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Abstract 

 Small molecule inhibitors offer a powerful approach to modulate biological systems, 

having been successfully used as probes to interrogate protein functions and as drug therapies. 

However, many proteins of therapeutic interest are difficult to target with traditional small 

molecules due to either a lack of conventional drug-binding pockets or because they possess 

scaffolding activities that are not addressable by enzymatic inhibition. In contrast, targeted protein 

degradation (TPD), a pharmacological approach in which an E3 ligase is recruited into close 

proximity to a target of interest to induce its ubiquitination and subsequent proteasomal 

degradation, has emerged as a therapeutic modality with the potential to pursue targets previously 

deemed ‘undruggable’. Here, we explore different features of TPD, ranging from assessing the 

degradability of different targets, redirecting the neo-substrate specificity of immunomodulatory 

imide drugs (IMiDs) and expanding the E3 ligase toolbox for proteolysis targeting chimera 

(PROTAC) development.  

 Chapter 2 describes the development of INY-03-041, the first reported small molecule 

AKT degrader. While AKT is an attractive therapeutic target with several ATP-competitive and 

allosteric inhibitors, these inhibitors have displayed a lack of efficacy or tolerability in clinical 

trials. As an alternative approach to inhibiting AKT activity, we conjugated the AKT inhibitor 

GDC-0068 to lenalidomide, a cereblon (CRBN)-recruiting ligand, to generate INY-03-041 as a 
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potent and highly selective AKT degrader. The relatively slow kinetics of INY-03-041-induced 

AKT degradation also prompted us to generate INY-05-040, an AKT degrader with improved 

degradation kinetics, through conjugating GDC-0068 with a Von Hippel-Lindau (VHL) ligand. 

Both INY-03-041 and INY-05-040 not only displayed enhanced anti-proliferative effects, but also 

induced more potent and durable inhibition of downstream signaling relative to AKT inhibitors, 

demonstrating the potential advantages of AKT-targeted degradation.  

  In Chapter 3, we employ small molecule degraders to interrogate the discrepancies 

observed between ERK5 kinase inhibition and genetic ERK5 ablation. As selective ATP-

competitive ERK5 inhibitors were unable to recapitulate the anti-proliferative or anti-

inflammatory effects observed from genetic ERK5 knockdown, it has been proposed that kinase-

independent functions of ERK5 may play key roles in ERK5 signaling. Thus, we developed INY-

06-061, a heterobifunctional degrader of ERK5, to investigate the therapeutic potential of 

inhibiting ERK5 signaling. While our studies suggest that acute pharmacological degradation of 

ERK5 does not inhibit cellular proliferation or immune response, INY-06-061 offers a valuable 

chemical probe to further explore the biological functions of ERK5.  

 In Chapter 4, we rationally redirect the neo-substrate specificity of IMiD-conjugated 

PROTACs to target the transcription factor Helios (IKZF2) as a proof-of-concept study. Through 

conjugation of the CDK4/6 inhibitor palbociclib to the IMiD-based Helios degrader DKY709, we 

generate ALV-07-082-03, a triple degrader of CDK4/CDK6/Helios. ALV-07-082-03 exhibited 

heightened immunostimulatory effects relative to palbociclib or DKY709 alone, highlighting the 

potential to synergistically target and degrade multiple proteins with one compound.  

 Chapter 5 employs covalent ligand discovery to identify ZNL-06-031 as a covalent 

DCAF11 binder. Through the incorporation of ZNL-06-031 as an E3 ligase recruiter for 
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PROTACs, we explore the degradable target space of DCAF11-based PROTACs. In addition, we 

also develop DCAF11 degraders as potential chemical probes to study DCAF11 function.  

 In sum, this work not only highlights the opportunities that come with PROTAC 

development, but also the challenges to overcome in the rapidly developing field.  
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Ubiquitin Proteasome System 

 The ubiquitin proteasome system (UPS) is a highly regulated pathway that degrades 

misfolded, damaged, or unwanted proteins. In this pathway, proteins are targeted for degradation 

by the 26S proteasome through the transfer of ubiquitin molecules by the ubiquitin-activating 

enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein enzymes (E3) 

(Ciechanover et al., 2000). The initial step of tagging proteins with ubiquitin involves covalent 

bond formation of ubiquitin with an active cysteine of an E1 through the use of ATP (Haas and 

Rose, 1982). The ubiquitin is then transferred to another cysteine of the next member of the cascade, 

the E2 (Jentsch, 1992). Finally, the E3 ubiquitin ligase recruits the protein substrate into close 

proximity with the E2-bound ubiquitin, promoting the transfer of ubiquitin to a lysine of the target 

protein  (Figure 1-1) (Kleiger and Mayor, 2014). With the identification of over 600 E3 ligases, 

but only two E1 and approximately 40 E2 family members, the E3 ligases drive specificity in the 

ubiquitin protease pathway (Deshaies and Joazeiro, 2009).  

 

Figure 1-1. Schematic representation of the UPS pathway (adapted from Kleiger and Mayor, 

2014).  
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Due to the importance of the UPS for maintaining cellular homeostasis, proteasome 

inhibitors have been developed as cancer therapies. Bortezomib (marketed as Velcade), a covalent 

inhibitor of the 26S proteasome, has demonstrated clinical efficacy through inhibition of nuclear 

factor kappa B (NF-κB) activation and is currently FDA-approved for the treatment of multiple 

myeloma and mantle cell lymphoma (Adams, 2001; Thibaudeau and Smith, 2019). A second 

generation proteasome inhibitor carfilzomib (Kyprolis) has also been FDA-approved for the 

treatment of relapsed/refractory multiple myeloma (Engelhardt et al., 2018). Despite the clinical 

success of proteasome inhibitors in the clinic, they are associated with high rates of resistance and 

dose-limiting toxicities (Goldberg, 2012). Thus, new strategies are necessary to further uncover 

the therapeutic potential of targeting the UPS. 

Targeted Protein Degradation 

 Rather than inhibiting the ubiquitin proteasome pathway, harnessing the degradation 

machinery for targeted protein degradation (TPD) has emerged as an alternative therapeutic 

approach. While inducing cellular protein knockdown or knockout through genetic means, 

including RNA interference (RNAi) and CRISPR/Cas9, have been widely applied to probe protein 

function, limited delivery and off-target effects have significantly hindered their progress as 

therapeutics (Conde and Artzi, 2015; Modell et al., 2022). Therefore, developing small molecule 

degraders has garnered significant interest from both academic labs and industry.  

 Proteolysis targeting chimeras (PROTACs) are heterobifunctional molecules which consist 

of a small molecule binder of a protein of interest (POI) chemically conjugated to an E3 ligase 

ligand. Recruitment of the E3 ligase into close proximity of the POI induces ubiquitination of the 

POI and subsequent proteasomal dependent degradation (Figure 1-2). The first PROTAC, dubbed 
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Protac-1, was reported in 2001, in which F-box protein β-TRCP was recruited to methionine 

aminopeptidase-2 (MetAP-2) to induce MetAP-2 degradation in extracts from unfertilized 

Xenopus laevis eggs (Sakamoto et al., 2001). While subsequent studies demonstrated that the E3 

ligases mouse double minute 2 homolog (MDM2) and von Hippel-Lindau (VHL) could be 

recruited to induce degradation of androgen receptor (AR) and 12-kDa FK506 binding protein 

(FKBP12), respectively, these compounds suffered from low degradation potency and poor cell 

permeability issues, stalling further advances in the field (Schneekloth et al., 2008; Schneekloth et 

al., 2004). 

 

  

Figure 1-2. General depiction of a PROTAC’s mechanism of action. One end of the molecule 

engages with the target of interest (TOI), while the other end engages with an E3 ubiquitin ligase. 

With the formation of a ternary complex, the TOI undergoes ubiquitination and subsequent 

proteasomal degradation. 

 

 Two major breakthroughs that uncovered the therapeutic viability of small molecule 

degraders were made in the 2010s. First, the E3 ligase cereblon (CRBN) was discovered to be the 

target of thalidomide and its analogues, lenalidomide and pomalidomide (Ito et al., 2010; Kronke 

et al., 2014). In addition, significant medicinal chemistry efforts led to the development of a potent 

and cell-permeable ligand for the E3 ligase VHL (Buckley et al., 2012a; Buckley et al., 2012b). 
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Identification of these E3 ligase ligands with improved drug-like properties led to the generation 

of CRBN- and VHL-based PROTACs that not only displayed improved degradation potencies and 

cellular permeability relative to previous PROTACs, but also demonstrated the ability to induce 

protein degradation in vivo (Bondeson et al., 2015; Winter et al., 2015). These breakthroughs 

spurred the PROTAC gold rush, with over 1000 PROTACS having been reported to date (Weng 

et al., 2021).  

 PROTACs offer several potential advantages over traditional small molecules. As 

PROTACs are thought to act in a 'pseudo-catalytic’ manner, sub-stoichiometric amounts of drug 

may be required to elicit the desired pharmacology (Sun et al., 2019). Consistently, extended 

pharmacodynamic effects of PROTACs have been observed in vivo, even after the drug was 

cleared from systemic circulation, suggesting that PROTACs may provide wider therapeutic 

windows (Bai et al., 2019; Mares et al., 2020). Other advantages of PROTACs include the ability 

to enhance selectivity of multi-targeted inhibitors (Jiang et al., 2019; Olson et al., 2018), abrogate 

scaffolding functions that are otherwise unamendable to enzymatic inhibition (Adhikari et al., 

2020; Cromm et al., 2018) and overcome resistance mutations (Dobrovolsky et al., 2018). 

Furthermore, the target-binding moiety of PROTACs needs to bind, but not necessarily inhibit the 

POI, thereby expanding the landscape of druggable targets (Békés et al., 2022).  

 Beyond PROTACs, other pharmacological strategies for TPD include ‘molecular glues’ 

(Dong et al., 2021), lysosome-targeting chimeras (LYTACs) (Banik et al., 2020), photoswitchable 

PROTACs (photoPROTACs) (Pfaff et al., 2019) and autophagy-targeting chimeras (AUTACs) 

(Takahashi et al., 2019). However, this thesis will focus on highlighting the different features of 

PROTAC technology. In Chapter 2 and 3, we expand the degradable target space of CRBN- and 

VH-based PROTACs through the development and characterization of AKT and ERK5 degraders, 
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respectively. In Chapter 4, we redirect the neo-substrate specificity of PROTACs through the use 

of alternative CRBN modulators as the E3 ligase ligand and report the development of a triple 

CDK4, CDK6 and Helios degrader. Finally, Chapter 5 presents the discovery of a novel covalent 

DCAF11 binder. Through generation of DCAF11-recuriting PROTACs, we further investigate the 

potential of DCAF11 to be utilized as a general E3 ligase for PROTAC development.  

AKT and its role in oncology 

 AKT is a family of serine/threonine (Ser/Thr) kinases that is involved in multiple biological 

processes, such cell growth, angiogenesis and metabolism (Risso et al., 2015). In humans, the AKT 

kinase family consists of three isoforms (AKT1, AKT2 and AKT3) that are derived from distinct 

genes (Toker, 2012). The three isoforms share a high degree of sequence homology, with 

conserved pleckstrin homology (PH) and catalytic domains (Hanada et al., 2004). While there is 

growing evidence for AKT isoform-specific substrate phosphorylation, the majority of AKT 

substrates have been reported to be regulated by all three isoforms (Manning and Toker, 2017; 

Wang et al., 2017).  

 All AKT isoforms are activated by essentially identical mechanisms: stimulation of 

receptor tyrosine kinases (RTKs) or G-protein-coupled receptors (GPCRs) leads to the recruitment 

and activation of phosphoinositide 3-kinase (PI3K), which phosphorylates phosphatidylinositol-

4,5-biphophate (PIP2) to produce phosphatidylinositol-3,4,5-triphosphate (PIP3) (Vanhaesebroeck 

et al., 2010). AKT then engages PIP3 via its PH domain, resulting in its localization to the plasma 

membrane and induction of a conformational change that enables phosphorylation at two critical 

residues: Thr308 and Ser473 in AKT1, Thr309 and Ser474 in AKT2, and Thr305 and Ser472 in 

AKT3 (Calleja et al., 2007; Sarbassov et al., 2005). Phosphorylation of Thr308, located in the 

activation loop of the kinase domain, is regulated by phosphoinositide-dependent kinase 1 (PDK1) 
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(Alessi et al., 1997), while phosphorylation of Ser473 is mediated by the mechanistic target of 

rapamycin complex 2 (mTORC2), which stabilizes AKT in its active state and promotes maximal 

activity (Alessi et al., 1996; Sarbassov et al., 2005). While phosphorylation of Thr308 is required 

for kinase activity of AKT1, phosphorylation of Ser473 is not, as AKT1 has been reported to be 

active, albeit weakly, in the absence of phosphorylation at this site (Yang et al., 2002).  

 Upon full activation, AKT phosphorylates a wide variety of substrates, including metabolic 

enzymes and transcription factors, that have a consensus recognition motif of R-X-R-X-X-S/T- ϕ 

(where X is any amino acid and ϕ is a preference for hydrophobic residues) (Manning and Toker, 

2017). While there are over 100 reported substrates for AKT, the activation of AKT primarily 

promotes cell growth/proliferation and changes in metabolism (Manning and Cantley, 2007).  

 As AKT is a central component of the PI3K/AKT signaling pathway, AKT dysregulation 

has been associated with various diseases, especially cancer (Altomare and Testa, 2005). 

Hyperactivation of AKT is one of the most common molecular perturbations in cancer, which 

occurs through an assortment of different mechanisms, including overexpression or amplification 

of AKT (Cheng et al., 1992), activating mutations of upstream RTKs or PI3K (Shayesteh et al., 

1999), or inactivating mutations of tumor suppressor gene phosphatase and tensin homolog 10 

(PTEN) (Cantley and Neel, 1999). Thus, the pro-survival and pro-growth effects of PI3K/AKT 

pathway activation make AKT an attractive therapeutic target in oncology.  

 

 

 



8 
 

 

 

 

Figure 1-3. Chemical structures of selected AKT inhibitors. Top row represents ATP-competitive 

inhibitors, while bottom row represents allosteric inhibitors.  

 

 Several ATP-competitive and allosteric AKT inhibitors are currently being investigated in 

the clinic, either as monotherapies or combination strategies (Figure 1-3). While multiple ATP-

competitive AKT inhibitors, including uprosertib (GSK2141795), afuresertib (GSK2110183), 

GSK690693, ipatasertib (GDC-0068)  and capivasertib (AZD5363), have undergone testing in 

phase I trials, limited efficacy was observed as monotherapies in molecularly unselected patient 

populations (Aghajanian et al., 2018; Saura et al., 2017). Of the ATP-competitive inhibitors, 

capivasertib (AZD5363) has progressed furthest in clinical trials and is currently under phase III 

clinical investigation in combination with fulvestrant for treating HR+/HER2- breast cancers 

(NCT04305496).  

 Allosteric AKT inhibitors under clinical investigation include MK-2206, miransertib 

(ARQ-092), ARQ-751 and BAY1125976. As these inhibitors target an allosteric pocket within the 

PH-domain/kinase-domain interface that stabilizes the inactive conformation of AKT (Wu et al., 

2010), allosteric inhibitors have the potential to offer better selectivity profiles than ATP-

competitive inhibitors. However, the most extensively investigated inhibitor MK-2206 has 
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displayed limited efficacy as a monotherapy in phase II trials across a range of tumor types, as 

well as dose-limiting toxicities (Ahn et al., 2015; Yap et al., 2011). ARQ-092, on the other hand, 

demonstrated acceptable tolerability, although limited efficacy was observed in both solid and 

hematological cancers (Coleman et al., 2021; Yu et al., 2015). Finally, a covalent allosteric AKT 

inhibitor, borussertib, has been reported to demonstrate preclinical efficacy in KRAS-mutant 

pancreatic and colorectal cancers, but has yet to advance to clinical trials (Uhlenbrock et al., 2019).  

 Several factors may hinder the efficacy of AKT inhibitors in the clinic. Due to the high 

sequence homology among the kinase domains of AGC kinases, ATP-competitive inhibitors may 

suffer from a lack of selectivity, leading to dose-limiting toxicities (Huck and Mochalkin, 2017). 

In addition, kinase-independent functions of AKT that promote cancer cell survival have been 

reported (Vivanco et al., 2014). To address these issues, Chapter 2 of this thesis will describe the 

development of the first reported small molecule degrader of AKT as a different pharmacological 

approach to targeting AKT.  

Biological Functions of ERK5 

 Mitogen-activated protein kinases (MAPKs) are highly conserved enzymes that are 

ubiquitously expressed throughout all eukaryotic cells. As one of the central signaling pathways 

that mediate intracellular communication between membranal receptors and their target proteins, 

the MAPK cascade regulates a wide variety of cellular processes, including cell proliferation, 

apoptosis, differentiation and stress response (Coulthard et al., 2009; Mebratu and Tesfaigzi, 2009; 

Sun et al., 2015).  

The MAPK signaling cascade is activated by either a small GTP-binding protein (Ras) or 

an adaptor protein, which transmits its signal to the MAPK kinase kinase (MAP3K) proteins of 

the cascade. Upon activation, the MAP3K proteins phosphorylate the MAPK kinases (MAPKKs), 
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which further induce phosphorylation and subsequent activation of the MAPKs. Unlike the 

MAP3Ks and MAPKKs, which are used mainly for signal transmission, the MAPKs, as well as 

the subsequently activated MAPK-activated protein kinases (MAPKAPKs) can phosphorylate a 

wide variety of substrates that regulate various cellular processes (Wortzel and Seger, 2011). 

 

Figure 1-4. General schematic representation of the MAPK cascades (Plotnikov et al., 2011) 

There are four distinct MAPK cascades identified in mammalian cells: the extracellular 

signal regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), p38 and ERK5 signaling 

cascades (Plotnikov et al., 2011) (Figure 1-4). The ERK1/2 cascade has been reported to mainly 

transmit mitogenic signals (Yoon and Seger, 2006), while JNK and p38 signaling cascades seem 

to mainly be activated by stress-related stimuli (Davis, 1994; Kyriakis and Avruch, 2001). Due to 
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the therapeutic implications of targeting ERK1/2, JNK, and p38 in cancer and inflammation, these 

signaling cascades have been extensively studied.  

 In contrast, ERK5 is the least studied member of the MAPK family. Unlike the other 

MAPK signaling cascades, ERK5 may play equal roles in both mitogenic and stress signaling 

(Nishimoto and Nishida, 2006) and has been associated with a diverse range of cellular functions, 

including cellular proliferation, migration and angiogenesis (Hoang et al., 2017; Roberts et al., 

2009). Despite mediating mitogenic signals similarly to ERK1/2, ERK5 signaling cannot be 

compensated by other MAPK pathways (Nishimoto and Nishida, 2006). Accordingly, Erk5 null 

mice display defects in vascular and cardiac development, highlighting the unique role of ERK5 

mediating angiogenesis, at least in the embryonic stages of mice (Regan et al., 2002). With a 

unique C-terminal domain that contains a myocyte enhancer factor 2 (MEF2)-interacting domain 

(Yan et al., 2001) and transcriptional activation domain (TAD) (Kasler et al., 2000), MEF2D is 

one of the few validated substrates specific to ERK5 (Yang et al., 1998). Other putative substrates 

of ERK5 include the transcription factors Sap-1a, c-Fos and c-MYC (English et al., 1998; 

Kamakura et al., 1999). However, these interactions remain poorly elucidated and further studies 

are required to validate their roles in the ERK5 signaling cascade.  

 Despite the lack of mechanistic studies regarding the ERK5 pathway, genetic knockdown 

or ablation studies have implicated ERK5 to play critical roles in various diseases, most notably 

in cancer and inflammation. For example, genetic knockdown of ERK5 has been reported to 

suppress proliferation in prostate cancers (Mehta et al., 2003; Ramsay et al., 2011), while ERK5 

activation has been observed as resistance mechanisms to Raf-MEK1/2-ERK1/2 targeted therapies 

in RAS- and BRAF-driven cancers (Song et al., 2017; Vaseva et al., 2018). In addition, ERK5 has 



12 
 

been implicated as a meditator of inflammation-driven cancers (Finegan et al., 2015; Giurisato et 

al., 2018). 

