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4.1. Summary of findings
Inhibition of kinase function is a major modality in modern targeted medicine. This dissertation explores two areas at the frontier of drugging kinases: one by validating the potential of inhibiting a novel kinase target maternal embryonic leucine zipper kinase (MELK) for treating basal-like breast cancers (BBCs; Chapter 2), and the other by discovering kinases that are susceptible to cereblon (CRBN)-mediated degradation induced by a novel class of bifunctional small molecules (Chapter 3).

MELK is not necessary for the proliferation of BBC cells. MELK is expressed in a wide variety of cancers, and its expression level often correlates with advanced disease and poor prognosis1-5. While correlation does not imply causation, several reports utilized ribonucleic acid interference (RNAi)-based methods to demonstrate the necessity of MELK for cancer cell growth1-7. Based on these observations, we developed a potent and selective MELK inhibitor HTH-01-091 to validate whether pharmacologic inhibition of MELK is a viable strategy for treating BBCs, an aggressive breast cancer subtype that is not amenable to current targeted therapies.
HTH-01-091 was optimized from JW-7-25-1, a hit from an in-house kinase inhibitor library with a half-maximal inhibitory concentration (IC50) of 5.0 nM on MELK. After iterations of medicinal chemistry efforts, HTH-01-091 exhibited greatly improved selectivity over JW-7-25-1 while retaining its potency (MELK IC50 = 10.5 nM). Furthermore, through kinome profiling, we found that HTH-01-091 presented significantly fewer off-targets than OTSSP167, a widely utilized MELK inhibitor in the literature8.
After using the KiNativ assay9 to confirm that HTH-01-091 is capable of engaging MELK in cells, we measured its antiproliferative effect on a panel of luminal and BBC cell lines. Four additional selective and non-selective MELK inhibitors previously described in the literature7, 8, 10, 11, including OTSSP167, were also tested. To our surprise, HTH-01-091 and other selective MELK inhibitors (NVS-MELK8a7 and MELK-T110) exhibited poor antiproliferative effects in the micromolar range, in contrast to the potent cell killing exhibited by OTSSP167. This data suggested a correlation between poor selectivity and strong antiproliferative potency of the MELK inhibitors, which made us hypothesize that the pharmacologic inhibition of MELK was not a major contributor to the antiproliferative effects observed in these BBC cell lines.
To address this hypothesis, we used CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9 (CRISPR-associated protein 9) genome editing to study the consequence of MELK loss in MDA-MB-468 cells, a BBC cell line. After selecting single cell clones from a population of MDA-MB-468 cells transfected with Cas9 and a short guide RNA targeting an exon within the kinase domain of MELK, we successfully isolated both WT and MELK-/- clones with normal growth rates and cell cycle distributions to the parental cells, suggesting that MDA-MB-468 cells can survive without MELK.
Using this edited cell line system, we evaluated whether MELK inhibitors and previously reported MELK-targeting short hairpin RNAs (shRNAs)6, 7 led to a selective antiproliferative effect in the WT cells over the MELK-/- cells. We demonstrated that the WT and MELK-/- MDA-MB-468 cells were similarly sensitive to the MELK inhibitors, suggesting that off-target effects contributed to the antiproliferative activities seen with OTSSP167, HTH-01-091 and NVS-MELK8a. Similarly, we demonstrated that the shRNAs previously used to support MELK dependency in BBC led to a similar antiproliferative effect in both WT and MELK deficient contexts, suggesting off-target activities from those shRNAs as well.
As we recognized the pitfalls of employing OTSSP167 and certain MELK-targeting shRNAs to interrogate MELK-dependent biology due to non-specificity, we selected two orthogonal methods to study the consequence of MELK loss in BBC proliferation. A cellular model enabled by selective FKBP12F36V degrader molecules (the dTAG system)12 was used to demonstrate that acute loss of FKBP12F36V-MELK in MELK-/- MDA-MB-468 cells does not affect cellular growth. A doxycycline-inducible CRISPR interference model that presented comparable MELK knockdown efficiencies and experimental design to the shRNA experiment also supported a lack of dependence on MELK for growth. In sum, using these orthogonal strategies, we concluded that MELK is not necessary for the proliferation of BBC cells, or at least, MDA-MB-468 cells.

