA; patients 4 and 3, respectively). Notably, GMB-475 was greater than 2-

fold more potent at inhibiting proliferation than GMB-651. We further sorted the CD34+ 

cells from patient 1 into CD34+CD38+ (progenitor cells) and CD34+CD38− (stem cells) and 

evaluated the ability to induce apoptosis in these populations (Figs. 5C/S5B). Treatment of 

these cells with either GMB-475 or GMB-651 induced apoptosis in the progenitor cells 

(p=0.0068 and p=0.0064 respectively; 2-way ANOVA) and to a lesser extent in the stem 

cells, with no appreciable difference between the PROTAC and the diastereomer control, 
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possibly due to the saturating doses. Finally, we confirmed by immunoblot that GMB-475, 

but not GMB-651, was indeed able to induce degradation of both BCR-ABL1 and ABL1 in 

primary patient LSCs (Fig. 5D).

DISCUSSION

While the activity of the BCR-ABL1 tyrosine kinase is essential to CML pathogenesis and 

the justification for, and basis of, the successful implementation of molecularly targeted 

small-molecule therapies, clinical responses to ABL1 TKIs run a spectrum from deep and 

durable molecular remission in most patients to overt drug resistance and disease 

progression in others. These differences are attributable to several known (e.g. resistant 

BCR-ABL1 kinase domain mutations, cellular drug transporter expression levels, drug 

intolerance) and not yet well characterized (e.g. primary, BCR-ABL1 kinase-independent 

resistance) mechanisms. Furthermore, clinical studies involving different approved ABL1 

TKIs have identified a consensus association between rapid achievement of deep molecular 

response, such as a major molecular response or greater, improved overall and progression-

free survival (27). To that end, opportunities to further improve outcomes for CML patients 

will need to focus on strategies that more extensively deplete the resistant and/or persistent 

leukemic cells through combined targeting approaches.

We and others have previously explored the development of PROTACs which bind and 

target the BCR-ABL1 protein for degradation by employing ATP-competitive ligands as 

recruiting elements (7,28). However, these compounds were unable to induce complete 

degradation of BCR-ABL1 and likely suffered from issues of selectivity, similar to those 

observed with other orthosteric kinase ligand-based degraders (29,30). As a potential 

strategy to circumvent this issue, our present PROTAC series was derived from the 

molecular scaffold of GNF-5(15), the first reported small-molecule allosteric inhibitor of 

ABL1, which very selectively binds to the myristoyl pocket of the kinase. Our lead 

PROTAC, GMB-475, which links this scaffold to the VHL ligand, achieved dramatic 

degradation of BCR-ABL1 protein in cell lines in a time- and concentration-dependent 

manner. Interestingly, previous attempts to develop VHL-recruiting BCR-ABL1 PROTACs, 

when employing active site recruiting elements, proved unsuccessful (7). This observation 

lends further credence to the consideration of favorable protein-protein interactions crucial 

for successful PROTAC development (30). It is also conceivable that the BCR-ABL1/

PROTAC/CRBN trimer is functional at the ATP binding site while the BCR-ABL1/

PROTAC/VHL trimer is functional only at the allosteric site (7,30).

Previous comparisons between PROTACs and inactive diastereomers have highlighted 

advantages of degradation versus inhibition alone and provide evidence for their use against 

hematological malignancies (21,31). In the present study, we observed modestly greater 

inhibition of cell proliferation for the degrader compared to the non-degrading control, 

suggesting that, much of the oncogenic signaling in native CML cells is critically dependent 

upon the tyrosine kinase activity of BCR-ABL1, hence the success of ATP competitive 

ligands. This finding is consistent with previous studies using critical tyrosine-mutated and 

kinase dead BCR-ABL1 mutant constructs (32,33). We also observed that our compound 

does not possess as potent anti-proliferative effects as imatinib, which is to be expected 
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given the reduced affinity/efficacy of the GNF-5 scaffold compared to imatinib (15,18). 

Future efforts to develop more potent allosteric BCR-ABL1 PROTACs are ongoing, aiming 

to close the gap between imatinib and the molecules employed in the current study.