As phenotypes observed from genetic knockdown or deletion of ERK5 suggested that 

targeting ERK5 could have therapeutic potential in various disease settings, several selective ATP-

competitive ERK5 inhibitors, including AX15836 and BAY-885, were developed (Lin et al., 2016; 

Nguyen et al., 2019). However, these inhibitors were unable to recapitulate the anti-proliferative 

or anti-inflammatory phenotypes in cancer and endothelial cells, respectively, that were previously 

reported through genetic knockdown of ERK5. One explanation for the discrepancies observed 

between ERK5 kinase inhibition and genetic ERK5 ablation is that ERK5 has key kinase-

independent functions. In addition, a recent study suggests that inhibition of the ERK5 kinase 

domain leads to activation of its transcriptional activation domain, paradoxically driving ERK5-

dependent transcription (Lochhead et al., 2020). Thus, development of chemical probes to 

interrogate the discrepancies observed between genetic modulation and kinase inhibition of ERK5 

will be beneficial in further elucidating ERK5 functions, as well as determining its therapeutic 

potential. Chapter 3 of this thesis presents the development and characterization of the first 

reported ERK5 degrader to validate phenotypes reported to be associated with genetic ERK5 

ablation.  

Immunomodulatory imide drugs and neo-substrate specificity 

 Thalidomide is an infamous drug known for its teratogenic effects following its use as an 

anti-emetic for pregnant woman, leading to widespread birth defects and miscarriages in the late 

1950s and early 1960s (Miller and Strömland, 1999). Further studies have shown that thalidomide, 

along with its analogues lenalidomide and pomalidomide (Figure 1-5), have immunomodulatory 

and anti-inflammatory properties (Haslett et al., 1998; Sampaio et al., 1991), leading to their 
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designation as immunomodulatory imide drugs (IMiDs). Despite the lack of understanding of the 

mechanism of action of IMiDs, IMiDs have been FDA-approved for the treatment of various 

diseases, including multiple myeloma (Palumbo et al., 2012), mantle cell lymphoma (Habermann 

et al., 2009) and myelodysplastic syndrome (MDS) with del(5q) (List et al., 2006).  

 

Figure 1-5. Chemical structures of select IMiDs 

 In 2010, a major breakthrough was made in elucidating the mechanism of action of 

thalidomide, as cereblon (CRBN) was identified to bind to thalidomide (Ito et al., 2010). CRBN 

is a substrate adaptor protein of the CRL4CRBN E3 ubiquitin ligase, which comprises of cullin 4 

(CUL4), DNA damage binding protein 1 (DDB1) and Ring-box 1 (RBX1).  Building on this 

observation, proteomics analysis revealed that the IMiDs promoted CRBN-dependent degradation 

of transcription factors Ikaros (IKZF1) and Aiolos (IKZF3) (Kronke et al., 2014; Lu et al., 2014), 

suggesting that IMiDs acted as ‘molecular glues’ to recruit its substrates (known as neo-substrates) 

to CRBN. Additional studies identified ZFP91 (An et al., 2017), casein kinase 1α (Kronke et al., 

2015), GSPT1 (Matyskiela et al., 2016), SALL4 (Donovan et al., 2018) and IKZF2 (Helios) (Wang 

et al., 2021b) to be neo-substrates of various CRBN modulators. While there is no obvious 

sequence homology among the reported neo-substrates, they all share a characteristic β-hairpin 

loop and a key glycine residue that interacts with the phthalimide moiety of IMiDs (An et al., 2017; 

Matyskiela et al., 2016; Petzold et al., 2016).  

 With the discovery that IMiDs imparted gain-of-function properties to the cullin RING E3 

ubiquitin ligase CRL4CRBN, IMiDs were next used as E3 ligase recruiters for the development of 
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heterobifunctional degraders, also known as proteolysis targeting chimeras (PROTACs). The first 

reported PROTAC that hijacked the CRL4CRBN complex was dBET1, which induced potent 

bromodomain and extra-terminal (BET) protein degradation (Winter et al., 2015). To date, over 

1000 PROTACs have been reported (Weng et al., 2021). While ligands for multiple E3 ligases, 

such as VHL, MDM2, DCAF15, DCAF16 and RNF114, have been identified, IMiDs remain one 

of the most utilized E3 ligase ligands for PROTAC development (Wang et al., 2021a), especially 

in the clinic (Mullard, 2021).  

 As the CRBN ligands of PROTACs can retain their ability to act as molecular glues, 

PROTACs have the potential to degrade the IMiDs’ neo-substrates as well (Remillard et al., 2017). 

While the canonical neo-substrates (i.e., Ikaros and Aiolos) are often considered to be unwanted 

off-targets of PROTACs, maintaining the degradation of these neo-substrates also provides the 

opportunity to synergistically degrade multiple proteins with a single compound. For example, 

inducing triple degradation of BTK, Ikaros and Aiolos using thalidomide-based PROTACs 

demonstrated enhanced anti-proliferative effects in mantle cell lymphoma cells relative to selective 

BTK degraders (Dobrovolsky et al., 2018). In addition, co-degradation of BTK and GSPT1 also 

displayed enhanced anti-proliferative effects in diffuse large B cell lymphoma and acute myeloid 

leukemia cells (Yang et al., 2021). In Chapter 4 of the thesis, we exploit the activities of the E3 

ligase-binding moiety to develop PROTACs that induce simultaneous degradation of CDK4, 

CDK6 and Helios and demonstrate the possibility of re-directing the neo-substrate specificity of 

PROTACs by utilizing alternative CRBN modulators.  

Expanding the E3 ligase toolbox for PROTAC development 

 Although the human genome encodes for more than 600 E3 ubiquitin ligases (Kleiger and 

Mayor, 2014), only a handful of E3 ligases have successfully been utilized for PROTAC 
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development (Burslem and Crews, 2020). In fact, most of the reported PROTACs recruit either 

the Cullin Ring E3 ubiquitin ligase substrate adaptor CRBN or von-Hippel-Landau tumor 

suppressor protein (VHL) (Ishida and Ciulli, 2021). While CRBN- and VHL-based PROTACs 

have been shown to degrade a wide variety of proteins (Weng et al., 2021),  solely relying on these 

two E3 ubiquitin ligases likely limits the degradable target space. For example, KRASG12C and 

tubulin have been reported to resist degradation by CRBN-recruiting PROTACs (Gasic et al., 2020; 

Zeng et al., 2020). In addition, kinase-directed CRBN- and VHL-based PROTACs have been 

shown to degrade different targets, suggesting that incorporation of additional E3 ligases may 

expand the degradable target space (Donovan et al., 2020).   

 Resistance mechanisms to CRBN- and VHL-based PROTACs have also been reported. 

Consistent with the mechanism of resistance to IMiDs in multiple myeloma (Zhu et al., 2011), 

resistance to CRBN-based BET PROTACs was caused by genetic deletion of the CRBN gene in 

OVCAR8 cells (Zhang et al., 2019a). In contrast, resistance to VHL-based BET PROTACs was 

caused not by deletion of the VHL gene, but through abolishment of CUL2 function (Zhang et al., 

2019a). While no PROTACs have currently reached clinics for drug resistance to emerge, this 

study indicates that PROTAC resistance could emerge from mutations in the degradation 

machinery. This may, however, be prevented if essential E3 ligases can be recruited for PROTAC 

development.  
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Figure 1-6. List of E3 ligases and corresponding ligands that have been incorporated as PROTACs  

(Kramer and Zhang, 2022).  

 

 Substantial efforts have been carried out in order to expand the E3 ligase toolbox for 

PROTAC development, resulting in the incorporation of multiple E3 ligase ligands for TPD 

(Figure 1-6). Beyond CRBN and VHL, PROTACs have been generated by previously reported 

E3 ligase ligands of MDM2 (Hines et al., 2019), cIAP (Itoh et al., 2010), AhR (Ohoka et al., 2019), 

KEAP1 (Du et al., 2022; Wei et al., 2021) and DCAF15 (Li et al., 2020). However, few advantages 

have been observed over CRBN- or VHL-based PROTAC, stalling implementation of these E3 

ligase ligands for general PROTAC development.  

 Identification of new E3 ligase ligands have heavily relied on chemoproteomics approaches, 

resulting in the discovery of several covalent E3 ligase ligands. Specifically, activity-based protein 

profiling (ABPP) (Backus et al., 2016) has been utilized to identify E3 ligands for RNF4 (Ward et 

al., 2019) , RNF114 (Spradlin et al., 2019) and FEM1B (Henning et al., 2022), which were further 

incorporated for PROTAC development. Additionally, phenotypical degradation assays carried 

out in combination with affinity purification mass spectrometry strategies have demonstrated that 
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DCAF16 (Zhang et al., 2019b) and DCAF11 (Zhang et al., 2021) can be recruited for targeted 

protein degradation.  

 There are several potential advantages of electrophilic PROTACs. For example, as they 

covalently label the E3 ligase, electrophilic PROTACs are thought to induce pseudo-binary 

complexes, which could improve kinetic stability of the protein-protein interactions to enhance 

degradation efficiency (Kramer and Zhang, 2022). In addition, DCAF16 and DCAF11-recruiting 

PROTACs induced degradation of target proteins with low fractional occupancies of their 

respective E3 ligases, which may minimize perturbing the endogenous degradation machinery 

(Zhang et al., 2019b; Zhang et al., 2021). However, electrophilic PROTACs also carry the 

disadvantages of traditional covalent ligands, which include metabolic liabilities and toxicity 

concerns (Singh et al., 2011). Furthermore, the degradable target space explored with newly 

identified E3 ligase ligands has been limiting, as most have been incorporated as BRD4 or FKBP12 

degraders. In Chapter 5 of this thesis, we describe the discovery of a novel covalent DCAF11 

ligand and further investigate the degradable target space of DCAF11-recruiting PROTACs.  
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Chapter 2: Discovery and Characterization of AKT Degraders 
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Introduction 

The serine/threonine kinase AKT is a central component of the phosphoinositide 3-kinase 

(PI3K) signaling cascade and is a key regulator of critical cellular processes, including 

proliferation, survival and metabolism (Manning and Toker, 2017). The AKT protein kinase 

family is comprised of three highly homologous isoforms, AKT1, AKT2 and AKT3, that possess 

both redundant functions and isoform-specific activities (Toker, 2012). Hyperactivation of AKT, 

due to gain-of-function mutations or amplification of oncogenes (receptor tyrosine kinases, PI3K) 

or inactivation of tumor suppressor genes (PTEN, INPP4B, PHLPP), is one of the most common 

molecular perturbations in cancer and promotes malignant phenotypes associated with tumor 

initiation and progression (Cantley and Neel, 1999; Fruman et al., 2017; Shayesteh et al., 1999). 

Thus, AKT is an attractive therapeutic target and significant efforts have been made to develop 

AKT targeted therapies (Brown and Banerji, 2017). 

Current strategies to target AKT have focused on ATP-competitive, allosteric and covalent 

inhibitors. Several ATP-competitive inhibitors, such as ipatasertib (GDC-0068) and capivasertib 

(AZD5363), are currently under clinical investigation in phase II and III studies (Oliveira et al., 

2019; Turner et al., 2019). However, these inhibitors suffer from a lack of selectivity among the 

AGC kinase family, which may limit their clinical efficacy or tolerability (Huck and Mochalkin, 

2017). By contrast, allosteric inhibitors which target the pleckstrin homology (PH) domain, such 

as MK-2206 and miransertib (ARQ-092), exhibit a high degree of specificity towards AKT, but 

either lack significant efficacy in the clinic or require further clinical evaluation (Do et al., 2015; 

Keppler-Noreuil et al., 2019). Covalent allosteric inhibitors which target AKT at Cys296 and 

Cys310 have been reported, but have not advanced to clinical trials (Uhlenbrock et al., 2019).  
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An alternative pharmacological approach to inhibiting AKT activity is to directly reduce 

cellular AKT protein levels via targeted protein degradation. Heterobifunctional degraders, also 

known as PROTACs (proteolysis targeting chimeras), consist of a moiety that binds to an E3 

ubiquitin ligase chemically linked to a second moiety that engages a target protein, thereby 

recruiting the E3 ligase into close proximity to the target protein to induce its ubiquitination and 

subsequent proteasomal degradation (Winter et al., 2015). Several advantages of degraders over 

inhibitors have been reported, which include enhancing the selectivity of multi-targeted inhibitors 

(CDK9) (Olson et al., 2018), abrogating non-kinase dependent functions (FAK) (Cromm et al., 

2018), and overcoming resistance mutations (BTK) (Dobrovolsky et al., 2018). Because the 

pharmacological effects of degraders depend on the re-synthesis rate of the target protein rather 

than sustained target occupancy, small molecule degraders may also have significantly prolonged 

effects in comparison to reversible inhibitors. However, while the potential for degraders to 

achieve an extended pharmacological duration of action has been noted, there have been no 

reported degraders to date that highlight such a feature (Churcher, 2018). Given the long half-life 

of AKT (Basso et al., 2002) and its importance in cancer etiology and progression, AKT is an 

attractive protein to target for degradation.   

Here, we report the development of INY-03-041 and INY-05-040, pan-AKT degraders that 

induce potent degradation of all three AKT isoforms for an extended period of time. Through cell-

based assays, we demonstrate that the AKT degraders exhibit more potent and prolonged effects 

on downstream signaling than GDC-0068, which may explain their enhanced anti-proliferative 

effects across a panel of 288 cancer lines in comparison to the parent catalytic inhibitor. Using a 

multi-omics approach, combined with computational network modeling and experimental 

validation, we uncovered several degrader-selective cellular phenotypes in breast cancer cells, 
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including potent activation of the stress mitogen activated protein kinases (MAPKs) c-Jun N-

terminal kinase 1 (JNK1) and p38α. Additional breast cancer cell line analyses revealed that a 

signature of baseline JNK1 activation predicts lower sensitivity to AKT degradation, suggesting a 

novel biomarker for future therapeutic stratification. 

Design and development of a pan-AKT degrader INY-03-041 

To develop an AKT-targeting heterobifunctional degrader, we designed compounds based 

on GDC-0068, the most advanced AKT inhibitor in clinical trials (Oliveira et al., 2019). The co-

crystal structure of GDC-0068 bound to AKT1 (PDB ID: 4EKL) revealed that the isopropylamine 

is solvent-exposed, suggesting that the amine could serve as a suitable attachment site for linkers 

without adversely affecting affinity to AKT (Figure 2-1A). A ten hydrocarbon linker was used to 

conjugate GDC-0068 with lenalidomide to generate INY-03-041 (Figure 2-1B).  

To verify that conjugation of the linker and lenalidomide did not affect the ability of INY-

03-041 to bind to AKT, INY-03-041 was tested in a commercially-available fluorescence 

resonance energy transfer (FRET)-based assay (Invitrogen, Z’-Lyte) for AKT1, AKT2, and AKT3 

inhibition (Table 2-1). INY-03-041 had similar inhibitory activity against AKT1 (IC50 = 2.0 nM), 

AKT2 (IC50 = 6.8 nM), and AKT3 (IC50 = 3.5 nM) as GDC-0068 (IC50s for AKT1, 2, and 3 = 5, 

18, and 8 nM, respectively) (Blake et al., 2012), demonstrating that INY-03-041 retained 

comparable biochemical affinity to all three AKT isoforms as its parent inhibitor. In addition, we 

evaluated the biochemical selectivity of INY-03-041 against a panel of 468 kinases at 1 μM 

(KINOMEscan) and observed that INY-03-041 had a similar selectivity profile as GDC-0068 

(Figure 2-1C). Although INY-03-041 scored as a strong binder of RET (V804M) in the 

KINOMEscan assay, this was confirmed to be a false positive, as its biochemical IC50 was 

determined to be >10000 nM (Invitrogen, LanthaScreen) (Table 2-1). 
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Figure 2-1. Design and development of INY-03-041. (A) Co-crystal structure of GDC-0068 

(green) bound to AKT1 (gray, PDB: 4EKL) revealing solvent-exposed isopropylamine (circled) 

where linker was attached. (B) Chemical structure of INY-03-041. (C) TREEspot visualization of 

the biochemical kinome selectivity profile of GDC-0068 and INY-03-041 (1 μM). AKT isoforms 

are highlighted in blue, while all other inhibited kinases are highlighted in red. 

 

 

Table 2-1. Z’lyte kinase assays (Invitrogen) were conducted to assess IC50 values for all kinases 

listed in the table with the exception of RET (V804M) which was assayed using LanthaScreen 

assays (Invitrogen). N/A stands for not available.  

 

 Compound 

Kinase  
INY-03-041 INY-03-112 

IC50 (nM) IC50 (nM) 

AKT1 2.0 1.5 

AKT2 6.8 13.7 

AKT3 3.5 4.5 

PKG1 33.2 N/A 

S6K1 37.3 N/A 

PKN1 51.7 N/A 

ßMSK2 3.3 N/A 

Haspin 4020 N/A 

RET (V804M) >10000 N/A 
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INY-03-041 is a potent and highly selective pan-AKT degrader  

After verifying that INY-03-041 engaged AKT biochemically, we sought to characterize 

its degradation activity in cells. We first chose to evaluate the AKT degrader in the triple negative 

breast cancer cell line MDA-MB-468 due to their high expression of all three AKT isoforms. We 

found that INY-03-041 induced potent degradation of all three AKT isoforms in a dose-dependent 

manner after a 12-hour treatment, with maximal degradation observed between 100 to 250 nM 

(Figure 2-2A). At concentrations of 500 nM and greater, we observed diminished AKT 

degradation, consistent with the hook effect, in which independent engagement of AKT and CRBN 

by INY-03-041 prevents formation of a productive ternary complex (An and Fu, 2018). Treatment 

of MDA-MB-468 cells with 250 nM of INY-03-041 over time revealed partial degradation of all 

AKT isoforms within 4 hours and progressive loss of AKT abundance out to 24 hours (Figure 2-

2B).  

To ensure that INY-03-041-induced AKT degradation was dependent on CRBN, we 

synthesized INY-03-112, a negative control compound with an N-methylated glutarimide that 

substantially weakens CRBN binding (Figure 2-3A) (Brand et al., 2018). INY-03-112 did not 

induce potent degradation of any AKT isoform (Figure 2-3B), demonstrating that INY-03-041-

induced AKT degradation was CRBN-dependent. Furthermore, co-treatment of INY-03-041 with 

bortezomib, a proteasome inhibitor, or MLN-4924, a NEDD8-activating enzyme inhibitor that 

prevents neddylation required for the function of cullin RING ligases such as CRL4CRBN (Soucy et 

al., 2009), prevented AKT destabilization, indicating that degradation was dependent on the 

ubiquitin-proteasome system (Figure 2-2C). Finally, we co-treated INY-03-041 with excess 

quantities of either GDC-0068 or lenalidomide to compete for binding to AKT or CRBN, 
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respectively, both of which prevented AKT degradation, demonstrating that engagement to both 

AKT and CRBN are required for INY-03-041-induced AKT degradation (Figure 2-2C).  

To broadly assess degrader selectivity, MOLT4 cells, a cell line that is amenable to 

proteomics and expresses all three AKT isoforms, were treated with 250 nM of INY-03-041 for 4 

hours and an unbiased, multiplexed mass spectrometry (MS)-based proteomic analysis was 

performed (Donovan et al., 2018). This analysis identified significant downregulation of all three 

AKT isoforms, as well as RNF166, a ring-finger protein known to be downregulated by 

lenalidomide treatment (Figure 2-2D) (Kronke et al., 2015). Although INY-03-041 exhibited 

potent in vitro inhibition of S6K1 (IC50 = 37.3 nM) and PKG1 (IC50 = 33.2 nM), both of which are 

known off-targets of GDC-0068, no downregulation of either kinases was observed in the 

proteomics (Figure 2-2D). Further immunoblot analysis confirmed that INY-03-041 did not 

induce S6K1 degradation (Figure 2-3C). While the time course (Figure 2-2B) indicates that 

stronger AKT degradation would be observed at longer time points, it is likely that the results 

would be confounded by subsequent transcriptional changes caused by AKT degradation.  