A multi-kinase degrader uncovered 28 kinases as tractable targets to the CRBN-mediated degrader strategy. Previous reports suggest that not all targets engaged by a heterobifunctional degrader get efficiently degraded13, 14. To begin to uncover the degradable kinome, we conjugated a promiscuous kinase inhibitor to pomalidomide, and applied quantitative multiplexed proteomics to identify the kinases that are preferentially degraded. By testing the multi-kinase degrader TL12-186 in MOLM-14 and MOLT-4 cells, we identified 28 readily degradable kinases, namely AAK1, AURKA, AURKB, BLK, BTK, CDK2, CDK4, CDK5, CDK6, CDK7, CDK9, CDK12, CDK13, CDK17, FER, FES, FLT3, GAK, ITK, LCK, LIMK2, MARK2, PRKAA1, PTK2, PTK2B, TEC, ULK1 and WEE1. We validated a subset of these kinases, including AURKA, AURKB, BTK, CDK4, CDK6, CDK7, FER, FLT3, ITK, LCK, PTK2B, ULK1 and WEE1 as degradable by immunoblotting, confirming the reliability of the proteomic results. To confirm on-target mode of action, we used a negative degrader TL13-27, the proteosome inhibitor carfilzomib, the NEDD8 (neural precursor cell expressed, developmentally down-regulated)-activating enzyme inhibitor MLN4924, an excess of pomalidomide, and genetic cereblon (CRBN) knockout cell lines to ensure that the degradation effect was indeed mediated by CRBN and the proteosome. 
While the majority of degraded proteins identified were kinases, as expected for a kinase-biased degrader, a few non-kinase proteins, including inner centromere protein (INCENP), cyclin H, cyclin K and Ikaros family zinc finger protein 1 (IKZF1) were also degraded by TL12-186. The degradation of INCENP, cyclin H and cyclin K, which are binding partners of the degraded kinases AURKA, CDK12 and CDK13, respectively, suggested the possibility that the interacting proteins of a direct target of a degrader can also get targeted for degradation. The degradation of the transcription factor IKZF1, one of the primary degradation targets responsible for the anticancer effect of the immunomodulatory imide drugs (IMiDs), such as pomalidomide, warranted cautious evaluation of the antiproliferative efficacy of IMiD-based degraders.
We also compared the biochemical binding (KINOMEscan) and the cellular binding (KiNativ) profiles of TL12-186 to the proteomic result, and confirmed that some kinases were engaged by TL12-186 but not efficiently degraded. This result systematically demonstrated that a degrader molecule that can faithfully bind to both the target and the E3 ubiquitin ligase does not guarantee efficient target degradation. Linker lengths, orientations in which the target and the E3 ligase are allowed to interact, and cooperativity for ternary complex formation may contribute to this differential degradability.
Among the degradable kinases we identified were well-validated clinical targets such as FMS-like tyrosine kinase 3 (FLT3)15 and Bruton’s tyrosine kinase (BTK)16, for which we developed selective degraders. We prepared selective FLT3 degraders by conjugating IMiD molecules with AC22014, 17, a clinical stage FLT3 inhibitor with high potency and selectivity. With a similar strategy, a selective BTK degrader based on RN48616 was developed with relative ease, validating our strategy of using a promiscuous degrader to identify the “low-hanging fruits” of a gene family to be prioritized for further medicinal chemistry efforts. The selective FLT3 degraders were unfortunately inferior to their parental inhibitor AC220 at inhibiting growth of FLT3-ITD acute myeloid leukemia cells, likely due to insufficient degradation of FLT3. However, the selective BTK degrader DD-04-015 exhibited a more durable response of inhibiting growth of a diffuse large B-cell lymphoma line TMD8, demonstrating the promise of applying BTK degraders for better clinical efficacy in BTK-dependent malignancies and autoimmune diseases.

4.2. Perspectives and future directions
In a recent opinion article Dr. William Kaelin from the Dana Farber Cancer Institute discussed several “common pitfalls in preclinical cancer target validation,” including inferring causation from correlation, reliance on “down assays” that are susceptible to being confounded by off-target effects, and lack of rescue experiments, proper controls or corroboration from different lines of evidence to support a claim18. These cautions were especially relevant to our efforts to comprehensively evaluate MELK as a potential cancer target.
The expression levels of MELK are known to correlate with the state of advanced disease and poor prognosis in multiple cancers1-5. While this is an important observation that deserves a mechanistic explanation, this correlation does not imply that MELK causes cancer progression. Nor does it increase the likelihood of MELK being a successful target. Establishing a dependence on MELK function to maintain specific hallmarks of cancer is needed to justify its therapeutic potential.