One of the intriguing possibilities of utilizing an allosteric PROTAC is the potential for 

synergy with an orthosteric inhibitor. Previous efforts to target the myristoyl pocket of ABL1 

kinase have demonstrated the ability to inhibit many, but not all, of the problematic point 

mutations that reduce binding affinity of ATP-site TKIs, and this is enhanced by 

simultaneous inhibition at both sites on the kinase (15,16). We observed that, when 

combined with imatinib, GMB-475 demonstrated greater inhibition of Ba/F3 BCR-ABL1 

cells compared to the non-degrader control. Combining GMB-475 with low concentrations 

of the third-generation ATP-site ABL1 TKI ponatinib also showed increased degradation 

compared GMB-475 alone. GMB-475 demonstrated varying degrees of retained sensitivity 

to imatinib-resistant BCR-ABL1 kinase domain mutants, suggesting that even partially 

limited target engagement is sufficient to induce degradation, which highlights the power of 

this event driven pharmacology model (34,35).

While clinically approved ABL1 TKIs have highlighted the importance of the downstream 

signaling activated by the tyrosine kinase activity of BCR-ABL1, selective BCR-ABL1-

targeted PROTACs are uniquely able to facilitate interrogation of non-kinase-dependent 

scaffolding roles of this oncogene. Comparing GMB-475 and the inactive diastereomer, we 

found that, while both compounds inhibited BCR-ABL1 kinase activity, degradation of 

BCR-ABL1 uniquely resulted in decreased pSHC, pSHP2, and pGAB2 levels. Notably, this 

behavior phenocopies the mutation of a key autophosphorylation site (Y177) on the BCR 

portion of the fusion protein (36,37). While Y177 is normally auto-phosphorylated by the 

kinase domain of BCR-ABL1, under serum-stimulated conditions another kinase (likely 

HCK (38)) appears to phosphorylate Y177 on BCR-ABL1, allowing it to continue to act as a 

scaffold. Degradation of BCR-ABL1 prevents this scaffolding function, thus ameliorating 

signaling via GAB2, SHP-2 and SHC. This scaffolding role also partially explains the 

enhanced anti-proliferative activity of GMB-475 compared to GMB-651 in both model 

systems (K562, Ba/F3) and primary CML patient samples. Apparently, destruction of the 

protein, rather than inhibition of its kinase domain, has a more potent and sustained 

inhibition of downstream signaling, at least in part, due to the loss of the Y177 docking 

domain.

It has been shown previously that while ABL1 TKIs effectively inhibit BCR-ABL1 kinase 

activity in CML stem and progenitor cells, the stem population is preferentially less 

susceptible to apoptosis induction (3). Importantly, we confirmed that GMB-475 effectively 

inhibited BCR-ABL1 kinase activity and degraded BCR-ABL1 protein in the context of 

isolated CML stem (CD34+CD38−) and progenitor (CD34+CD38+) cells, albeit at higher 

concentrations than imatinib. While we observed significant induction of apoptosis to 

GMB-475 in the progenitors, only a minor induction of apoptosis was observed in CML 

stem cells, adding to the growing body of evidence that CML stem cells are not dependent 

on BCR-ABL1 kinase activity for survival (3,5,39-41). Additionally, the lack of differential 

between GMB-475 and GMB-651 in this population suggests that they are not dependent on 

potential non-kinase scaffolding roles associated with the presence of the BCR-ABL1 
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protein. While it has been postulated that the scaffolding roles of BCR-ABL1, including that 

of Y177, may be responsible for the survival of BCR-ABL1-positive LSCs (37,39), our 

results support a more limited dependence upon BCR-ABL1 in general in this population. 

Previous studies have also suggested the persistence of CML stem cells on treatment is 

likely attributable to several potential mechanisms, including quiescence, alternative survival 

signaling pathways, and protective signals from the bone marrow microenvironment niche 

(42). Our ongoing efforts to develop more potent allosteric BCR-ABL1 PROTACs will allow 

for further exploration of this phenomenon in vivo.