As CRBN-targeting degraders often destabilize zinc finger proteins, and because we 

observed IMiD-induced downregulation of RNF166, we examined whether INY-03-041 affected 

protein abundance levels of Ikaros (IKZF1) and Aiolos (IKZF3), well-established targets of 

lenalidomide (Kronke et al., 2014). Immunoblot analysis revealed weak IKZF1 and IKZF3 

degradation after 24 hours of drug treatment, albeit at relatively high concentrations of 500 nM or 

greater, indicating that INY-03-041 is primarily a selective degrader for AKT (Figure 2-3C).   
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Figure 2-2. INY-03-041 induces potent degradation of AKT isoforms dependent on CRBN, 

neddylation, and the proteasome. (A) Immunoblots for AKT1, AKT2, AKT3, pan-AKT and 

Vinculin in MDA-MB-468 cells after 12-hour treatment with DMSO, GDC-0068 (GDC), or INY-

03-041 at the concentrations indicated (n=4). (B) Immunoblots for AKT1, AKT2, AKT3, pan-

AKT and Vinculin in MDA-MB-468 cells after treatment with INY-03-041 (250 nM) at indicated 

times or DMSO (24 h) (n=4). (C) Immunoblots for AKT1, AKT2, AKT3, pan-AKT and Vinculin 

after 12-hour co-treatment of MDA-MB-468 cells with DMSO, bortezomib (0.5 M), MLN-4924 

(1 M), lenalidomide (Len, 10 M), or GDC-0068 (GDC, 10 M) and either INY-03-041 (250 

nM) or DMSO (n=4). (D) Scatterplot depicts the change in relative protein abundance of INY-03-

041 (250 nM, 4 hour) treated MOLT4 cells compared to DMSO vehicle control treated cells. 

Protein abundance measurements were made using TMT quantitative mass spectrometry and 

significant changes were assessed by moderated t-test as implemented in the limma package 

(Ritchie et al., 2015). The log2 fold change (log2 FC) is shown on the y-axis and negative log10 p 

value (-log10 p value) on the x-axis for three independent biological replicates of each treatment. 
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Figure 2-3 INY-03-041 requires CRBN binding to induce highly selective AKT degradation. (A) 

Chemical structure of negative control compound INY-03-112, with N-methylated glutarimide 

circled. (B) Immunoblots for AKT1, AKT2, AKT3, pan-AKT and Vinculin in MDA-MB-468 cells 

after 12-hour treatment with DMSO or INY-03-112 at the concentrations indicated (n=2). (C) 

Immunoblots for IKZF1, IKZF3, S6K1, panAKT and -actin in Jurkat cells after 24-hour 

treatment with DMSO, INY-03-041, or lenalidomide (Len) at the concentrations indicated (n=3). 

 

INY-03-041 exhibits enhanced anti-proliferative effects compared to GDC-0068 

As AKT has well-characterized functions in regulating cell proliferation, we next 

compared the anti-proliferative effects of AKT degradation and inhibition using growth rate 

inhibition (GR) to account for variation in division rates among cells, as this can confound other 

drug response metrics, such as IC50 values (Hafner et al., 2017). In a panel of cell lines with PI3K 

pathway mutations that have been reported to be sensitive (ZR-75-1, T47D, LNCaP, and MCF-7) 

and insensitive (MDA-MB-468 and HCC1937) to AKT inhibition (Table 2-2) (Lin et al., 2013), 

we found that INY-03-041 was most potent in ZR-75-1 cells (GR50 = 16 nM), with a 14-fold 

increased potency compared to GDC-0068 (GR50
 = 229 nM). The anti-proliferative effect of INY-

03-041 was degradation-dependent, as INY-03-112 was significantly less potent (GR50 = 413 nM) 
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than INY-03-041 and had a comparable GR50 value to GDC-0068 (Figure 2-4A; Table 2-3). 

Similar trends were seen in the other cell lines sensitive to AKT inhibition, with 8- to 14- fold 

lower GR50 values for INY-03-041 in comparison to GDC-0068 (Figures 2-4A-D; Table 2-3). In 

addition, lenalidomide, used as a control for RNF166, IKZF1, and IKZF3 degradation, did not 

have strong anti-proliferative effects, suggesting that the enhanced anti-proliferative effects were 

due to AKT degradation (Figures 2-4A-D).  

While INY-03-041 displayed enhanced anti-proliferative effects compared to GDC-0068 

in MDA-MB-468 and HCC1937 cells, there were no apparent differences in GR50 values between 

INY-03-041 and INY-03-112, its non-CRBN binding control (Figures 2-4E and F; Table 2-3). 

Thus, the anti-proliferative effects of INY-03-041 in these cell lines were likely due to off-target 

effects unrelated to AKT degradation that manifest at elevated concentrations of INY-03-041 and 

INY-03-112. This is consistent with previous studies reporting resistance of MDA-MB-468 and 

HCC1937 to AKT inhibition (Lin et al., 2013), and indicates that AKT degradation has similar 

phenotypic effects as AKT inhibition in these cell lines. Overall, the data show that INY-03-041 

suppresses proliferation more potently than GDC-0068, and highlight the potential therapeutic 

value of targeted AKT degradation.  
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Figure 2-4. INY-03-041 induces enhanced anti-proliferative effects compared to GDC-0068. GR 

values across concentrations in (A) ZR-75-1, (B) T47D, (C) LNCaP, (D) MCF-7, (E) MDA-MB-

468, and (F) HCC1937 cells after 72-hour treatment with GDC-0068 (blue), INY-03-041 (red), 

INY-03-112 (green), and lenalidomide (orange). Error bars represent standard deviation of three 

technical replicates. 

 

Table 2-2. Hormone receptor and mutational status of PIK3CA and PTEN in cancer cell 

line panel. The tissue, cancer subtype and status of each gene as wild-type (wt), mutated (mut) or 

deleted (del) is indicated. Triple negative breast cancer (TNBC). 
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Table 2-3. GR values indicate anti-proliferative advantage of INY-03-041. GR values were 

calculated after 72-hour treatment with the compounds indicated over a range of concentrations. 

GR50 values represent compound potency, GRmax values measure the efficacy of the drug at high 

concentrations. GRAOC captures changes in potency and efficacy and is calculated by integrating 

GR curve over a range of concentrations. 

 

 
 

INY-03-041 suppresses downstream signaling more potently than GDC-0068 

Given the enhanced anti-proliferative effects of INY-03-041 compared to GDC-0068, we 

sought to compare their effects on downstream AKT signaling. In T47D cells, which were highly 

sensitive to INY-03-041 in terms of anti-proliferation, we confirmed that INY-03-041 induced 

potent AKT degradation, with no detectable levels of all three AKT isoforms observed after a 24- 

hour treatment with 250 nM of INY-03-041 (Figure 2-5).  
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Figure 2-5. INY-03-041 induces degradation of AKT isoforms in T47D cells. Immunoblots of 

AKT1, AKT2, AKT3, and Vinculin after treating T47D cells for 24 hours with DMSO, INY-03-

041, or GDC-0068 at the concentrations indicated (n=3). 

 

INY-03-041 treatment resulted in robust and dose-dependent inhibition of phosphorylated 

PRAS40 (pPRAS40) and GSK3β (pGSK3β), well-established direct substrates of AKT (Cross et 

al., 1995; Wang et al., 2012), as well as S6 (pS6), a downstream marker of AKT activity (Lin et 

al., 2013) (Figure 2-6A). While 250 nM INY-03-041 significantly reduced pPRAS40, pGSK3β, 

and pS6 levels, doses up to 1 μM of GDC-0068 were required to observe comparable effects 

(Figure 2-6A). To test whether these effects were generalizable across distinct cell lines, we also 

compared the effects of INY-03-041 and GDC-0068 in MDA-MB-468, MOLT4, IGROV1 and 

PC3 cells (Figure 2-6A and Figures 2-7A-C). Similar to that observed in T47D cells, INY-03-

041 significantly reduced phosphorylation of PRAS40, GSK3β and S6 at 250 nM, while weaker 

responses were seen with equivalent doses of GDC-0068 (Figure 2-6A and Figures 2-7A-C). 

Although INY-03-041 suppresses downstream AKT signaling more potently than GDC-0068 in a 

variety of cancer cell lines, longer time points were required for INY-03-041 to display maximal 

pharmacodynamic effects relative to GDC-0068 (Figures 2-8A-C), consistent with the rate of 

AKT degradation observed. 

Notably, we also found that INY-03-041 promoted sustained destabilization of all three 

AKT isoforms for at least 96 hours after treatment with 250 nM of INY-03-041 in both T47D and 
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MDA-MB-468 cells (Figure 2-6B). This durable AKT degradation resulted in sustained inhibition 

of downstream signaling, as pPRAS40 levels were also significantly reduced for up to 96 hours 

(Figure 2-6B). By contrast, treatment with an equivalent dose of GDC-0068 not only resulted in 

less pronounced inhibition of pPRAS40, but the duration of this effect was also shorter (Figure 2-

6B).  

To further characterize the mechanism underlying the extended duration of AKT 

degradation induced by INY-03-041, we performed compound washout experiments after 12 hours 

of treatment with either 250 nM of INY-03-041 or GDC-0068. We observed no detectable rebound 

of AKT levels for up to 96 hours after washout in INY-03-041 treated cells (Figure 2-6C), 

suggesting that the re-synthesis rate of AKT is slow. Consistently, INY-03-041 potently 

suppressed levels of pPRAS40 for up to 96 hours after washout, while washout in GDC-0068 

treated cells resulted in rebound of pPRAS40, as would be expected of a reversible inhibitor 

(Figure 2-6C). Taken together, our data suggest that INY-03-041-mediated AKT degradation 

resulted in more potent and durable pharmacological effects than AKT inhibition.   



33 
 

 
 

Figure 2-6. INY-03-041 exhibits more potent and durable downstream signaling effects than 

GDC-0068. (A) Immunoblots of pan-AKT, phospho-PRAS40 (T246), total PRAS40, phospho-

GSK3β (S9), total GSK3β, phospho-S6 (S240/244), total S6 and Vinculin after treating T47D or 

MDA-MB-468 cells for 24 hours with DMSO, INY-03-041, or GDC-0068 at the concentrations 

indicated (n=3). (B) Immunoblots of pan-AKT, phospho-PRAS40 (T246), total PRAS40 and 

Vinculin after treatment of T47D or MDA-MB-468 cells with 250 nM of INY-03-041 or GDC-

0068 at time points indicated (n=3). (C) Immunoblots of pan-AKT, phospho-PRAS40 (T246), total 

PRAS40 and Vinculin in T47D or MDA-MB-468 cells treated for 12 hours with INY-03-041 or 

GDC-0068 (250 nM), followed by washout for indicated times (n=4). Solid vertical white line 

indicates samples run on separate gels. 
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Figure 2-7. INY-03-041 induces potent downregulation of AKT signaling in MOLT4, IGROV1 

and PC3 cells. Immunoblots of pan-AKT, phospho-PRAS40 (T246), total PRAS40, phospho-

GSK3β (S9), total GSK3β, phospho-S6 (S240/244), total S6 and Vinculin in (A) MOLT4, (B) 

IGROV1 and (C) PC3 cells after treatment with DMSO, INY-03-041, or GDC-0068 for 24 hours 

at concentrations indicated (n=2) 

 

 

 
 

Figure 2-8. INY-03-041 requires longer time points than GDC-0068 to display inhibition of 

downstream AKT signaling. Immunoblots of pan-AKT, phospho-PRAS40 (T246), total PRAS40, 

phospho-S6 (S240/244), total S6 and Vinculin in (A) ZR-75-1, (B) T47D and (C) LNCaP cells 

after treatment with DMSO, INY-03-041, and GDC-0068 for 4 or 24 hours at indicated 

concentrations (n=2). 
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Development of INY-05-040, an improved, second-generation AKT degrader 

 Despite the potency and selectivity of INY-03-041, the degrader revealed relatively slow 

(12 hours) cellular degradation kinetics of all three AKT isoforms. We therefore developed an 

improved, second-generation AKT degrader, INY-05-040, consisting of GDC-0068 conjugated to 

a von Hippel-Lindau (VHL) ligand via a ten-hydrocarbon linker (Figure 2-9A). To generate the 

matched negative control compound, INY-05-040-Neg (Figure 2-9A), we incorporated a 

diastereoisomer of the VHL ligand that substantially loses activity towards VHL (Raina et al., 

2016).  The biochemical selectivity of INY-05-040 was comparable to GDC-0068 across a panel 

of 468 kinases (Figure 2-10A). Proteomics analysis in MOLT4 cells confirmed pan-AKT 

downregulation following 4-hour treatment with 250 nM INY-05-040 (Figure 2-10B).  

 All subsequent evaluation of INY-05-040 was performed in human breast cancer cell lines 

due to the high prevalence of PI3K/AKT pathway activation. Exposure of the estrogen receptor-

positive (ER+) and PIK3CAH1047R-mutant T47D cell line to increasing doses of INY-050-040 for 

5 h (Figure 2-9B), or over a time course using a dose of 100 nM (Figure 2-9C) revealed a 

substantially improved dose- and time-dependent reduction in total AKT levels compared to the 

first-generation degrader, INY-03-041. This was mirrored by potent suppression of downstream 

PRAS40 (T246) and S6 (S240/S244) phosphorylation (Figures 2-9B and C). INY-05-040 also 

outperformed GDC-0068 in T47D cells treated for 24 h, with >500 nM of GDC-0068 required to 

achieve a comparable suppression of signaling relative to 50 to 100 nM of INY-05-040 (Figure 2-

9D). As GDC-0068 is also a component of the negative control compound, INY-05-040-Neg, the 

latter also suppressed signaling at higher concentrations (Figure 2-10C). Importantly, unlike non-

covalent, catalytic inhibition of AKT with GDC-0068, INY-05-040 treatment of T47D cells 

resulted in sustained AKT reduction and suppression of downstream signaling for at least 72 hours 
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following compound washout (Figure 2-9E). Consistent with proteasomal-dependent degradation, 

pharmacological abrogation of the proteasome function or neddylation prevented AKT 

degradation by INY-05-040 (Figure 2-10F). We also replicated these experiments in PTEN-

deficient triple-negative breast cancer (TNBC) cell line MDA-MB-468 (Figures 2-10D, E, F, and 

G). Notably, cells exposed to INY-05-040 also exhibited reduced levels of total ribosomal S6 

protein (Figures 2-9C, D, and E).  

Consistent with long-term suppression of AKT signaling, both INY-03-041 and INY-05-

040 displayed potent anti-proliferative effects across four different breast cancer cell lines well 

below the concentrations required for an equivalent response with either catalytic or allosteric 

AKT inhibitors (Figures 2-10H and I).  

Finally, we tested the pharmacodynamic properties of the AKT degraders in vivo, using a 

BT-474C breast cancer xenograft model. Following 4 day treatment, both INY-03-041 and INY-

05-040 led to potent downregulation of pan-Akt levels, accompanied by downregulation of 

pPRAS40 (T246) and pS6 (S240/244) in the tumor model (Figure 2-9F). This suppression of 

downstream signaling in vivo was equivalent to that observed with GDC-0068, which may be the 

consequence of poor pharmacokinetic properties of the degraders relative to GDC-0068.  
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Figure 2-9. Design and characterization of INY-05-040. (A) Chemical structures of INY-05-040 

and negative control INY-05-040-Neg. (B) Immunoblots for panAKT, phospho-PRAS40 (T246), 

total PRAS40, phospho-S6 (S240/244), total S6, and Vinculin after treatment of T47D cells treated 

for 5 h with INY-05-040 or INY-03-041 at the indicated concentrations. (C) Immunoblots for 

panAKT, phospho-PRAS40 (T246), total PRAS40, phospho-S6 (S240/244), total S6, and Vinculin 

after treatment of T47D cells treated with INY-05-040 (100 nM) or INY-03-041 (100 nM) for the 

indicated times. (D) Immunoblots for panAKT, phospho-PRAS40 (T246), total PRAS40, 

phospho-S6 (S240/244), total S6, and Vinculin after 24-h treatment of T47D cells with INY-05-

040 or GDC-0068 at the indicated concentrations. (E) Immunoblots for panAKT, phospho-

PRAS40 (T246), total PRAS40, phospho-S6 (S240/244), total S6, and Vinculin in T47D cells 

treated with INY-05-040 (100 nM) or GDC-0068 (100 nM) for 5 h followed by washout for the 

indicated times. (F) Immunoblots for panAKT, phospho-PRAS40 (T246), total PRAS40, phospho-

S6 (S235/236), total S6, and Vinculin in BT-474 mouse xenograft tumors treated with vehicle (10% 

DMSO, 25% Kleptose), Ipatasertib (12.5 mg/kg), INY-05-040 (25 mg/kg), or INY-03-041 (25 

mg/kg) for 3 days, with a terminal treatment 4 h prior to protein harvest.  
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Figure 2-10. INY-05-040 biochemical selectivity and proteomics. (A) TREEspot visualization of 

the biochemical selectivity profile of GDC-0068 and INY-05-040 (1 µM). AKT isoforms are 

highlighted in blue, all other inhibited kinases are highlighted in red. (B) Volcano plot of relative 

protein abundance changes following 4-h treatment of MOLT4 cells with INY-05-040 (250 nM) 

versus DMSO (vehicle), assayed using tandem mass tag quantitative mass spectrometry. The log2 

fold change (FC) is shown on the y axis and -log10(p-value) on the x axis for one independent 

biological replicate for each treatment; FDR < 0.05.  (C) Immunoblots for panAKT, phospho-

PRAS40 (T246), total PRAS40, phospho-S6 (S240/244), total S6, and Vinculin after 5-h treatment 

of T47D cells with DMSO, INY-05-040 (040) or INY-05-040-Neg at the indicated doses. (D) 

Immunoblots for the same components as in (C), representing MDA-MB-468 cells treated for 5 h 

with DMSO, INY-05-040 or GDC-0068 at the indicated concentrations. (E) Immunoblots for the 

same components as in (C), representing MDA-MB-468 cells treated with DMSO, INY-05-040 

(100 nM) or INY-03-041 (100 nM) for the indicated times. (F) Immunoblots for the same 

components as in (C), representing 5 h co-treatment of T47D and MDA-MB-468 cells with DMSO, 

bortezomib (0.5 µM), MLN-4924 (1 µM), and either INY-05-040 (100 nM) or DMSO.  
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Figure 2-10 (continued) 

(G) Immunoblots for the same components as in (C), representing MDA-MB-468 cells treated 

with DMSO, INY-05-040 (100 nM) or GDC-0068 (100 nM) for 5 h, followed by washout for the 

indicated times. (H) CellTiter Glo assay evaluating percent inhibition in cell growth relative to 

DMSO treatment in T47D, MCF7, BT-474, or MDA-MB-468 cells, treated for 72 h with INY-03-

041, INY-05-040 or GDC-0068. (I) Table representing cell line-specific EC50 values (nM) 

calculated from the respective CellTiter Glo assays in (H).  
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Multi-omics profiling reveals AKT degrader-selective responses  

 To identify mechanisms unique to AKT degradation relative to catalytic inhibition, we 

performed mRNA sequencing (RNAseq) in T47D breast cancer cells. To limit confounding effects 

of differential potencies, we determined that 100 nM of INY-05-040 and 500 nM of GDC-0068 

would result in comparable suppression of downstream signaling (Figure 2-11). All studies were 

performed using nutrient- and grown factor-replete cell culture media.  

 

 

Figure 2-11. Signaling immunoblots related to RNAseq. Immunoblots for panAKT, phospho-

PRAS40 (T246), total PRAS40, phospho-GSK3β (S9), total GSK3β, phospho-S6 (S240/244), total 

S6, and Vinculin after treatment of T47D cells for 5 h or 10 h with DMSO, 100 nM INY-05-040 

(040), 100 nM INY-05-040-Neg (Neg), or 500 nM GDC-0068 (GDC), collected in parallel with 

the corresponding RNAseq samples. Quantification of AKT represents protein abundance over 

Vinculin, relative to the corresponding DMSO condition for each time point. Quantification of 

remaining phosphorylated proteins represent normalization to the corresponding total protein, 

relative to the DMSO signal for each time point. 
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 Consistent with shared targets, the transcriptomes of GDC-0068- and INY-05-040-treated 

cells clustered closely together, separate from the DMSO- and INY-05-040-Neg-treated cells, 

according to an unsupervised principal component analysis (PCA) (Figure 2-12A). In agreement 

with the slower onset of AKT degradation, 5-hour treatment with INY-05-040 resulted in 

differential expression of only 194 transcripts (100 downregulated, 94 upregulated; absolute fold-

change ≥ 1.3; FDR ≤ 0.05), compared to 511 transcripts (249 upregulated, 262 downregulated) 

with GDC-0068 during the same time period (Figure 2-12B). By contrast, 10-hour treatment with 

INY-05-040 led to differential expression of 1394 transcripts (626 downregulated, 768 upregulated; 

absolute fold-change ≥ 1.3; FDR ≤ 0.05), whereas the extent of GDC-0068-induced transcriptional 

changes remained stable at 543 transcripts (243 downregulated, 300 upregulated) (Figure 2-12B). 