To justify the therapeutic potential of a target in cancer biology, we often rely on the so-called “down assays” to study how a genetic perturbation affects the performance of the system. Specifically, a down assay measures a decrease in performance, such as loss of cellular fitness or reduced cell invasion. As there are many more ways to break a system than to increase its performance, down assays are more susceptible to being confounded by off-target effects. Previous reports on the potential oncogenic role of MELK fell into this category, as non-specific interfering RNAs and promiscuous MELK inhibitors were used to support the involvement of MELK in cancer cell growth. However, it is still surprising that many independent interfering RNAs from different reports all impaired cancer cell proliferation. A case study on the off-target effects of these interfering RNAs can be worthwhile, as it may offer a mechanistic depiction of how multiple interfering RNAs designed for the same gene can lead to the same outcome that is in fact irrelevant to its genetic function, or perhaps illuminate an unexpected function of MELK that contributed to this observation. 
To counteract the imperfection of almost any perturbant that we use to interrogate the biological function of a gene of interest, rescue experiments are needed to demonstrate on-target mechanism. In the case of RNAi or CRISPR-Cas9, if introduction of a target gene that is impervious to the perturbation rescues its effect, then that effect is likely on-target. Similarly, rescue experiments using an inhibitor-resistant mutant that retains normal function is the gold standard for evaluating on-target mechanism of chemical inhibitors. While we demonstrated that OTSSP167 and the MELK-targeting short hairpins exhibit off-target activities, we did not perform the rescue experiments to interrogate whether on-target mechanism partially contributed to the growth defects observed. One main obstacle that we faced was identifying a MELK mutant that is not only functional but also resistant to OTSSP167. As a result, identifying inhibitor resistant-MELK mutants for HTH-01-091 and NVS-MELK8a should be a primary focus for anyone interested in using the selective MELK inhibitors to study MELK-dependent biology in the future. 
Using different methods and lines of evidence to corroborate the same claim is another strategy to avoid the danger of off-target effects. In our study, we combined multiple independent technologies to understand the consequence of loss of MELK function in MDA-MB-468 cells. When evaluated together, the results suggested that the most plausible conclusion is that MELK is not necessary for the proliferation of BBC cells. Further investigation using additional cell lines and different biological conditions including in vivo experiments is needed to provide a better understanding of the functions of MELK in both physiological and pathological settings. The tools and methods developed in the first part of my dissertation will aid in that process.
In the second part of my dissertation, we systematically explored the kinases that are susceptible to CRBN-mediated degradation using a heterobifunctional multi-kinase degrader. The study revealed that only a subset of the targets engaged by the promiscuous degrader was degraded. As the structure of linkers, kinase-binding warheads and E3 ligase ligands may affect the efficiency of targeted degradation, we cannot rule out the possibility that some engaged yet non-degraded kinases will be degraded by degraders of other designs. As more proteomic experiments are performed for various degraders in different cell lines in the future, we will have more power to infer whether certain targets are truly more susceptible to targeted degradation than others. It is also both biologically interesting and practically meaningful to understand if each E3 ligase presents a unique target profile, as such knowledge is essential for the degrader strategy to be widely applied. For the same reason, identification and development of novel E3 ligase ligands that can be utilized in a manner similar to the IMiDs and the von Hippel-Lindau (VHL) ligands will likely be one of the primary focuses of the field.
If it is true that certain targets are more susceptible than others for degradation, the differential cooperativity for a target and an E3 ligase to form a ternary complex in the presence of a bivalent molecule can be a key predictor of degradability. Of course, control over protein homeostasis is complex, and other factors including protein turnover rate, deubiqutinating enzymes and cellular localization are also likely to affect degradation efficiency. However, the importance of binding cooperativity is supported by a recent report proposing that the interactions between the second bromodomain of bromodomain-containing protein 4 (BRD4BD2) and VHL drive the preferential degradation of BRD4 over BRD2 and BRD3 by MZ1, a VHL-mediated bromodomain and extra-terminal domain (BET) degrader19. A mathematical model that described the behavior of three-body binding also nicely demonstrated the importance of cooperativity on ternary complex formation, in addition to other factors including concentrations and dissociation constants20. X-ray crystallography, protein nuclear magnetic resonance (NMR), computational modeling, and robust biophysical characterization of the ternary complex system will be necessary to validate the importance of binding cooperativity in mediating degradation efficiency.
Heterobifunctional molecules for targeted degradation constitute an exciting and quickly burgeoning field. Its utility for discovery biology is undeniable, judging from the recent publications. If the potential issues related to absorption, distribution, metabolism and excretion (ADME) of these relatively large-sized bivalent molecules can be addressed, small molecule protein degraders can certainly make an impact on how human diseases are treated and managed.
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