In conclusion, this study further demonstrates the power of the PROTAC technology both as 

a potential therapeutic approach and as a tool to probe fundamental biology. We demonstrate 

for the first time the power of allosteric PROTACs in concert with orthosteric inhibitors 

against native and mutant BCR-ABL1, providing an opportunity for reducing dose-

dependent side effects and managing acquired resistance. In total, our findings highlight the 

potential benefits of combined inhibition and degradation of BCR-ABL1 in the context of 

drug resistance and inducing deeper responses, while underscoring the importance of 

auxiliary pathways activated independent of the oncogenic BCR-ABL1 fusion protein for 

future targeting efforts of residual CML stem cells and resistant patients who lack BCR-

ABL1 mutations (5).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

Small molecule induced degradation of BCR-ABL1 in chronic myeloid leukemia 

provides an advantage over inhibition and provides insights into CML stem cell biology.
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Figure 1. Development of an allosteric BCR-ABL1 PROTAC.
(A) X-ray Crystal Structure of GNF-2 bound to the myristate pocket of ABL1 (PDB ID: 

3K5V)(15). (B) Structures of GNF-2 and GNF-5. (C) Schematic of GNF-5 to PROTAC 

conversion and PROTAC optimization.
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Figure 2. PROTACs inhibit and degrade BCR-ABL1 via the proteasome in CML cell lines.
(A) Dose response of GMB-475 in K562 cells by immunoblot after 18 h. (B) Time course of 

degradation in Ba/F3 BCR-ABL1 cells.. (C) K562 sensitivity to PROTACs assessed by cell 

proliferation assay (D) Effect of PROTACs on Ba/F3 BCR-ABL1 cell proliferation. (E) 
Degradation mechanism interrogation by immunoblot in K562 cells following 8 h treatment. 

(F) Quantification of BCR-ABL1 protein levels, from panel (E), by densitometry.
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Figure 3. GMB-475-mediated degradation enhances efficacy of ATP-competitive TKIs and 
retains potency against imatinib resistant point mutations.
(A) IC50 values for single agents and combinations in Ba/F3 BCR-ABL1 cells. (B) 
Immunoblot of overnight co-treatment with ponatinib in Ba/F3 BCR-ABL1 cells. (C and D) 
Effects of imatinib and PROTACs on cell proliferation in Ba/F3 cells expressing mutant 

BCR-ABL1.
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Figure 4. Combined inhibition and degradation of BCR-ABL1 by GMB-475 reduces scaffolding 
of downstream interactors.
(A) Immunoblot analysis of downstream signaling and scaffolding proteins in K562 cells 

treated with 2.5 μM PROTAC or diastereomer. (B) Differences in pSTAT5, pGAB2, and 

pSHC between stimulated and unstimulated K562 cells.
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Figure 5. GMB-475 reduces cell viability, induces apoptosis, and degrades BCR-ABL1 in 
primary CML patient stem/progenitor cells.
(A) Cell viability dose response curves for CD34+ cells (patient 1) treated with PROTAC or 

diastereomer. (B) Annexin V staining healthy donor or CML primary CD34+ cells (patient 4, 

Chi-square test, ****p<0.0001). (C) Annexin V staining in sorted progenitor (CD34+/

CD38+) and stem (CD34+/CD38−) CML cells (patient 1) by Guava Nexin assay (One-way 

ANOVA, **p<0.01; error bars represent SEM for at least 3 biological replicates). (D) BCR-

ABL1 degradation in CML CD34+/CD38− cells (patient 1) treated overnight with GMB-475 

or diastereomer.
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Table 1 -

Summary of IC50 values for PROTAC compounds and imatinib in Ba/F3 cell lines.

Ba/F3 Cell Type GMB-475 (μm) GMB-651 (μm) Imatinib (μm)

Parental >10 >10 >2.5

BCR-ABL1 WT 1.11 1.55 0.17

T315I 1.98 3.14 3.52

G250E 0.37 0.96 1.10
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