Across all differentially expressed transcripts, more than 700 were unique to 10-hour treatment 

with INY-05-040, compared to less than 100 unique changes observed with GDC-0068 (Figures 

2-13A and B). No differential expression was observed in response to treatment with the control 

compound INY-05-040-Neg (Figure 2-12B).  

 We next conducted gene set enrichment analysis (GSEA) using the HALLMARK gene 

signature collection provided by the Broad Institute Molecular Signature Database (MSigDB) 

(Liberzon et al., 2015). At 10 hours, both INY-05-040 and GDC-0068 triggered a transcriptional 

footprint consistent with suppression of cycle cell, glycolysis, oxidative phosphorylation, 

mTORC1 and the unfolded protein response (Figures 2-12C and D). Although 5-hour treatment 

with GDC-0068 resulted in a larger number of distinct gene signatures with positive enrichment 

scores, most of these no longer reached statistical significance after 10 hours (Figure 2-12D), 

suggesting emerging adaptation to catalytic AKT inhibition. After 10-hour treatment, positively 

enriched gene signatures were largely shared between degrader and catalytic inhibitor, although 
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the underlying gene expression shifts often appeared more robust with the degrader, evidenced by 

the higher statistical significance (Figures 2-12C and D).  

 We next used DoRothEA, a transcriptional footprint-based method featuring a curated gene 

regulator network (Garcia-Alonso et al., 2018), to predict differences in transcription factor (TF) 

regulation between INY-05-040 and GDC-0068 at 10 hours. Overall, TF activity predictions were 

highly concordant between the two compounds (Spearman’s Rho = 0.91; p < 0.001), with two 

notable exceptions. The lipid and sterol metabolism-regulating transcription factors SREBP1 and 

SREBP2 were predicted as strongly inhibited with GDC-0068, but not INY-05-040 (Figure 2-

12E). A correlation analysis across the previously generated HALLMARK gene signature 

enrichments revealed a similar discordance with respect to cholesterol homeostasis and androgen 

response signatures (Figure 2-12F). Of note, these two signatures share four transcripts related to 

lipid and cholesterol synthesis: SCD, IDI1, HMGCR, HMGCS1. Both HMGCR and HMGCS1 

belong to the list of SREBP1 and 2 targets, in which expression was significantly upregulated upon 

10 hour treatment with INY-05-040, but not GDC-0068 (Figure 2-13C).  

 These findings were further supported by results from precision nuclear run-on sequencing 

(PRO-seq), which allows mapping of RNA polymerase active sites with base-pair resolution 

(Mahat et al., 2016). In addition, unlike RNAseq, which captures steady-state mRNA levels, 

changes in the expression of a transcript in PRO-seq reflect immediate differences in active 

transcription. Similar to the bulk transcriptomes, PRO-seq datasets from degrader-and GDC-0068-

treated samples clustered together and away from DMSO-treated controls (Figure 2-13D). A 

substantially higher number of genes were differentially transcribed in response to AKT 

degradation (Figures 2-13E and F), with further functional enrichment analyses supporting 

transcriptional regulation of SREBP1/2 and cholesterol homeostasis as defining differences 



43 
 

between GDC-0068 and INY-05-040 (Figures 2-12G and H). Such activation of SREBP1 and 2, 

despite potent AKT/mTORC1 inhibition, would be most consistent with a phenotype of cholesterol 

depletion (Shimano and Sato, 2017).  

 Given evidence for altered metabolic homeostasis, we next assessed the metabolic profile 

of T47D cells treated with INY-05-040 and GDC-0068. For comparison, we also included an 

allosteric (MK-2206) and second catalytic (AZD5363) inhibitor. Treatments were performed for 

24 hours to allow capture of robust and persistent changes, while minimizing the signaling rebound 

observed with continuous GDC-0068 treatment (Figure 2-14). LC-MS-based metabolomics 

showed that AKT degradation led to the largest number of differentially abundant metabolites 

(FDR ≤ 0.05; Figure 2-12I). Many metabolite changes were shared across all AKT-targeting 

compounds. Several nucleosides and their phosphorylated derivatives were elevated, including 

inosine, guanosine, IMP, GMP, AMP and CMP. Metabolite changes unique to INY-05-040 

included intermediates of the hexosamine biosynthesis pathway, the pentose phosphate pathway, 

glycolysis, the tricarboxylic acid cycle, glutathione and cholesterol metabolism (Figure 2-12I). 

Notably, only AKT degradation caused upregulation of methylmalonic acid (MMA), which is 

known to act as a potent inhibitor of the rate-limiting cholesterol biosynthesis enzyme, HMGCR 

(Goedeke et al., 2021). Taken together, the multi-omics approach supports a widespread 

perturbation of cellular homeostasis in T47D cells in response to INY-05-040, with unique 

responses to AKT degradation pertaining to cholesterol homeostasis.  
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Figure 2-12 (continued). Multi-omic profiling of INY-05-040 and GDC-0068 in T47D cells. 

(A) Principal component analysis (PCA) projection of the transcriptomic dataset, comprising n=3 

independent experiments per treatment (DMSO; Degrader: 100 nM INY-05-040; 500 nM GDC-

0068; NegCtrl: 100 nM INY-05-040-Neg) and time point (5 h and 10 h). Ellipses are drawn 

around each group at 95 % confidence level. The first three independent axes (PCs) of highest 

variation are shown. (B) Number of differentially up- and downregulated transcripts (absolute 

fold-change > 1.3) following differential gene expression analysis (FDR < 0.05) across the 

indicated comparisons. Comparisons are relative to the corresponding DMSO-treated control; for 

example, Neg.Ctrl.5h refers to the effect of 10 h treatment with INY-05-040-Neg vs 10 h 

treatment with DMSO. The exception is “diff.time.DMSO” which evaluates differential 

expression as a function of time in culture (treatment with DMSO for 10 h versus treatment with 

DMSO for 5 h). (C) and (D) Gene set enrichment analysis (GSEA) on the mSigDb HALLMARK 

collection, based on the ranked t values from all genes for the indicated treatments relative to the 

corresponding DMSO-treated controls. Gene sets are labelled if the absolute normalized 

enrichment score (NES) exceeds 1 and the adjusted p-value falls below 0.05 (FDR). (E) 

Spearman’s correlation analysis of transcription factor (TF) activity predictions following 10 h 

treatment with either Degrader or GDC-0068. TF footprint analyses were performed with 

DoRothEA. SREBF1 (protein name: SREPB1) and SREBF2 (protein name: SREBP2) activity 

predictions are highlighted due to their divergence between Degrader and GDC-0068, with lower 

activity predictions observed only in GDC-0068-treated cells. (F) Spearman’s correlation 

analysis of GSEA-derived NES for individual HALLMARK gene sets following 10 h treatment 

with either Degrader or GDC-0068. “CHOLESTEROL HOMEOSTASIS” and “ANDROGEN 

RESPONSE” hallmark gene sets are highlighted as having positive and negative NES in 

Degrader- and GDC-0068-treated cells, respectively. (G) As for (E) but based with PRO-seq data 

corresponding to Degrader and GDC-0068 treatments of T47D cells for 5 h, relative to DMSO-

treated control; TF activity predictions were calculated from t values from all genes following 

differential gene expression analysis (FDR < 0.05; n = 2 independent experiments). (H) As for 

(F) but with the PRO-seq data used in (G). (I) Hierarchical clustering (Euclidean distance) of 

differential metabolite abundance (FDR < 0.05) following 24-h treatments of T47D with either 

AZD 5383 (Capivasertib; catalytic pan-AKT inhibitor; 2 µM), Degrader (INY-05-040; 100 nM), 

GDC-0068 (catalytic AKT inhibitor; 500-750 nM), MK2205 (allosteric pan-AKT inhibitor; 1 

µM) or NegCtrl (INY-05-040-Neg; 100 nM). Differential abundance analysis was performed 

relative to DMSO-treated controls (n = 9 samples per treatment, from 3 independent experiment 

with 3 replicates per experiment). More than 85% of the observed differences in metabolite 

abundance for a given treatment corresponded to at least a 20% change relative to DMSO-treated 

cells. Metabolites that were uniquely regulated upon treatment with Degrader are highlighted. 
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Figure 2-13. Supporting multi-omic data analyses (T47D breast cancer cells). UpSet intersection 

plots for up- (A) and downregulated (B) transcripts, respectively, for the indicated treatments 

relative to DMSO. Fold-change cut-off for differential expression was 1.3; FDR < 0.05. Only 

genes with HGNC (HUGO Gene Nomenclature Committee) annotation were included in the final 

count. (C) Volcano plot of SREBF1 and SREBF2 target gene expression in Degrader- and 

GDC0068-treated T47D cells. The horizontal dotted line indicates the adjusted p-value cut-off for 

statistical significance (FDR < 0.05); the vertical dotted lines specify the cut-off corresponding to 

a fold-change of log2(1.3) for up- or downregulation. The target genes correspond to those used 

for transcription factor footprint estimates with DoRothEA. Black rectangles are used to highlight 

cholesterol synthesis genes that are selectively upregulated in Degrader- but not GDC-0068-treated 

cells after 10 hours. (D) Principal component analysis (PCA) of the PROseq dataset, comprising 

n = 2 independent experiments per treatment (all performed for 5 h). The first three independent 

axes (principal components; PCs) of highest variation are shown. (E) and (F) As for (A) and (B), 

respectively, but using differentially expressed genes from the PROseq dataset. 
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Figure 2-14. Signaling immunoblots related to metabolomics. Immunoblots for panAKT, 

phospho-PRAS40 (T246), total PRAS40, phospho-S6 (S240/244), total S6, and Vinculin after 

treatment of T47D cells for 24 h with DMSO, INY-05-040, INY-05-040-Neg, GDC-0068, AZD 

5363, or MK-2206 as indicated; samples were collected in parallel with the corresponding 

metabolomics samples. Note that the dose of GDC-0068 was increased to 750 nM in Trial 3 to 

retain consistent levels of signaling suppression relative to the previous experiments. 

Quantification of AKT represents protein abundance over Vinculin, relative to the average of the 

replicate DMSO samples. Quantification of remaining phosphorylated proteins represent 

normalization to the corresponding total protein, relative to the average of the replicate DMSO 

samples. 
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Casual Oriented Search of Multi-Omic Space (COSMOS) identifies altered stress MAPK 

signaling downstream of AKT degradation 

 We next reasoned that an integrated, trans-omic integration of the previous datasets may 

enable us to generate testable mechanistic hypotheses regarding previously unknown signaling 

changes downstream of AKT degradation. We applied a network analysis approach, COSMOS, to 

integrate transcriptomic and metabolomic datasets (Dugourd et al., 2021) following treatment with 

INY-05-040 and GDC-0068 for 10 and 24 hours, respectively (Figure 2-15A). Briefly, COSMOS 

relies on an extensive prior knowledge network (PKN) of signaling pathways, transcriptional 

regulation and metabolic reactions, in combination with an Integer Linear Programming (ILP) 

optimization strategy to identify the smallest coherent subnetwork casually connecting as many 

deregulated TFs and metabolites in the input data as possible (Liu et al., 2019). Input data to 

COSMOS consisted of the background transcriptome of T47D cells, in addition to treatment-

specific DoRothEA-derived TF activity predictions and differentially abundant metabolites. The 

resulting networks enable identification of top degree signaling network nodes (hubs), which are 

essential for holding a network together due to their high number of connections (Barabási et al., 

2011). Replicate COSMOS runs identified MAPK1 (ERK2) and MAPK3 (ERK1) as top degree 

nodes in both INY-05-040 and GDC-0068 networks (Figures 2-15B and C), consistent with 

known compensatory RAS/MAPK signaling activation following potent PI3K/AKT pathway 

inhibition (Carracedo et al., 2008). Focusing on unique differences, we noted that the stress 

MAPKs, MAPK8 (JNK1) and MAPK14 (p38α), were among the top degree notes in INY-05-040-

specific networks (Figure 2-15B). 

 To corroborate these findings, we next retrieved the MSigDb curated gene sets (C2 

collection) featuring transcriptional changes downstream of JNK/p38 perturbation and performed 
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GSEA using the RNA seq dataset. Three gene signatures related to TNFα signaling were positively 

enriched in INY-05-040-treated cells after 10 hours, with two of the signatures representing 

transcriptional changes (Figure 2-15D) that are either completely or partially dependent on p38 

(Phong et al., 2010). While one of these two p38-dependent signatures was also observed in 

response to GDC-0068, the significance and the magnitude of enrichment were not as strong as 

that observed in INY-05-040 treated cells (Figure 2-15D). This is also consistent with the weaker 

enrichment of the hallmark gene signature “TNFα signaling via NFB” in response to GDC-0068 

relative to INY-05-040 (Figures 2-12C and D). Taken together, these integrated analyses point 

toward potent AKT degradation-induced activation of stress MAPK signaling and inflammatory 

gene signatures.  
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Figure 2-15. Causal Oriented Search of Multi-Omics Space (COSMOS)-based integration of 

transcriptomic and metabolomic datasets to identify treatment-specific networks. (A) Schematic 

illustrating the principle of COSMOS and the datasets used for multi-omic integration and 

predictions of treatment-specific signaling networks. (B) and (C) Top degree nodes from 

Degrader- and GDC-0068-specific networks plotted in increasing order. MAPK14 (protein: p38𝛂) 

is highlighted as a Degrader network-specific top degree node. The raw COSMOS networks are 

included in Fig. S5 (n = 11 independent runs using Degrader data; n = 8 independent runs for 

GDC-0068 data). (D) Complementary GSEA analyses using stress MAPK-related gene sets 

(mSigDb C2 collection), based on the ranked t values from all genes for the indicated treatments 

relative to the corresponding DMSO treatment. Gene sets are labelled if the absolute normalized 

enrichment score (NES) exceeds 1. 
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Activation of stress MAPK signaling in response to AKT degradation 

 To validate the COSMOS predictions, we first determined the kinetics of p38/JNK 

signaling over a time course in a panel of breast cancer cells (Figures 2-16A and B, 2-17A and 

B). We observed portent AKT degrader-specific induction of p38α phosphorylation (T180/Y182) 

and the JNK target p-cJun(S73), as well as the expected increase in c-Jun protein levels (Figure 

2-16A). Consistent with the COSMOS-based predictions, AKT degradation resulted in more 

robust stress MAPK signaling induction.  

 Among the different breast cancer cell lines examined, we found that the ER-positive  

BT474 cells exhibited a near-binary difference in stress MAPK activation in response to AKT 

degradation relative to catalytic inhibition. Following 48-hour treatment with INY-05-040, BT-

474 cells exhibited strong induction of p-cJun (S73) and cJun, which was sustained for at least 72 

hours (Figure 2-16A). We hypothesized that induction of stress MAPK signaling contributes to 

AKT degrader-associated cytotoxicity. To test this, BT-474 and T47D cells were pre-treated with 

low does (50 nM) of the covalent pan-JNK inhibitor JNK-IN-8 for 24 hours, followed by addition 

of either INY-05-040 or GDC00068 for 120 hours. The two cell lines were chosen as models for 

potent (BT-474) and low (T47D) cytotoxic responses to AKT degradation. Consistently, INY-05-

040-induced cytotoxic response in T47D cells were fully neutralized by JNK inhibition (Figure 

2-16C). In BT474 cells, however, combined AKT degradation and JNK inhibition only led to a 

small, partial rescue of cytotoxicity (Figure 2-16C); The increased levels of cleaved-PARP, a 

marker of apoptosis, were also no reduced by co-treatment with JNK-IN-8 in INY-05-040-treated 

BT-474 cells (Figure 2-18). We therefore conclude that acute and sustained stress MAPK 

activation is a marker of potent suppression of AKT signaling downstream of INY-05-040, but 

that this mechanism is not sufficient to explain the cytotoxic effects of AKT degradation.  
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Figure 2-16. Validation of COSMOS-predicted MAPK Stress Kinase Signaling. Immunoblots for 

panAKT, phospho-PRAS40 (T246), total PRAS40, phospho-p38α (T180/Y182), total p38α, 

phospho-cJun (S73), total cJun, phospho-S6 (S240/244), total S6, and Vinculin after treatment of 

(A) BT-474 or (B) T47D cells for the indicated times with DMSO, 100 nM INY-05-040, or 750 

nM GDC-0068. Quantification of AKT and cJun represents protein abundance over Vinculin, 

relative to the corresponding DMSO condition for each time point. Quantification of remaining 

phosphorylated proteins represent normalization to the corresponding total protein, relative to the 

DMSO signal for each time point. (C) Cytotoxicity index assayed using CellTox Green, in BT-

474 or T47D cells treated for 24 h with either DMSO or 50 nM JNK-IN-8, followed by 120-h co-

treatment with either DMSO, INY-05-040 (100 nM) or GDC-0068 (750 nM). The cytotoxicity 

index represents cytotoxicity values corrected for background fluorescence and normalized to total 

signal following chemical permeabilization (used as proxy measure for total cell number). For 

conditions of interest, the following statistics were generated using bootstrap-coupled estimation:  

unpaired mean percentage-point difference of JNK-IN-8 versus DMSO = 11.5 [95CI 8.89; 13.2]; 

unpaired mean percentage-point difference of INY-05-040 + JNK-IN-8 versus INY-05-040 = -

8.31 [95CI  -10.1; -5.75].  
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Figure 2-17. Stress MAPK signaling activation in MCF7 and MDA-MB-468 cells. Immunoblots 

for panAKT, phospho-PRAS40 (T246), total PRAS40, phospho-p38α (T180/Y182), total p38α, 

phospho-c-Jun (S73), total cJun, phospho-S6 (S240/244), total S6, and Vinculin after DMSO, 

INY-05-040 (100 nM) or GDC-0068 (750 nM) treatment of (A) MCF7 or (B) MDA-MB-468 cells 

for the indicated times. Quantification of AKT and cJun represents protein abundance over 

Vinculin, relative to the corresponding DMSO condition for each time point. Quantification of 

remaining phosphorylated proteins represent normalization to the corresponding total protein, 

relative to the DMSO signal for each time point. 
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Figure 2-18. Co-treatment of BT-474 cells with INY-05-040 and JNK-IN-8. Immunoblots for 

panAKT, phospho-p38α (T180/Y182), total p38α, phospho-c-Jun (S73), total cJun, phospho-S6 (S240/244), 

total S6, PARP (FL: full lengths; CL: cleaved), Vinculin, and beta-actin after 24 h pre-treatment of BT474 

cells with either DMSO or 50 nM JNK-IN-8, followed by 120-h co-treatment with either DMSO, INY-05-

040 (100 nM) or GDC-0068 (750 nM). Treatment with Bortezomib (10 µM) for 24 h and 48 h was used as 

positive control. Two technical replicates (indicated with Plate 1 and Plate 2) were processed in parallel. 

brightfield Quantification for cleaved (CL) PARP was performed by measuring the intensity of the indicated 

lower band, normalized to beta-actin, relative to DMSO. 
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Global cell line screening identifies stress MAPK-associated resistance biomarkers 

 Given the improved cellular potency of INY-05-040, including robust downstream 

transcriptional and metabolic changes, we next undertook global cancer cell line profiling to 

determine whether these properties translate into more potent grown suppression relative to GDC-

0068. Briefly, cell lines across multiple linages were challenged with a range of doses of 

compounds and cell number relative to day 0 were assessed to measure suppression of cell growth. 

Across 288 cancer cell lines, spanning 18 different cancer lineages, INY-05-040 exhibited superior 

growth-inhibitory activity (Figure 2-19A). This was based on calculation of the drug concentration 

required to reduce overall growth by 50% (GI50adj, Figure 2-20A), including adjustments for cell 

line-specific differences in growth rate. Strikingly, while GI50adj calculation was possible for all 

cell lines treated with INY-05-040, this was not possible for 161 cell lines treated with GDC-0068 

due to the lack of sufficient growth suppression (Figure 2-19A). Consequently, the median 

GI50adj value for GDC-0068 in the screen was higher than 10 µM, compared to 1.1 µM for INY-

05-040 and 3.1 µM for INY-03-041.  

 To identify functional biomarkers predictive of sensitivity to INY-05-040 in the 21 breast 

cancer cell lines profiled, we took advantage of the measured GI50adj values and the 

corresponding baseline transcriptomic, proteomic and reverse phase protein array (RPPA) data 

(Figure 2-20A) publicly available through the Cancer Dependency Map project (Tsherniak et al., 

2017). We classified breast cancer cells into sensitive, intermediate and resistant if the measured 

GI50adj was less than 0.5 µM, between 0.5 and 1 µM, and higher than 1 µM, respectively (Figure 

2-19B). Subsequent unsupervised PCA using either transcriptomic or proteomic datasets revealed 

a notable separation of INY-05-040 sensitive vs. resistant breast cancer cell lines, which was not 

simply driven by ER expression as assessed by PAM50 status (Figure 2-20B). This was also 
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observed for 4 out of 5 breast cancer cell lines that belong to the basal A subtype. By contrast, only 

1 out of 6 basal B breast cancer cell lines were sensitive to INY-05-040, with 4 out of the 6 cell 

lines exhibiting resistance (Figure 2-19B).  

 We next took the cell specific PC1 loadings from the transcriptomic and proteomic data 

and correlated these with the actual GI50adj values. This revealed strong and statistically 

significant correlations for either comparison (Spearman’s Rho > 0.8, p < 0.001), with higher PC1 

loadings associated with the higher GI50adj values and thus resistance to INY-05-040 (Figures 2-

20C and D). To identify the molecular features driving the observed separation in the two datasets, 

we performed GSEA on the two PC1 loadings (transcriptomic and proteomic data). Gene sets that 

were positively enriched for alongside either PC1 were highly concordant and characterized by 

strong enrichment for epithelial mesenchymal transition and inflammatory signaling (Figure 2-

20E). Strikingly, most of these positive enrichments overlapped with those observed upon acute 

10-hour treatment of T47D breast cancer cells with INY-05-040 (Figure 2-20F). Based on our 

mechanistic data on acute JNK activation and sensitivity to INY-05-040, we reasoned that the 

correlation between inflammatory gene signatures and INY-05-040 resistance in the breast cancer 

panel may reflect an already high baseline JNK activation and thus adaptation to stress MAPK 

signaling. Accordingly, we found that both JNK1 mRNA levels (Figure 2-20G), JNK1 

phosphorylation (Figure 2-20H) and cJun phosphorylation (Figure 2-20I) exhibited a positive 

and statistically significant correlation with INY-05-040 GI50adj values. Importantly, BT-474 

cells had the lowest GI50adj and the lowest values for the aforementioned markers of JNK1 

activation. Taken together, our data demonstrate superior potency of INY-05-040-induced AKT 

degradation over catalytic inhibition across cancer cell lines, with low baseline levels of stress 

MAPK signaling correlating with heightened AKT degrader sensitivity in breast cancer cells.  
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Figure 2-19. Cancer cell line screen of GDC-0068, INY-03-041, and INY-05-040. (A) Heatmap 

of cell line-specific GI50adj values for each compound, with Euclidean distance-based clustering 

of the cell lines (rows). (B) Barplots indicating the GI50adj values for each compound in breast 

cancer cell lines only, colored according to sensitivity to the respective compound (sensitive: 

GI50adj < 0.5 µM; intermediate: 0.5 µM < GI50adj < 1 µM; resistant: GI50adj > 1 µM). The 

dotted horizontal line indicates GI50adj = 1 µM. 
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Figure 2-20 (continued). Integration of cell line screen data with publicly available omics datasets 

to identify sensitivity biomarkers for INY-05-040. (A) Analytical workflow for cell line screen 

processing and subsequent integration of the growth response metric (GI50adj) with publicly 

available cell line omics data from the DepMap project. A total of 288 cancer cell lines were 

profiled with GDC-0068, INY-03-41 and INY-05-040. Subsequent integrative analyses focused 

on breast cancer cell lines only. Note that the applied growth response metric (GI50adj) takes into 

account cell line growth which is a known confounder in drug sensitivity measurements. The final 

output corresponds to the concentration of drug that results in 50 % cell growth inhibition. (B) 

PCA on breast cancer-specific transcriptomics and proteomics data, with coloring according to 

sensitivity to INY-05-040 (sensitive: GI50adj < 0.5 µM; intermediate: 0.5 µM < GI50adj < 1 µM; 

resistant: GI50adj > 1 µM). The PAM50 subtype of each cell line is specified by shape. Transcripts 

and proteins contributing the most to the observed data structure alongside PC1 and PC2 are 

labelled. (C) and (D) Spearman’s correlation analysis of PC1 values for each cell line and the 

corresponding GI50adj value for INY-05-040. A linear regression line with 95% confidence 

intervals (shaded area) is included in each analysis, demonstrating that cell line-specific PC1 

scores can be used as proxy measures for INY-04-050 sensitivity (i.e., the higher the PC1 score, 

the more resistant the cell line). (E) GSEA (mSigDb HALLMARK gene sets) using transcript and 

protein loading values alongside the respective PC1, a proxy measure for sensitivity to INY-04-

050; FDR < 0.05. NES: normalized enrichment score. (F) A plot of all gene sets that were 

significantly and positively enriched for across PC1 loadings from the depmap transcriptomic data, 

and the corresponding NES from the T47D dataset following 10 h treatment with INY-05-040. 

Highlighted gene signatures were also statistically significant (FDR < 0.05) in the T47D dataset. 

(G), (H) and (I) Spearman’s correlation analysis of JNK1 mRNA expression (G), pJNK1 

(T183/Y187) (H) and p-cJun (S73) with the cell line-specific GI50adj value for INY-05-040. A 

linear regression line with 95% confidence intervals (shaded area) is included in each analysis. 

Reverse phase protein phosphorylation (RPPA) data were obtained from the depmap project and 

subset for the signals of interest. 
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Discussion and conclusion 

 Targeted protein degradation (TPD) has emerged as both a novel therapeutic approach and 

powerful experimental tool to evaluate the effects of acute protein depletion on cellular networks. 

Here, we report the development of both INY-03-041 and INY-05-040, potent and highly selective 

degraders of AKT. Using a multi-omics approach in breast cancer cells, we found that AKT 

degradation led to unique transcriptomic and metabolomic changes, concomitant with potent 

activation of stress MAPK signaling. Furthermore, low baseline levels of JNK activation were 

associated with increased sensitivity to AKT degradation across a panel of breast cancer cell lines.  

 The on-going search for targeted agents to treat patients with PI3K pathway 

hyperactivation has focused on identification of more selective compounds or effective 

combinations to limit toxicity and improve patient selection (Jansen et al., 2016). Recent efforts 

have led to the development of PI3Kα selective inhibitor alpelisib, approved for the treatment of 

advanced hormone receptor-positive, HER2-negative breast cancer, in combination with ER 

antagonist fulvestrant (André et al., 2019). Alpelisib was also approved for the treatment of 

developmental overgrowth disorders collectively known as PIK3CA-releated overgrowth 

spectrum (PROS) (Madsen and Semple, 2022). Despite this progress, both cancers and diseases of 

PI3K pathway activation urgently need expansion of available treatment options to address issues 

of resistance and/or poor tolerability. Independent lines of evidence, including this current study, 

indicate that TPD of PI3K pathway components may represent a novel therapeutic strategy, with 

the added benefit of sustained inhibition of downstream signaling (Song et al., 2022). This property 

may partially be explained by the inability of various negative feedback mechanisms within the 

PI3K/AKT pathway to overcome inhibition when a critical downstream transducer in absent. 

Prolonged cellular stress can also suppress AKT/mTORC1 activity, alongside a more complete 
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shutdown of protein translation, which may contribute to the self-sustained loop of continued 

suppression of AKT signaling. This hypothesis is supported by the washout experiments in which 

pathway reactivation was not observed and remained low for at least 72 hours after degrader 

removal, in stark contrast with the ATP-competitive inhibitor GDC-0068.  

 The successful development of improved therapies against cancers with activated 

PI3K/AKT signaling rests upon identifying new mechanistic insights into the underlying protein 

network, particularly in response to inhibitory modalities. Using a network biology framework, 

COSMOS, we demonstrate how systematic integration of a prior knowledge with context-specific 

transcriptomic and metabolomic data can be used to identify and subsequently test mechanistic 

hypotheses on AKT degradation-selective signaling outcomes. This approach identified the stress 

MAPKs, p38α (MAPK14) and JNK1 (MAPK8), as differentially activated in breast cancer cells 

treated with INY-05-040. The observed quantitative differences would have challenging to resolve 

with conventional approaches, emphasizing the power of computational integration of multi-omics 

data and temporal analyses.  

 We posit that both the duration and potency of AKT pathway inhibition is critical for 

eliciting the stress MAPK stress response observed with INY-05-040. At present, the precise 

mechanistic link between AKT degradation and stress MAPK activation remains undescribed. We 

speculate that ribosomal stress may contribute to the induction of stress MAPKs, since AKT and 

mTORC1 promote ribosome biogenesis through transcriptional and translational mechanisms. 

Conversely, disruption of any given step in the ribosome biogenesis has been shown to cause 

ribosomal stress (Zhou et al., 2015). Accordingly, AKT degradation, but not catalytic inhibition, 

led to a potent and sustained reduction of total ribosomal S6 protein levels, which would be 
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consistent with the low stability of ribosomal proteins in the absence of functional ribosome 

production (Warner, 1977).  

 The involvement of the stress MAPK and inflammatory signaling in the cellular response 

to AKT degradation is further supported by integration of growth inhibition measurements with 

publicly available omics data. The observation that the same transcriptional and signaling 

signatures induced upon degrader treatment of T47D cells are already elevated at baseline in breast 

cancer cells with lower sensitivity to INY-05-040 suggest that the low baseline stress MAPK and 

inflammatory signaling activity may be a pre-requisite for potent cell growth suppression upon 

AKT degradation.  

 In summary, we demonstrate vastly improved suppression of cancer cell growth with INY-

05-040 and illustrate how TPD, in combination with integrated systems-level analyses, can be used 

to uncover novel biology that is inaccessible with conventional kinase inhibitors. 
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Materials and methods 

Cell lines. MOLT4, Jurkat, ZR-75-1, LNCaP, T47D, MCF-7, MDA-MB-468, BT-474 and 

HCC1937 cells were cultured in RPMI media (Wisent Bioproducts) supplemented with 10% heat 

inactivated fetal bovine serum (Thermo Fisher Scientific) and 100U/mL Penicillin-Streptomycin 

(Gibco) at 37 C in the presence of 5% CO2. IGROV1 and PC3 cells were cultured in DMEM 

media (Gibco) supplemented with 10% heat inactivated fetal bovine serum (Thermo Fisher 

Scientific) and 100U/mL Penicillin-Streptomycin (Gibco) at 37 C in the presence of 5% CO2 

 

Immunoblotting. Cells were washed once in 1x PBS then lysed in RIPA buffer (150 mM Tris-

HCl, 150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 1% (v/v) NP-40, pH 7.5) containing 0.1% 

(w/v) sodium dodecyl sulfate, 1 mM sodium pyrophosphate, 20 mM sodium fluoride, 50 nM 

calyculin, and 0.5% (v/v) protease inhibitor cocktail (Sigma-Aldrich) for 15 min. Cell extracts 

were precleared by centrifugation at 18,800 x g for 10 min at 4 C. The Bio-Rad DC protein assay 

was used to assess protein concentration as per the manufacturer’s instructions, and sample 

concentration was normalized using 2x SDS sample buffer. Next, 20 mg of protein lysates and 

PageRuler Plus (Fisher) prestained protein ladder were resolved on 10% acrylamide gels by SDS-

polyacrylamide gel electrophoresis and electrophoretically transferred to nitrocellulose membrane 

(BioRad) at 100 volts for 90 min. Membranes were blocked in 5% (w/v) nonfat dry milk (Fisher) 

or 5% (w/v) bovine serum albumin (Boston Bioproducts) in Tris-buffered saline (TBS) for 1 h, 

then incubated with specific primary antibodies diluted 1:1000 in 5% (w/v) bovine serum albumin 

in TBS-T (TBS with 0.05% Tween-20) at 4 C overnight, shaking. The primary antibodies used 

are pan-AKT (Cell Signaling Technology, #4691 and #9275), pAKT (S473, Cell Signaling 

Technology, #4060), pAKT(T246, Cell Signaling Technology, #2997), PRAS40 (Cell Signaling 
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Technology, #2691), pPRAS40 (T246, Cell Signaling Technology, #13175), GSK3β (Cell 

Signaling Technology, #9315), pGSK3β (Cell Signaling Technology, #9336), TSC2 (Cell 

Signaling Technology, #3990), pTSC2 (T1462, Cell Signaling Technology, #3617), Vinculin (Cell 

Signaling Technology, #13901), ERK1/2 (Cell Signaling Technology, #4695), pERK1/2 (Cell 

Signaling Technology, #9101), 4EBP (Cell Signaling Technology, #9452), S6 (Cell Signaling 

Technology, #2217), pS6 (S240/244, Cell Signaling Technology, #5364), pS6 (S235/236, Cell 

Signaling Technology, #4858), p38 (Cell Signaling Technology, #8690) phospho-p38 (Cell 

Signaling Technology, #4511), cJun (Cell Signaling Technology, #9165), and phospho-cJun (Cell 

Signaling Technology, #3270). The next day, membranes were washed 3 times for 5 min each 

with TBS-T then incubated for 1 h at room temperature with fluorophore-conjugated secondary 

antibodies (LI-COR Biosciences) in 5% (w/v) nonfat dry milk, protected from light. The 

membrane was washed again 3 times for 5 min each with TBS-T, followed by a final 5-min wash 

in TBS, then imaged with a LI-COR Odyssey CLx Imaging System (LI-COR Biosciences). 

Quantification was performed in ImageStudioLite Software (Licor Biosciences) by 

drawing rectangles around bands to capture band signal intensities: total pixel intensity minus 

background pixel intensity.  Relative phospho-protein signal was performed for each lane by 

dividing phospho-protein signal intensity by corresponding total protein signal intensity, while 

relative AKT signal was calculated by dividing AKT signal intensity by Vinculin signal intensity. 

Normalization to DMSO samples was performed by dividing relative signal intensity for each 

condition by the corresponding DMSO signal intensity values.  
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In Vitro Kinase Assays. Z’-LYTE assays were conducted for AKT1, AKT2, AKT3, PKG1, S6K1, 

PKN1, ßMSK2, and Haspin at Life Technologies in a 10-point dose response using Km ATP 

concentrations. LanthaScreen assays were conducted for RET (V804M) in a 10-point dose 

response at Life Technologies. 

 

Proliferation assays. T47D, MDA-MB-468, MCF-7 or BT-474 cells were plated in 384 well 

plates at 250 cells per well. After 24 h, cells were treated with GDC-0068, AZD5363, MK-2206, 

ARQ-092, INY-03-041, INY-05-040, INY-05-040-Neg, or VH032 compounds at concentrations 

indicated for 72 h. The anti-proliferative effects of these compounds were assessed using the Cell 

Titer Glo assay kit (Promega Cat) following manufacturer protocol. EC50 values were determined 

using GraphPad Prism using nonlinear regression curve fitting.   

 

CellTox Green Cell Death Assay. Cell viability was assayed with a CellTox Green cell death 

assay. Cells in 96-well plates (ThermoFisher) were treated with a 1:1000 dilution (in assay buffer) 

of CellTox Green dye for 30 min at room temperature, protected from light. Fluorescence intensity, 

corresponding to binding of CellTox Green dye to double-stranded DNA from dead cells, was 

measured on a SpectraMax iD3 Microplate Reader (485 nm excitation / 520 nm emission) from 

the bottom, with an integration time of 400 ms and 9 multi-point readings per well. To estimate 

the total number of cells for subsequent normalization, all wells were subsequently permeabilized 

with 0.1% Triton X-100 (Fisher Scientific Cat), and enough CellTox Green reagent to maintain 

“1X” final concentration. After incubating for 30 min at room temperature, protected from light, 

the final fluorescence intensity was measured as above. Readings from each well were averaged 

and corrected by subtracting the average background signal from wells with medium and CellTox 
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Green and no cells. The cytotoxicity index was calculated for treatments of interest by dividing 

background-corrected non-permeabilized readings by the corresponding permeabilized readings 

to assess the percentage cell death. Each assay run was quality checked by inclusion of a standard 

curve of increasing cell number, followed by permeabilization and measurement of the CellTox 

Green signal. All raw data and annotated analysis scripts are available on the associated OSF 

project website (https://osf.io/fasqp/).   

In parallel, cell health and CellTox Green uptake were also assessed by light microscopy, 

with image capture on a Keyence BZ-X800 (brightfield and 488 nm) and an ECHO Scope 

(brightfield only; 10X). These images were used as internal QC and are not incorporated in the 

final manuscript but have been deposited on the OSF project website (https://osf.io/fasqp/) as 

further supporting evidence. 

 

Growth Rate Assay and Analysis. Cell lines were plated at densities ranging from 500 to 2000 

cells per well in a 384-well plate using a Matrix WellMate Reagent Dispenser (ThermoFisher) and 

allowed 24 hours to adhere to plate prior to treatment. A D300 Digital Dispenser (Hewlett-Packard) 

was used to treat cells with dilution series of compounds as indicated. At the time of treatment and 

after 72 hours of treatment, cells were stained and fixed for subsequent analysis. Cells were stained 

with LIVE/DEAD Far Red Dead Cell Stain (LDR) (ThermoFisher) at 1:2000 for 1 hour at 37 °C. 

Cells were fixed for 30 minutes at room temperature in 4% formaldehyde (Sigma Aldrich) then 

permeabilized with 0.5% Triton X-100 in PBS. Cells were blocked for 1 hour using Odyssey 

Blocking Buffer (LI-COR Biosciences) and stained overnight at 4°C with 2 µg/ml Hoechst 33342 

(Sigma Aldrich). An Operetta microscope was used to image fixed cells, and data was stored and 

analyzed using Columbus software (PerkinElmer). Nuclei were segmented by Hoechst signal 

https://osf.io/fasqp/
https://osf.io/fasqp/
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using the Columbus system (PerkinElmer). The average LDR and Hoechst intensities were 

determined within the nuclear area. Dead cells were classified by LDR signal. Experiments were 

performed in technical triplicate. 

 

RNA sequencing  

 

Sample Preparation. Snap-frozen cells were thawed on ice and RNA extracted with Takara’s 

Nucleospin RNA Plus kit (Takara) according to the manufacturer’s instructions. RNA integrity 

was assessed for quantity and purity by Nanodrop 1000. Samples were submitted to Novogene for 

integrity assessment (Agilent 2100 analysis), mRNA library preparation (unstranded), and paired-

end (150 bp) sequencing on a NovaSeq S4 flow cell.  

 

Raw read mapping, counting and differential expression. Raw read processing was performed with 

the Nextflow (version 20.07.1) nf-core RNAseq pipeline (version 1.4.2), with Spliced Transcripts 

Aligment to a Reference (STAR) for read alignment to the human genome 

(Homo_sapiens.GRCh38.96.gtf) and featureCounts for counting of mapped reads (multimapped 

reads were discarded).  

All subsequent data processing was performed in R, with differential gene expression analysis 

following the limma-voom method. Filtering of low gene expression counts was performed with 

the TCGAbiolinks package with quantile value 0.75 (chosen empirically based on the observed 

count distribution). Next, read count normalization was performed with the trimmed mean of M 

(TMM) method. PCA was done using the PCAtools package. The mean-variance relationship was 

modelled with voom(), followed by linear modelling and computation of moderated t-statistics 
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using the lmFit() and eBayes() functions in the limma package. Experimental replicate was 

included as a batch effect term in the model. The associated p-values for assessment of differential 

gene expression were adjusted for multiple comparisons with the Benjamini-Hochberg method at 

false-discovery rate (FDR) = 0.05. Adjustments were performed separately for each contrast of 

interest. Subsequent gene annotations were performed with BioMart within R using the associated 

ENSEMBL Gene IDs as key values. Intersection plots and heatmaps were generated using the 

ComplexHeatmap package. Clustering was performed using the Ward.D2 method. Columns were 

clustered according to Euclidean distance, while rows (genes) were clustered according to 

Spearman’s correlation, i.e. patterns of change as opposed to maximum values.  

 

Gene set enrichment analysis. The msigdbr package was used to retrieve the indicated gene 

signatures. GSEA was performed with the fgsea package, using the list of all genes ranked 

according to their t statistic for a comparison of interest. The choice to use the t statistic ensures 

that the gene ranking considers signal magnitude (fold-change) as well as uncertainty of estimation. 

Normalized enrichment values and associated p-values were calculated with the fgseaMultilevel() 

function, using default settings. The normalized enrichment score computed by the algorithm 

corresponds to the enrichment score normalized to mean enrichment of random samples, using the 

same gene set size. 

 

Transcription factor footprint analysis. The voom-normalized counts were used to predict 

transcription factor activities with DoRothEA, choosing regulons within confidence groups “A”, 

“B” and “C” (low-confidence regulons in groups “D” and “E” were therefore not considered). As 

per the developer’s recommendations, the “minsize” argument in the options was set to “5”, and 
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“eset.filter” was set to “FALSE”. Exact details can be retrieved from the deposited code. Annotated 

scripts for all analysis steps post-read processing are provided on the OSF project webpage 

(https://osf.io/3f2m5/). 

 

Precision nuclear run-on sequencing (PRO-seq) 

 

Sample Preparation. To harvest cell pellets for PRO-seq, cells were washed once with 8 mL room 

temperature 1X PBS then trypsinized for 5 min. Trypsin was quenched with ice cold DMEM + 

10% FBS and cells were collected in a 50 mL conical tube and placed onto ice immediately. Cells 

were spun at 300 x g for 4 min at 4 C, supernatant was removed, and cells were resuspended in 

250 mL Buffer W (10 mM Tris-Cl, pH 8.0; 10 mM KCl; 250 mM Sucrose; 5 mM MgCl2; 1 mM 

EGTA; 0.5 mM DTT; 10 % (v/v) Glycerol; Protease inhibitor tablet (EDTA-free), 0.02% 

SUPERase-IN RNAse inhibitor) to obtain a single-cell suspension by pipetting. 10 mL of Buffer 

P (10 mM Tris-Cl, pH 8.0; 10 mM KCl; 250 mM Sucrose; 5 mM MgCl2; 1 mM EGTA; 0.1 % 

(v/v) Igepal CA-630; 0.5 mM DTT; 0.05 % (v/v) Tween-20; 10 % (v/v) Glycerol; Protease 

inhibitor tablet (EDTA-free), 0.02% SUPERase-IN RNAse inhibitor) was added and cells were 

incubated on ice for 5 min, then spun at 400 x g for 4 min at 4 C. Supernatant was removed and 

Buffer W was added and pipetted gently 2-3 times to resuspend cell suspension. An additional 9 

mL of Buffer W was added to each tube, and cells were spun at 400 x g for 4 min at 4 C. An 

additional wash with Buffer W was completed as above and supernatant was carefully decanted 

so cell pellets were not disturbed. Pellets were resuspended in Buffer F (50 mM Tris-Cl, pH 8.0; 

40 % (v/v) glycerol; 5 mM MgCl2; 1.1 mM EDTA; 0.5 mM DTT, and SUPERase-IN RNAse 

inhibitor) and transferred to a 1.5 mL tube. The 50 mL tube was rinsed once more with 250 µL of 

https://osf.io/3f2m5/
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Buffer F and added to the corresponding 1.5 mL tube for a final volume of 500 µL per sample. 10 

µL was reserved for counting after dilution 1:10 and 1:20 in PBS, both with and without trypan 

blue to calculate the fraction of permeabilized cells. Cells were diluted to 1 x 106 permeabilized 

cells per 100 µL and a total of 5 x 106 cells were aliquoted in 500 µL of Buffer F and snap frozen 

in liquid nitrogen and stored at -80 C until further processing. RNAse-free water was used to 

make all reagents and solutions, and solutions were filter sterilized with 0.2 mM filters into 

RNAse-free plastic bottles. Two independent biological replicates were collected, alongside the 

corresponding protein samples to confirm drug action at the signaling level.  

 

PRO-seq library construction. Aliquots of frozen (-80 °C) permeabilized cells were thawed on ice 

and pipetted gently to fully resuspend. Aliquots were removed and permeabilized cells were 

counted using a Luna II, Logos Biosystems instrument. For each sample, 1 million permeabilized 

cells were used for nuclear run-on, with 50,000 permeabilized Drosophila S2 cells added to each 

sample for normalization. Nuclear run-on assays and library preparation were performed 

essentially as described in Reimer et al. with the following modifications: 2X nuclear run-on buffer 

consisted of (10 mM Tris (pH 8), 10 mM MgCl2, 1 mM DTT, 300 mM KCl, 40 µM/ea biotin-11-

NTPs (Perkin Elmer), 0.8 U/µL SuperaseIN (Thermo), 1% sarkosyl).  Run-on reactions were 

performed at 37 °C. Adenylated 3’ adapter was prepared using the 5’ DNA adenylation kit (NEB) 

and ligated using T4 RNA ligas’ 2, truncated KQ (NEB, per manufacturer’s instructions with 15% 

PEG-8000 final) and incubated at 16 °C overnight.  180 µL of betaine blocking buffer (1.42 g of 

betaine brought to 10 mL with binding buffer supplemented to 0.6 uM blocking oligo 

(TCCGACGATCCCACGTTCCCGTGG/3InvdT/)) was mixed with ligations and incubated 5 min 

at 65 °C and 2 min on ice prior to addition of streptavidin beads. After T4 polynucleotide kinase 
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(NEB) treatment, beads were washed once each with high salt, low salt, and blocking oligo wash 

(0.25X T4 RNA ligase buffer (NEB), 0.3 µM blocking oligo) solutions and resuspended in 5’ 

adapter mix (10 pmol 5’ adapter, 30 pmol blocking oligo, water).  The 5’ adapter ligation was per 

Reimer et al. but with 15% PEG-8000 final. Eluted cDNA was amplified 5-cycles (NEBNext Ultra 

II Q5 master mix (NEB) with Illumina TruSeq PCR primers RP-1 and RPI-X) following the 

manufacturer’s suggested cycling protocol for library construction. The product (preCR) was 

serially diluted and used for test amplification to determine the optimal PCR conditions for the 

final libraries. The pooled libraries were paired-end sequenced using the Illumina NovaSeq 

platform.  

 

PRO-seq raw read processing. All custom scripts described herein are available on the 

AdelmanLab Github (https://github.com/AdelmanLab/NIH_scripts). Using a custom script 

(trim_and_filter_PE.pl), FASTQ read pairs were trimmed to 41 bp per mate, and read pairs with a 

minimum average base quality score of 20 retained. Read pairs were further trimmed using 

cutadapt 1.14 to remove adapter sequences and low-quality 3’ bases (--match-read-wildcards -m 

20 -q 10). R1 reads, corresponding to RNA 3’ ends, were then aligned to the spiked in Drosophila 

genome index (dm3) using Bowtie 1.2.2 (-v 2 -p 6 –best –un), with those reads not mapping to the 

spike genome serving as input to the primary genome alignment step (using Bowtie 1.2.2 options 

-v 2 –best). Reads mapping to the hg38 reference genome were then sorted, via samtools 1.3.1 (-

n), and subsequently converted to bedGraph format using a custom script (bowtie2stdBedGraph.pl) 

that counts each read once at the exact 3’ end of the nascent RNA. Because R1 in PRO-seq reveals 

the position of the RNA 3’ end, the “+” and “-“ strands were swapped to generate bedGraphs 

representing 3’ end positions at single nucleotide resolution. Annotated transcription start sites 

https://github.com/AdelmanLab/NIH_scripts
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were obtained from human (GRCh38.99) GTFs from Ensembl. After removing transcripts with 

(immunoglobulin, Mt_tRNA, Mt_rRNA) biotypes, PRO-seq signal in each sample was calculated 

in the window from the annotated TSS to +150 nt downstream, using a custom script, 

make_heatmap.pl. Given good agreement between replicates and similar return of spike-in reads, 

bedGraphs were merged within conditions, and depth-normalized, to generate 27igwig files binned 

at 10 bp. 

 

Refinement of gene annotation (GGA) using PRO-seq and RNAseq. The corresponding paired-end 

RNA-seq reads were mapped to the hg38 reference genome via HISAT2 v2.2.1 (--known-

splicesite-infile). To select gene-level features for differential expression analysis, and for pairing 

with PRO-seq data, we assigned a single, dominant TSS and transcription end site (TES) to each 

active gene. This was accomplished using a custom script, get_gene_annotations.sh (available at 

https://github.com/AdelmanLab/GeneAnnotationScripts), which uses RNAseq read abundance 

and PRO-seq R2 reads (RNA 5’ ends) to identify dominant TSSs, and RNAseq profiles to define 

most commonly used TESs. RNAseq and PRO-seq data from all conditions were used for this 

analysis, to comprehensively capture gene activity in these samples. Reads were summed within 

the TSS to TES window for each active gene using the make_heatmap script 

(https://github.com/AdelmanLab/NIH_scripts), which counts each read once, at the exact 3’ end 

location of the nascent RNA. 

 

Differential expression analysis. All subsequent processing of the PRO-seq count data were as 

described above for the RNAseq count data. Filtering of low counts was performed with the 

https://github.com/AdelmanLab/GeneAnnotationScripts
https://github.com/AdelmanLab/NIH_scripts
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TCGAbiolinks package with quantile value 0.1. Annotated scripts for the associated analysis steps 

are provided on the OSF project webpage (https://osf.io/3f2m5/). 

 

Metabolomics 

 

Sample Preparation. For metabolite extraction, media was aspirated, and cells were washed once 

with ice-cold PBS on wet ice. Ice-cold 80% (v/v) mass spec-grade methanol was added, the plate 

was transferred to dry ice and scraped, and the resulting solution was collected. Protein samples 

were collected in duplicate for normalization to protein content and signaling validation as 

described above. Insoluble material was pelleted by centrifugation at 20,000 x g for 5 min, and the 

resulting supernatant was evaporated under nitrogen gas. Samples were resuspended in 20 µL 

HPLC-grade water for LC/MS analysis. 

 

Data Acquisition. For polar metabolite profiling, 5 µL from each sample were injected and 

analyzed using a 5500 QTRAP hybrid triple quadrupole mass spectrometer (AB/SCIEX) coupled 

to a Prominence UFLC HPLC system (Shimadzu) with HILIC chromatography (Waters Amide 

XBridge), via selected reaction monitoring (SRM) with polarity switching. A total of 295 

endogenous water-soluble metabolites were targeted for steady-state analyses. Electrospray source 

voltage was +4950 V in positive ion mode and −4500 V in negative ion mode. The dwell time was 

3 ms per SRM transition 32. Peak areas from the total ion current for each metabolite were 

integrated using MultiQuant v2.1.1 software (AB/SCIEX).  

 

https://osf.io/3f2m5/
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Data Analysis. Prior to differential abundance analysis, the raw metabolomics data were 

preprocessed as follows. Untrusted metabolites were removed from the datasets; these included: 

SBP, shikimate, shikimate-3-phosphate, spermidine, spermine, succinyl-CoA-methylmalonyl-

CoA-nega, trehalose-6-phosphate, trehalose-sucrose, malonyl-CoA-nega, N-acetyl spermidine, N-

acetyl spermine, Acetylputrescine, NAD+_nega, NADH-nega, NADP+_nega, NADPH-nega, 

O8P-O1P, OBP, propionyl-CoA-neg, putrescine, acetoacetyl-CoA_neg, acetyl-CoA_neg, 

Cellobiose, coenzyme A_nega, glutathione, glutathione disulfide-posi. Next, metabolites with low 

peak intensities (<10,000) across at least 50% of the samples were removed. Finally, all 

metabolites with 0 intensity in more than 3 samples were also removed; any metabolites with 0 

intensity in < 3 samples were removed in the final differential abundance analysis steps. 

Metabolomics data normalized to matched protein samples from three independent experiments, 

each including three separate cell cultures per treatment, were combined into one dataset. 

Metabolites with missing (“NA”) or negative values in at least one trial were removed, resulting 

in 169 metabolites included in the final analyses. These were processed for differential abundance 

testing using the limma-voom method, with quantile normalization due to significant 

heteroscedascity. Subsequent linear modelling and computation of moderated t-statistics was 

performed with lmFit() and eBayes() as for the RNAseq data, including experimental replicate as 

blocking factor due to a noticeable batch effect. Heatmap generation and clustering of 

differentially abundant metabolites was performed as described for the RNAseq data. Annotated 

scripts for the associated analysis steps are provided on the OSF project webpage 

(https://osf.io/3f2m5/) 

 

 

 

https://osf.io/3f2m5/
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Causal Oriented Search of Multi-Omic Space (COSMOS). The RNAseq input data for 

COSMOS consisted of transcription factor t values from DoRothEA and the limma-voom-based t 

statistic for all genes, irrespective of significance, for a given contrast of interest (GDC-0068 

versus DMSO; INY-05-040 vs DMSO). The latter served as additional constraints on the solver. 

Metabolite data for COSMOS consisted of the limma-voom-based t statistic for metabolites with 

unadjusted p-value < 0.05, resulting in 58 metabolites for GDC-0068 and 77 metabolites for INY-

05-040. The decision to use unadjusted p-values for filtering was made a priori due to well-known 

fact of high correlation across groups of metabolites, thus making the resulting corrections for 

multiple comparisons overly restrictive. Metabolite names had to be mapped to their corresponding 

PubChem ID, which was facilitated by the R packages KEGGREST and webchem. Exact code for 

generation of both RNAseq and metabolite values in the correct format for COSMOS, as well as 

extensive details on all required installations and subsequent code for running COSMOS on a high-

performance computer cluster, are provided on the accompanying OSF project page 

(https://osf.io/tdvur/). Briefly, the algorithm relies on CARNIVAL’s Integer Linear Programming 

(ILP) optimization, which was rerun multiple times for each dataset to determine the most 

consistent network predictions. Settings for each run, including the resulting network gap values, 

are provided in an accompanying table on the OSF project page. Differences included explicit 

indication of AKT1/2 inhibition (AKT3 was not expressed in T47D cells) as well as shuffling of 

individual t values for the background transcriptome, thus artificially forcing the solver to initiate 

the optimization from different starting points. A “forward” optimization run to connect 

deregulated transcription factors (“signaling” input) as starting points to metabolites was 

performed first, followed by a “backward” optimization run connecting metabolites to signaling 

components. These optimization runs were used as the basis for the actual forward and final runs 

https://osf.io/tdvur/


76 
 

defining the output of the algorithm. Time limits for solving were set empirically, ensuring that 

the gap values of the resulting networks were < 5% (indicative of a good fit). This was achieved 

for all runs except for one backward run (gap = 9.68%) using GDC-0068 input data. For each 

network run, we have provided the COSMOS script and its output as separate text files, including 

all run-specific settings and final gap values (https://osf.io/tdvur/). Subsequent network analysis 

and visualization was performed in R, using the rCy3 package to interface with Cytoscape. For the 

final visualization, a filter was applied such that text was only displayed for nodes with 

betweenness values of > 0.05, the size of the text is indicative of the degree, and the color of the 

node indicative of its COSMOS-derived activation value. Betweenness is a measure of the number 

of shortest paths going through a node, i.e. how much a node acts as point of connection or 

information transmission.  

 

Cancer Cell Line Growth Inhibition Screen. The high throughput line screen was outsourced to 

Horizon by Astra Zeneca. A detailed description of the protocol, alongside cell-line specific culture 

conditions and GI50 curve fits, are included on the OSF project webpage (https://osf.io/us45v/). 

Briefly, the 288 cell lines were thawed and expanded until they reached their expected doubling 

times, at which point the screening beings. Cells were seeded in 25 µL of growth media in black 

384-well tissue culture and equilibrated at 37 °C and 5% CO2 for 24 h before treatment. At the 

time of treatment, a set of assay plates were collected for initial (V_0) measurements of ATP (used 

as proxy for viability) using the luminescence-based CellTiter Glo 2.0 (Promega) assay and an 

Envision plate reader (Perkin Elmer). Compounds were transferred to the remaining treatment 

plates using and Echo acoustic liquid handling system; 25 nL of each compound was added at the 

appropriate concentration for all combination dose points. Plates were incubated with compound 

https://osf.io/tdvur/
https://osf.io/us45v/
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for either 3 or 6 days, followed by ATP measurements with CellTiter Glo. All data points were 

collected via automated processes and subjected to quality control, followed by analysis using 

Horizon’s proprietary software.  

Horizon utilizes Growth Inhibition (GI) as a measure of cell growth. The GI percentages are 

calculated by applying the following test and equation: 

If  T<V_0 : 100*(1-(T-V_0)/V_0 ) 

If  T≥ V_0 : 100*(1-(T-V_0)/(V-V_0)) 

where T is the signal measure for a test drug, V is the untreated/vehicle-treated control measure, 

and V_0 is the untreated/vehicle control measure at time zero (see above). This formula is derived 

from the Growth Inhibition calculation used in the National Cancer Institute’s NCI-60 high 

throughput screen.  

The GI50adj value is defined as the drug concentration that reduces total cell growth by 

50%; this value was set to the maximum concentration of drug used in the assay (10 µM) if 50 % 

total cell growth inhibition was not attained in the tested concentration range.  

 

Computational Integration with DepMap Datasets. Publicly available transcriptomic, proteomic 

and RPPA data, alongside the relevant metadata, for breast cancer cells of interest were retrieved 

from DepMap using the depmap R package. PCA, GSEA, hierarchical clustering and heatmap 

generation as part of subsequent integration with experimental GI50adj data were performed as 

described for RNA sequencing. RNAseq data were obtained as transcrips per million (TPM) and 

were subject to quantile-based filtering (quantile threshold = 0.25), using the TCGAbiolinks 

package, to remove lowly-expressed genes. We used non-parametric Spearman’s correlation to 

measure the strength of association between variables of interest. GI50adj values were log-
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transformed (base10) for visualization. For RPPA data, all antibodies labeled with “Caution” were 

excluded from analysis; the remaining antibody measurements were converted to z-scores prior to 

visualization. Annotated scripts for the associated analysis steps are provided on the OSF project 

webpage (https://osf.io/us45v/). 

 

Pharmacodynamic Analyses in BT474C Xenografts. BT474C pharmacodynamic animal 

studies were conducted according to AstraZeneca’s Global Bioethics Policy in accordance with 

the PREPARE and ARRIVE guidelines. Female Nude mice were surgically implanted with a 

0.36mg/60d 17β-estradiol pellet (Innovative Research of America) into the left subcutaneous 

flank. The following day BT474c cells were implanted at 5 x 106 cells per mouse (suspended in 

50% DMEM:50% Matrigel) into the right subcutaneous flank. Mouse weights were monitored 

twice weekly up until dosing, after which mouse weights were monitored daily. Tumors were 

measured twice weekly by caliper, with tumor volumes calculated using the formula:  

Volume = (π x Maximum measure(Length or Width) x Minimum measure(Length or Width) x 

Minimum measure (Length or Width))/6000 

Mice were randomized by tumor volume into either control or treatment groups when average 

tumor volume reached 0.5 cm3. GDC-00068 was dosed perorally twice a day for 4 days at 

12.5mg/kg (5ml/kg)(0.5% HPMC, 0.1% Tween 80). INY-05-040 and INY-03-041 were dosed 

for 4 days as a once daily intraperitoneal injection at 25mg/kg (5ml/kg) (10% DMSO/20% 

Captisol, pH 5.0 with gluconic acid). On the final day of dosing, 4 h post dosing AM dose, mice 

were humanely killed, and tumor tissue was collected and immediately snap frozen in liquid 

nitrogen before storage at -80 °C. Protein was extracted from snap-frozen tumor fragments by 

adding 900 µL of extraction buffer (20 mM Tris at pH 7.5, 137 mM NaCl, 10% Glycerol, 50 

https://osf.io/us45v/


79 
 

mM NaF, 1 mM Na3VO4, 1% SDS, 1% NP40 substitute) with complete protease inhibitor 

cocktail (Roche; 1 tablet per 50 mL). Samples were homogenized twice for 30 seconds at 6.5m/s 

in a fast-prep machine with an incubation at 4 °C for 5 min between runs. Lysates were then 

sonicated in a chilled Diagenode Bioruptor for two cycles (setting: HIGH) of 30 s ON/30s OFF. 

Lysates were cleared twice by centrifugation, followed by protein concentration estimation with 

the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Approximately 40 µg of protein 

was run on a NuPAGE 4–12% Bis-Tris gel (Thermo Fisher Scientific) using standard methods. 

Following protein separation, protein was transferred onto nitrocellulose membranes using dry 

transfer with iBlot2 (Thermo Fisher Scientific). Primary antibodies were diluted in Tris-buffered 

saline (TBS)/0.05% Tween (TBS/T) supplemented with 5% Marvel, and incubated overnight at 

4 °C. The membranes were washed three times for 15 min each in 20 m of TBS/T. A secondary 

horseradish peroxidase (HRP)-linked antibody was diluted 1:2000 in TBS/T supplemented with 

5 % Marvel and incubated for 1 h at room temperature. The membranes were washed three times 

for 15 min each in 20 mL of TBS/T, and the signal detected using chemiluminesent SuperSignal 

West Dura Extended Duration Substrate (Thermo Fisher Scientific). 

 

TMT LC-MS3 mass spectrometry. MOLT4 cells were treated with DMSO (biological triplicate)  

INY-03-041 (250 nM, 4 hours) or INY-05-040 (250 nM, 4 hours), and cells were harvested by 

centrifugation. Cell lysis and Tandem Mass Tagged (TMT) tryptic peptides were prepared for LC-

MS analysis following procedures published (Donovan et al., 2018). 

Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo Fisher 

Scientific). Peptides were separated on a 50 cm 75 μm inner diameter EasySpray ES903 
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microcapillary column (Thermo Fisher Scientific). Peptides were separated using a 190 min 

gradient of 6 - 27% acetonitrile in 1.0% formic acid with a flow rate of 300 nL/min. 

Each analysis used a MS3-based TMT method as described previously (McAlister et al., 2014). 

The data were acquired using a mass range of m/z 340 – 1350, resolution 120,000, AGC target 5 

× 105, maximum injection time 100 ms, dynamic exclusion of 120 s for the peptide measurements 

in the Orbitrap. Data dependent MS2 spectra were acquired in the ion trap with a normalized 

collision energy (NCE) set at 35%, AGC target set to 1.8 × 104 and a maximum injection time of 

120 ms. MS3 scans were acquired in the Orbitrap with HCD collision energy set to 55%, AGC 

target set to 2 × 105, maximum injection time of 150 ms, resolution at 50,000 and with a maximum 

synchronous precursor selection (SPS) precursor set to 10. 

Proteome Discoverer 2.4 (Thermo Fisher Scientific) was used for .RAW file processing and 

controlling peptide and protein level false discovery rates, assembling proteins from peptides, and 

protein quantification from peptides. MS/MS spectra were searched against a Swissprot human 

database (February 2020) with both the forward and reverse sequences as well as known 

contaminants such as human keratins. Database search criteria were as follows: tryptic with two 

missed cleavages, a precursor mass tolerance of 20 ppm, fragment ion mass tolerance of 0.6 Da, 

static alkylation of cysteine (57.0215 Da), static TMT labeling of lysine residues and N-termini of 

peptides (304.2071 Da), and variable oxidation of methionine (15.9949 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. The peptide spectral matches with poor quality MS3 spectra were excluded 

from quantitation (summed signal-to-noise across channels < 100 and precursor isolation 

specificity < 0.5), and the resulting data was filtered to only include proteins with a minimum of 2 

unique peptides quantified. Reporter ion intensities were normalized and scaled using in-house 
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scripts in the R framework (Team, 2014).Statistical analysis was carried out using the limma 

package within the R framework (Ritchie et al., 2015). 
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General chemistry methods. Reagents and solvents were purchased from commercial suppliers 

and were used without further purification unless otherwise noted. Reactions were monitored using 

a Waters Acquity UPLC/MS system (Waters PDA eλ Detector, QDa Detector, Sample manager - 

FL, Binary Solvent Manager) using Acquity UPLC® BEH C18 column (2.1 x 50 mm, 1.7 μm 

particle size): solvent gradient = 85% A at 0 min, 1% A at 1.7 min; solvent A = 0.1% formic acid 

in Water; solvent B = 0.1% formic acid in Acetonitrile; flow rate: 0.6 mL/min. Products were 

purified by flash column chromatography using CombiFlash®Rf with Teledyne Isco RediSep® 

normal-phase silica flash columns (4 g, 12 g, 24 g, 40 g or 80 g) and preparative HPLC using 

Waters SunFireTM Prep C18 column (19 x 100 mm, 5 µm particle size) using a gradient of 15-

75% methanol in water containing 0.05% trifluoroacetic acid (TFA) over 48 min (60 min run time) 

at a flow of 40 mL/min. 1H NMR spectra were recorded on 500 MHz Bruker Avance III 

spectrometer, and chemical shifts are reported in 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). 

Purities of assayed compounds were in all cases greater than 95%, as determined by reverse-phase 

HPLC analysis.  

 

Abbreviations Used 

DCM, Dichloromethane; DIEA, N,N-Diisopropylethylamine; DMF, Dimethylformamide; TEA, 

Triethylamine; DMP, Dess–Martin periodinane; STAB, Sodium triacetoxyborohydride; DCE, 1,2-

Dichloroethane;MeOH, Methanol 
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Chemistry Synthetic Schemes for INY-03-041 

Scheme 1 

 

 

Scheme 2 
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Chemical Synthesis of 3 

Tert-butyl((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-oxopropyl)carbamate (2): 

To a solution of known intermediate 1 (Blake et al., 2012) (727 mg, 2.37 mmol), (S)-3-((tert-

butoxycarbonyl)amino)-2-(4-chlorophenyl)propanoic acid (711 mg, 2.37 mmol) and HATU (902 

mg, 2.37 mmol) in DMF (12 mL) was added DIEA (2.1 mL) and stirred for 1 hour at r.t. The 

reaction mixture was diluted ethyl acetate (30 mL) and washed with water (2 x 15 mL) and brine 

(2 x 15 mL). The organic layer was dried over anhydrous sodium sulfate, filtered, and concentrated 

in vacuo to afford 2 as a yellow oil (1.22 g, 100% yield). The crude was used directly for the next 

reaction. LC-MS: m/z 516.27 [M+1]. 

 

(S)-3-amino-2-(4-chlorophenyl)-1-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)propan-1-one (3): 

To a solution of intermediate 2 (1.22 g, 2.37 mmol) in dioxane (7 mL) was added 4 M HCl in 

dioxane (5 mL). The reaction was stirred at r.t. for 4 hours. The reaction mixture was concentrated 

in vacuo and purified by reverse-phase HPLC (95-35% water in methanol) to obtain 3 as a TFA 

salt. The resultant TFA salt was dissolved in a mixture of 4:1 chloroform: isopropanol (50 mL) 

and washed with sat. aq sodium bicarbonate (50 mL) to give 3 as a white foam (868 mg, 88% 

yield). LC-MS: m/z 416.25 [M+1]. 1H NMR (500 MHz, DMSO-d6) δ 8.43 (s, 1H), 7.43 – 7.38 

(m, 2H), 7.35 – 7.28 (m, 2H), 4.84 (t, J = 7.3, 6.2 Hz, 1H), 4.07 (dd, J = 8.3, 5.3 Hz, 1H), 3.73 – 

3.66 (m, 1H), 3.64 – 3.56 (m, 3H), 3.52 – 3.35 (m, 4H), 3.22 – 3.16 (m, 1H), 3.09 (dd, J = 12.6, 

8.3 Hz, 1H), 2.72 – 2.67 (m, 1H), 2.01 – 1.87 (m, 2H), 1.04 (dd, J = 6.5, 3.9 Hz, 3H). 
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Synthesis of INY-03-041 and INY-03-112 

3-(4-(10-hydroxydec-1-yn-1-yl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione (5a) 

Known intermediate 4a (Zhou et al., 2018) (500 mg, 1.55 mmol), dec-9-yn-1-ol (478 mg, 3.10 

mmol), Pd(PPh3)2Cl2 (113 mg, 0.16 mmol) and CuI (61 mg, 0.32 mmol) were dissolved in TEA 

(4 mL) and DMF (8 mL). The reaction mixture was flushed with nitrogen (x3) and stirred at 70 °C 

for 3 hours. The reaction mixture was cooled to r.t., diluted with ethyl acetate (50 mL) and filtered 

through celite. The organic layer was washed with brine (3 x 20 mL), dried over anhydrous sodium 

sulfate, filtered and concentrated in vacuo. The crude material was purified by column 

chromatography on silica gel (9:1 DCM:MeOH) to afford 5a as a pale yellow solid (503 mg, 82% 

yield). LC-MS: m/z 397.24 [M+1]. 1H NMR (500 MHz, DMSO-d6) δ 11.00 (s, 1H), 7.71 (dd, J = 

7.6, 1.0 Hz, 1H), 7.64 (dd, J = 7.7, 1.0 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 5.76 (s, 2H), 5.15 (dd, J 

= 13.3, 5.2 Hz, 1H), 4.45 (d, J = 17.6 Hz, 1H), 4.31 (d, J = 17.6 Hz, 1H), 3.37 (t, J = 6.5 Hz, 2H), 

2.92 (ddd, J = 17.3, 13.6, 5.5 Hz, 1H), 2.64 – 2.57 (m, 1H), 2.50 – 2.40 (m, 2H), 2.06 – 1.99 (m, 

1H), 1.62 – 1.54 (m, 2H), 1.47 – 1.37 (m, 3H), 1.36 – 1.23 (m, 5H), 1.18 (t, J = 7.3 Hz, 1H). 

 

3-(4-(10-hydroxydecyl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione (6a) 

To a solution of intermediate 5a (100 mg, 0.25 mmol) in MeOH (10 mL) was added Pd/C (10 mg). 

H2 (g) was introduced to the reaction mixture, and the reaction was stirred at r.t. for 4 hours. The 

reaction mixture was filtered over celite and concentrated in vacuo to afford 6a as a white solid 

(91 mg, 91% yield). LC-MS: m/z 401.30 [M+1]. 1H NMR (500 MHz, DMSO-d6) δ 10.98 (s, 1H), 

7.60 – 7.54 (m, 1H), 7.50 – 7.41 (m, 2H), 5.13 (dd, J = 13.3, 5.1 Hz, 1H), 4.45 (d, J = 17.2 Hz, 

1H), 4.34 – 4.28 (m, 2H), 3.36 (td, J = 6.5, 4.9 Hz, 2H), 2.92 (ddd, J = 17.3, 13.7, 5.4 Hz, 1H), 
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2.66 – 2.58 (m, 3H), 2.43 (qd, J = 13.3, 4.5 Hz, 1H), 2.01 (dtd, J = 12.7, 5.2, 2.2 Hz, 1H), 1.66 – 

1.54 (m, 2H), 1.43 – 1.35 (m, 2H), 1.33 – 1.21 (m, 12H). 

 

3-(4-(10-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-oxopropyl)amino)decyl)-1-oxoisoindolin-2-

yl)piperidine-2,6-dione (INY-03-41) 

To a solution of intermediate 6a (83 mg, 0.21 mmol) in DCM (4 mL) was added DMP (132 mg, 

0.31 mmol). The reaction was stirred at r.t. for 2 hours. The reaction mixture was filtered and 

concentrated in vacuo to obtain 10-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)decanal (84 

mg, quantitative yield). LC-MS: m/z 399.27 [M+1]. The crude material was then dissolved in DCE 

(2 mL), followed by addition of intermediate 3 (131 mg, 0.31 mmol). The reaction was stirred at 

r.t. for 30 minutes, after which STAB (89 mg, 0.42 mmol) was added. The reaction mixture was 

stirred for an additional 1 hour. The reaction was quenched by sat. aq sodium bicarbonate (10 mL) 

and extracted with DCM (3 x 20 mL). The organic layers were combined, dried over anhydrous 

sodium sulfate, filtered and concentrated in vacuo. The crude residue was purified by reverse-

phase HPLC (75-15% water in methanol) to obtain INY-03-041 (TFA salt). The resultant TFA 

salt was dissolved in 4:1 chloroform:isopropanol (10 mL) and washed with sat. aq sodium 

bicarbonate. The organic layer was dried over anhydrous sodium sulfate, filtered and concentrated 

in vacuo to afford title compound as an off-white solid (42 mg, 25% yield). LC-MS: m/z 798.42 

[M+1]. 1H NMR (500 MHz, DMSO-d6) δ 8.43 (s, 1H), 7.56 (dd, J = 5.4, 3.2 Hz, 1H), 7.45 – 7.43 

(m, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 5.38 (d, 1H), 5.13 (dd, J = 13.3, 5.1 Hz, 

1H), 4.87 – 4.80 (m, 1H), 4.45 (d, J = 17.1 Hz, 1H), 4.29 (dd, J = 15.4, 7.6 Hz, 2H), 3.70 – 3.56 

(m, 5H), 3.51 – 3.42 (m, 3H), 3.41 – 3.36 (m, 1H), 3.24 – 3.16 (m, 2H), 2.92 (ddd, J = 17.9, 13.8, 
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5.4 Hz, 1H), 2.77 – 2.71 (m, 1H), 2.63 (t, J = 7.5 Hz, 3H), 2.60 – 2.55 (m, 2H), 2.42 (tt, J = 13.3, 

6.6 Hz, 1H), 2.04 – 1.93 (m, 2H), 1.93 – 1.87 (m, 1H), 1.62 – 1.55 (m, 2H), 1.41 – 1.35 (m, 2H), 

1.32 – 1.26 (m, 4H), 1.22 (s, 8H), 1.03 (d, J = 6.8 Hz, 3H). 

 

3-(4-(10-hydroxydec-1-yn-1-yl)-1-oxoisoindolin-2-yl)-1-methylpiperidine-2,6-dione (5b) 

5b was synthesized with similar procedures as 5a using intermediate 4b (90 mg, 0.27 mmol) as 

the starting material. 5b was obtained as a light orange solid (49 mg, 44% yield). LC-MS: m/z 

411.51 [M+1]. 1H NMR (500 MHz, DMSO-d6) δ 7.71 (dd, J = 7.6, 1.0 Hz, 1H), 7.63 (dd, J = 6.8, 

1.2 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 5.21 (dd, J = 13.5, 5.1 Hz, 1H), 4.44 (d, J = 17.6 Hz, 1H), 

4.30 (d, J = 17.6 Hz, 1H), 3.36 (t, J = 6.5 Hz, 2H), 3.04 – 2.95 (m, 4H), 2.79 – 2.72 (m, 1H), 2.47 

(t, J = 7.1 Hz, 2H), 2.45 – 2.39 (m, 1H), 2.03 (dtd, J = 12.7, 5.2, 2.2 Hz, 1H), 1.61 – 1.52 (m, 2H), 

1.47 – 1.34 (m, 4H), 1.34 – 1.24 (m, 6H). 

 

3-(4-(10-hydroxydecyl)-1-oxoisoindolin-2-yl)-1-methylpiperidine-2,6-dione (6b) 

6b was synthesized with similar procedures as 6a using intermediate 5b (42 mg, 0.1 mmol) as the 

starting material. 6b was obtained as an off-white solid (33 mg, 79% yield). LC-MS: m/z 415.57 

[M+1]. 1H NMR (500 MHz, DMSO-d6) δ 7.60 – 7.53 (m, 1H), 7.49 – 7.43 (m, 2H), 5.20 (dd, J = 

13.4, 5.1 Hz, 1H), 4.45 (d, J = 17.1 Hz, 1H), 4.32 – 4.27 (m, 2H), 3.36 (td, J = 6.6, 5.1 Hz, 2H), 

3.01 (s, 3H), 3.00 – 2.95 (m, 1H), 2.79 – 2.74 (m, 1H), 2.66 – 2.61 (m, 2H), 2.48 – 2.39 (m, 1H), 

2.08 – 1.98 (m, 1H), 1.63 – 1.56 (m, 2H), 1.43 – 1.34 (m, 2H), 1.32 – 1.22 (m, 12H). 
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3-(4-(10-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-oxopropyl)amino)decyl)-1-oxoisoindolin-2-

yl)-1-methylpiperidine-2,6-dione (INY-03-112) 

INY-03-112 was synthesized with similar procedures as INY-03-041 using intermediate 6b (27 

mg, 0.07 mmol) as the starting material. INY-03-112 was obtained as an off-white solid (9 mg, 

16% yield). LC-MS: m/z 812.47 [M+1]. 1H NMR (500 MHz, DMSO-d6) δ 8.43 (s, 1H), 7.57 (dd, 

J = 5.8, 2.8 Hz, 1H), 7.49 – 7.43 (m, 4H), 7.37 – 7.32 (m, 2H), 5.40 (d, J = 5.5 Hz, 1H), 5.21 (dd, 

J = 13.4, 5.1 Hz, 1H), 4.83 (q, J = 6.3 Hz, 1H), 4.45 (d, J = 17.1 Hz, 1H), 4.38 (dd, J = 8.9, 5.1 Hz, 

1H), 4.29 (d, J = 17.1 Hz, 1H), 3.76 – 3.41 (m, 8H), 3.41 – 3.34 (m, 3H), 3.10 (t, J = 10.0 Hz, 1H), 

3.01 (s, 3H), 2.99 – 2.95 (m, 1H), 2.83 – 2.73 (m, 3H), 2.63 (t, J = 7.7 Hz, 2H), 2.43 (qd, J = 13.2, 

4.5 Hz, 1H), 2.05 – 1.87 (m, 3H), 1.59 (t, J = 7.5 Hz, 2H), 1.50 (s, 2H), 1.33 – 1.27 (m, 4H), 1.23 

(s, 8H), 1.02 (d, J = 6.9 Hz, 3H). 
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Chemistry synthetic scheme of INY-05-040 

 

 

Synthesis of INY-05-040 and INY-05-040-Neg 

Ethyl 11-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-oxopropyl)amino)undecanoate (2) 

(S)-3-amino-2-(4-chlorophenyl)-1-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)propan-1-one (150 mg, 0.36 mmol) was dissolved in 

DMF (2 mL). Potassium carbonate (150 mg, 1.08 mmol) was added to the reaction mixture, 

followed by dropwise addition of ethyl 11-bromoundecanoate (96 mg, 0.32 mmol). The reaction 

was stirred at 80 °C overnight. The next day, the reaction mixture was filtered and purified by 

reverse phase high-performance liquid chromatography (HPLC; 75% to 15% water in methanol) 

to obtain title compound as a yellow oil (133 mg, 56% yield). LC-MS: m/z 628.4 [M+1].  

 

11-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-oxopropyl)amino)undecanoic acid (3) 

6 N LiOH (1 mL) and THF (tetrahydrofuran; 1 mL) were added to ethyl 11-(((S)-2-(4-

chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-

yl)piperazin-1-yl)-3-oxopropyl)amino)undecanoate (133 mg, 0.18 mmol).The reaction mixture 

was stirred overnight. The next day, 1 N HCl was added to pH ~3, and the solid was filtered and 



90 
 

collected to obtain the title compound (128 mg, 99% yield) as a crude, which was used without 

further purification. LC-MS: m/z 600.42 [M+1]. 

 

(2S,4R)-1-((S)-2-(11-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-

dihydro-5H-cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-

oxopropyl)amino)undecanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-

methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (INY-05-040)  

(2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-

yl)phenyl)ethyl)pyrrolidine-2-carboxamide (81 mg, 0.17 mmol), HATU (hexafluorophosphate 

azabenzotriazole tetramethyl uronium; 64 mg, 0.17 mmol), DIEA (N,N-diisopropylethylamine; 

200 µL, 1.18 mmol), and DMF (dimethylformamide; 1 mL) were added to 11-(((S)-2-(4-

chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-cyclopenta[d]pyrimidin-4-

yl)piperazin-1-yl)-3-oxopropyl)amino)undecanoic acid (120 mg, 0.17 mmol). The reaction was 

stirred for 1 h, after which the reaction was purified by reverse-phase HPLC (80% to 20% water 

in methanol) to obtain INY-05-040 (40 mg, 22% yield). 1H NMR (500 MHz, DMSO) δ 9.27 (s, 

1H), 9.06 (s, 1H), 8.88 (s, 1H), 8.77 (s, 1H), 8.40 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 9.3 Hz, 1H), 7.49 

– 7.43 (m, 3H), 7.41 – 7.38 (m, 3H), 5.30 (t, J = 7.9 Hz, 1H), 4.92 (p, J = 7.2 Hz, 1H), 4.75 (dd, J 

= 8.8, 4.8 Hz, 1H), 4.52 (d, J = 9.3 Hz, 1H), 4.43 (t, J = 8.0 Hz, 1H), 4.31 – 4.25 (m, 1H), 4.03 (d, 

J = 42.1 Hz, 2H), 3.91 – 3.78 (m, 3H), 3.72 – 3.50 (m, 6H), 3.45 – 3.33 (m, 1H), 3.08 – 3.02 (m, 

1H), 2.90 – 2.82 (m, 2H), 2.47 (s, 3H), 2.29 – 2.20 (m, 1H), 2.19 – 1.99 (m, 4H), 1.83 – 1.76 (m, 

1H), 1.67 – 1.59 (m, 2H), 1.55 – 1.40 (m, 3H), 1.38 (d, J = 7.0 Hz, 2H), 1.24 (s, 12H), 1.11 (dd, J 

= 14.1, 6.9 Hz, 3H), 0.94 (s, 9H). LC-MS: m/z 1026.6 [M+1].  

 

(2R,4S)-1-((S)-2-(11-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-

dihydro-5H-cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-

oxopropyl)amino)undecanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-

methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (INY-05-040-Neg) 

INY-05-040-Neg was synthesized using similar procedures as INY-05-040 using (2R,4S)-1-((S)-

2-(11-(((S)-2-(4-chlorophenyl)-3-(4-((5R,7R)-7-hydroxy-5-methyl-6,7-dihydro-5H-

cyclopenta[d]pyrimidin-4-yl)piperazin-1-yl)-3-oxopropyl)amino)undecanamido)-3,3-

dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-
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carboxamide as the starting material. 1H NMR (500 MHz, DMSO) δ 8.99 (s, 1H), 8.70 (s, 1H), 

8.54 (s, 1H), 8.40 (s, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.49 (d, 2H), 7.45 – 

7.44 (m, 3H), 7.38 – 7.35 (m, 2H), 5.20 (t, J = 7.6 Hz, 1H), 4.91 (p, 1H), 4.48 (dd, J = 8.7, 5.0 Hz, 

1H), 4.42 – 4.37 (m, 2H), 4.33 – 4.28 (m, 1H), 3.98 (s, 1H), 3.80 (dd, J = 10.4, 5.4 Hz, 2H), 3.77 

– 3.58 (m, 6H), 3.56 – 3.45 (m, 3H), 3.14 – 3.07 (m, 1H), 2.94 – 2.86 (m, 2H), 2.47 (s, 3H), 2.29 

– 2.21 (m, 1H), 2.14 – 1.93 (m, 6H), 1.62 – 1.52 (m, 2H), 1.52 – 1.38 (m, 3H), 1.32 (d, J = 7.0 Hz, 

3H), 1.26 – 1.17 (m, 13H), 1.08 (d, J = 6.9 Hz, 3H), 0.97 (s, 9H). LC-MS: m/z 1026.57 [M+1].  
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Chapter 3: Exploring the Pharmacological Consequences of ERK5 Degradation 
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Introduction 

Extracellular signal-regulated kinase 5 (ERK5) is a relatively understudied member of the 

mitogen-activated protein kinase (MAPK) family that has been associated with a wide range of 

cellular functions, including proliferation and inflammation (Finegan et al., 2015; Zhou et al., 

1995). Unlike the conventional MAPKs, ERK5 contains a unique, 400 amino acid C-terminal 

domain that consists of a nuclear localization signal (NLS) and transcriptional activation domain 

(TAD) (Kasler et al., 2000). Upon cellular stimulation by mitogens, agonists of Toll-like receptor-

2 (TLR2) and cellular stresses, mitogen-activated protein kinase kinase 5 (MEK5) phosphorylates 

the TEY motif in the activation loop of ERK5, leading to ERK5 activation (Abe et al., 1996; Kato 

et al., 1997; Mody et al., 2003; Wilhelmsen et al., 2012). Consequently, the activated kinase 

domain of ERK5 auto-phosphorylates its C-terminal domain at multiple sites, promoting its own 

nuclear translocation (Kondoh et al., 2006; Morimoto et al., 2007). While ERK5 can directly 

phosphorylate various transcription factors, such as myocyte enhancer factor 2 (MEF2), the non-

catalytic C-terminal tail has also been shown to interact with transcription factors and mediate 

gene expression (Kato et al., 1997; Sohn et al., 2005).  

 As a key integrator of cellular signaling, ERK5 may play important roles in various 

diseases, including cancer and inflammation (Wang and Tournier, 2006). For example, 

overexpression or constitutive activation of MEK5 or ERK5 has been observed in various 

malignancies, such as prostate cancer and hepatocellular carcinoma, and genetic knockdown of 

ERK5 resulted in suppressed proliferation of various tumor models (Hoang et al., 2017; Mehta et 

al., 2003; Zen et al., 2009). In addition, knockdown of ERK5 indicated that it mediates 

inflammation by promoting the expression of inflammatory cytokines in primary human 

endothelial cells and monocytes (Wilhelmsen et al., 2015).  
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 As studies involving genetic deletion or knockdown of ERK5 suggested that ERK5 may 

be a promising therapeutic target, multiple ATP-competitive ERK5 inhibitors were developed. The 

first reported ERK5 inhibitor, XMD8-92, demonstrated promising in vitro and in vivo anti-tumor 

efficacy, as well as anti-inflammatory activity (Wilhelmsen et al., 2015; Yang et al., 2010). 

However, further investigation revealed that the biological effects of XMD8-92 and its analogue, 

XMD17-109, stem from off-target activities against the bromodomain and extra-terminal (BET) 

family of proteins, as the subsequently developed selective ERK5 inhibitors AX15836 and BAY-

885 had no anti-proliferative or anti-inflammatory effects (Lin et al., 2016; Nguyen et al., 2019). 

This was in contrast to phenotypes observed from genetic ERK5 knockdown, suggesting that 

kinase-independent activities of ERK5 may play crucial roles in ERK5 signaling (Simões et al., 

2016). Furthermore, some ERK5 inhibitors, such as XMD17-109 and AX15836, have been 

reported to drive nuclear translocation of ERK5, leading to paradoxical activation of ERK5 

transcriptional activity (Lochhead et al., 2020). Thus, new chemical strategies are necessary to 

explore the biological functions of ERK5.  

 Heterobifunctional degraders, also known as PROTACs (proteolysis targeting chimeras), 

are molecules in which a small molecule that binds to select target proteins is chemically 

conjugated to a ligand of an E3 ubiquitin ligase. These bivalent molecules are able to recruit the 

E3 ligase into close proximity to the target protein and thereby induce its ubiquitination and 

subsequent proteasomal degradation (Nalawansha and Crews, 2020; Winter et al., 2015). Unlike 

traditional small molecule inhibitors, degraders enable acute pharmacological depletion of target 

proteins. Therefore, development of ERK5 degraders would allow direct chemical knockdown of 

ERK5 that more closely represents genetic knockdown or deletion studies, as well as investigation 
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of the non-enzymatic functions of ERK5 that are not possible to assess with ATP-competitive 

inhibitors.    

 Here, we characterize INY-06-061, a highly selective and potent ERK5 degrader. In 

contrast to genetic depletion of ERK5, acute pharmacological degradation of ERK5 via treatment 

with INY-06-061 did not result in anti-proliferative effects in a panel of cancer cell lines. Moreover, 

INY-06-061-induced ERK5 degradation did not suppress inflammatory cytokine responses in 

primary endothelial cells. While INY-06-061 treatment did not phenocopy genetic ERK5 loss in 

the biological contexts explored in this study, INY-06-061 is a useful chemical probe to interrogate 

the discrepancies observed between ERK5 kinase inhibition and genetic ERK5 ablation. 

Discovery and characterization of initial degraders INY-05-091 and INY-05-128 

To develop degraders of ERK5, we initially designed heterobifunctional compounds that 

incorporated the benzodiazepine analogues XMD17-109 and JWG-071 as ERK5 binding moieties 

(Figure 3-1).  Both XMD17-109 and JWG-071 have high binding affinities for ERK5, with 

reported IC50 values of 162 and 88 nM, respectively. Although XMD17-109 also binds to and 

inhibits BRD4 and other members of the BET family proteins, JWG-071 is an optimized analogue 

with significantly reduced affinity for the off-target BET family proteins (Wang et al., 2018). 

Conjugation of a von Hippel-Landau (VHL) binding moiety (Raina et al., 2016) to XMD17-109 

and JWG-071 with a six-hydrocarbon linker resulted in the bivalent compounds INY-05-091 and 

INY-05-128, respectively (Figure 3-1). 

Linker attachment at the terminal piperazine did not compromise ERK5 binding, as both 

INY-05-091 and INY-05-128 retained high binding affinities for ERK5 (Table 3-1). Moreover, 

INY-05-091 and INY-05-128 induced ERK5 degradation after 5-hour treatment in MOLT4 cells 

(Figure 3-2A), with DC50 values of 167 and 281 nM, respectively (Figure 3-2B). Consistent with 
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the selectivity profiles of the parental inhibitors XMD17-109 and JWG-071, INY-05-091 induced 

potent BRD4 degradation, while treatment with INY-05-128 had no effect on BRD4 protein levels 

(Figure 3-2A).  

 
 

Figure 3-1. Chemical structures of reported ERK5 inhibitors and initial ERK5 degraders INY-05-

091 and INY-05-128. 

 

 

Table 3-1. Biochemical Kd values (nM) of ERK5 binding compounds. 

Compound Kinase Kd (nM) 

XMD8-92 ERK5 38 

XMD17-109 ERK5 4.4 

JWG-071 ERK5 11 

INY-05-091 ERK5 15 

INY-05-128 ERK5 40 

BAY-885 ERK5 0.87 

INY-06-061 ERK5 12 

INY-06-086 ERK5 1.7 
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Figure 3-2. INY-05-091 and INY-05-128 induce ERK5 degradation in MOLT4 cells. (A) 

Immunoblots for ERK5, BRD4, AURKA, and Actin from MOLT4 cells treated with INY-05-091 

or INY-05-128 at indicated concentrations for 5 hours. Representative of 3 biological replicates. 

(B) DC50 values of INY-05-091 and INY-05-128. Normalized luminescence intensity of MOLT4 

ERK5-HiBiT cells treated with the indicated compounds and concentrations for 5 hours. Error bars 

represent standard deviation of three biological replicates. DC50 values were determined using 

Graphpad Prism nonlinear regression curve fit.  

 

 We next examined the anti-proliferative effects of the two heterobifunctional degraders in 

MOLT4 cells.  As expected of compounds that target BRD4, both INY-05-091 and its parental 

inhibitor XMD17-109 displayed potent anti-proliferative activities (Figure 3-3A). Notably, we 

observed that JWG-071 and INY-05-128 also exhibited anti-proliferative activities, with EC50 

values of 2.4 and 1.1 µM, respectively, even though they did not target BET family proteins. In 

contrast, AX15836 and BAY-885, both of which are reported to be ERK5 selective inhibitors, did 

not have strong anti-proliferative effects, with EC50s over 10 µM (Figure 3-3A).  

 Based on previous reports (Lin et al., 2016; Ramsay et al., 2011), we had hypothesized that 

depletion of ERK5 would have different pharmacology than inhibition of its kinase domain. To 

rule out the possibility that the observed anti-proliferative activity was due to off-targets, we 

performed a global assessment of the selectivity profiles of INY-05-091 and INY-05-128 through 

global, quantitative multiplexed mass spectrometry (MS)-based proteomics analysis. As expected, 

this analysis revealed potent downregulation of ERK5 (MAPK7) protein levels by both INY-05-

091 and INY-05-128, with BRD3 and BRD4 as additional downregulated targets for INY-05-091. 
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Surprisingly, both compounds also induced downregulation of the cell cycle regulator Aurora 

Kinase A (AURKA) (Figures 3-3A and 3-3B), which was validated through immunoblot analysis 

(Figure 3-2A). As such, we attributed the potent anti-proliferative activity of INY-05-128 to the 

loss of AURKA signaling rather than depletion of ERK5. Therefore, while INY-05-091 and INY-

05-128 demonstrate that ERK5 can be successfully targeted for degradation via VHL-based 

heterobifunctional degraders, the multi-targeted selectivity profiles of both compounds make them 

inappropriate tools for studying ERK5 biology.  
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Figure 3-3. Characterization of INY-05-091 and INY-05-128. (A) MOLT4 cells were treated with 

the indicated compounds and concentrations for 3 days. Anti-proliferative effects of compounds 

were assessed using CellTiter-Glo. Error bars represent standard deviation of three biological 

replicates. (B) Quantitative proteomics showing relative abundance of proteins from MOLT4 cells 

treated for 5 hours with 250 nM of INY-05-091. (C) Quantitative proteomics showing relative 

abundance of proteins from MOLT4 cells treated for 5 hours with 250 nM of INY-05-128.  

 

Identification of INY-06-061, a potent and highly selective ERK5 degrader 

 To generate selective ERK5-targeting degraders, we sought to develop compounds based 

off of the selective ERK5 inhibitor BAY-885 (Nguyen et al., 2019).  However, synthesis of BAY-

885 with the pyrido[3,2-d]pyrimidine core resulted in poor yields, leading to difficulties carrying 

out structural-activity relationships (SAR) studies for PROTAC development. Analysis of 

published SAR for BAY-885 revealed that removal of the N5 nitrogen to convert the pyrido[3,2-
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d]pyrimidine core into a quinazoline did not significantly compromise ERK5 binding, leading to 

the development of INY-06-086 (Figure 3-4A). Not only did INY-06-086 retain high binding 

affinity towards ERK5 (Table 3-1), but its biochemical selectivity profile across the kinome was 

similarly selective for ERK5 as BAY-885 (Figure 3-4B) (Nguyen et al., 2019).  

 

Figure 3-4. Structure and biochemical selectivity profile of INY-06-086. (A) Chemical structures 

of BAY-885 and INY-06-086. Differences are highlighted by blue asterisks or letters. (B) Treespot 

visualization of the biochemical kinase profile of INY-06-086 at 1 µM. ERK5 is highlighted in 

blue, while other inhibited kinases are highlighted in red.  
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We next synthesized an ERK5 degrader with a six-hydrocarbon linker conjugating INY-

06-086 to a VHL ligand to obtain INY-06-061 (Figure 3-5A). INY-06-061 retained comparable 

binding affinity for ERK5 (Kd = 12 nM) as BAY-885 (Kd = 1 nM), demonstrating that linker 

attachment at the terminal piperazine did not impede the ability of INY-06-061 to bind to ERK5 

(Table 3-1). In addition, INY-06-061 displayed a similar selectivity profile to both the parental 

inhibitor INY-06-086 and the original ERK5 inhibitor BAY-885 (Nguyen et al., 2019) across a 

panel of 468 kinases at 1 µM, with high selectivity for ERK5 (Figure 3-5B).  

 

Figure 3-5. Structure and biochemical selectivity profile of INY-06-061. (A) Chemical structures 

of INY-06-061. (B) Treespot visualization of the biochemical kinase profile of INY-06-061 at 1 

µM. ERK5 is highlighted in blue, while other inhibited kinases are highlighted in red. 
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After verifying that INY-06-061 engaged ERK5 biochemically, we assessed the ability of 

the compound to destabilize ERK5 in MOLT4 cells. We found that INY-06-061 induced potent 

ERK5 degradation in a dose-dependent manner after 5-hour treatment in MOLT4 cells, with a 

DC50 value of 21 nM (Figures 3-6A and 3-6B). At concentrations of 5 µM or greater, we observed 

diminished ERK5 degradation consistent with the hook effect, in which independent engagement 

of INY-06-061 to ERK5 and VHL prevents ternary complex formation (Figure 3-6A). In contrast 

to INY-05-091 and INY-05-128, INY-06-061 did not destabilize BRD4 or AURKA (Figure 3-

6A), which was further verified through MS-based global proteomics profiling analysis. Of the 

~7,700 proteins quantified, ERK5 (MAPK7) was the only protein whose abundance was 

significantly downregulated in MOLT4 cells treated with 100 nM of INY-06-061 for 5 hours 

(Figure 3-6C), indicating that INY-06-061 is a potent and highly selective ERK5 degrader.  
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Figure 3-6. Characterization of INY-06-061. (A) Immunoblots of ERK5, BRD4, AURKA, and 

Actin in MOLT4 cells treated with INY-06-061 at indicated concentrations for 5 hours. 

Representative of 2 biological replicates. (B) DC50 values of INY-06-061. Normalized 

luminescence intensity of MOLT4 ERK5-HiBiT cells treated with indicated compounds and 

concentrations for 5 hours. Error bars represent standard deviation of three biological replicates. 

DC50 values were determined using Graphpad Prism nonlinear regression curve fit. (C) 

Quantitative proteomics showing relative abundance of proteins in MOLT4 cells treated for 5 

hours with 100 nM of INY-06-061.  

 

To verify the mechanism of action of INY-06-061, we pre-treated cells with either the 

proteasome inhibitor bortezomib or the NEDD8-activating enzyme E1 (NAE1) inhibitor 

MLN4924, which prevents activation of cullin-RING ligases such as CRL2VHL. We found that this 

prevented ERK5 destabilization, demonstrating that INY-06-061-induced ERK5 degradation was 

dependent on the ubiquitin-proteasome system (Figure 3-7A). In addition, pre-treatment with 

excess quantities of BAY-885 to compete for ERK5 binding prevented INY-06-061-induced 

ERK5 degradation, demonstrating that engagement to ERK5 was required (Figure 3-7A). Finally, 
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we synthesized INY-06-089, a negative control analogue of INY-06-061 that incorporates a 

diastereoisomer of the VHL ligand with significantly compromised binding affinity for VHL 

(Figure 3-7B) (Raina et al., 2016). INY-06-089 was unable to induce ERK5 downregulation at 

concentrations up to 5 µM, indicating that INY-06-061 acts in a proteasome- and VHL- dependent 

manner (Figure 3-6B and 3-7C).  

 

Figure 3-7. Mechanism of action of INY-06-061. (A) Immunoblots of ERK5 and Actin in MOLT4 

cells pre-treated with bortezomib (0.5 µM), MLN-4924 (1 µM), and BAY-885 (10 µM) for 0.5 

hours, followed by treatment with INY-06-061 (100 nM) for 5 hours. Representative of 2 

biological replicates. (B) Structure of INY-06-089. Differences with INY-06-061 are highlighted 

by blue asterisks. (C) Immunoblots of ERK5 and Actin in MOLT4 cells treated with INY-06-061 

or INY-06-089 at indicated concentrations for 5 hours. Representative of 2 biological replicates. 
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Pharmacological downregulation of ERK5 does not display anti-proliferative effects in 

various cancer models 

 Next, using the chemical tools developed here, as well as previously published ERK5 

inhibitors, we explored the pharmacological consequences of ERK5 inhibition and degradation on 

cell proliferation in various cellular cancer models. In cell lines reported to have constitutively 

active ERK5 signaling (BT-474) (Esparís-Ogando et al., 2002) or genomic amplification of ERK5 

(SNU-449) (Zen et al., 2009), INY-06-061 did not induce degradation-dependent anti-proliferative 

effects (Figures 3-8A and 3-8B). Specifically, in both BT-474 and SNU-449 cells, the EC50 values 

of INY-06-061 and the negative control analogue INY-06-089 were over 20 µM, similar to that of 

the parental ligand INY-06-086 and the reported ERK5 inhibitors AX15836 and BAY-885 

(Figures 3-8A and 3-8B). As expected from its BRD4 inhibitory activity, XMD17-109 was the 

only compound to display anti-proliferative effects in both cell lines.  

 
 

Figure 3-8. Anti-proliferative effects of ERK5 inhibition or degradation in various cancer models. 

Anti-proliferative effects in (A) BT-474 and (B) SNU-449 after 3d treatment with indicated 

compounds and concentrations. Error bars represent standard deviation of three biological 

replicates. 

 

 

 

 



107 
 

 To broadly profile the anti-proliferative activity of INY-06-061, we submitted INY-06-061 

to the PRISM platform (Broad Institute) to evaluate its anti-proliferative activity in a panel of 750 

cell lines. Consistent with Dependency Map (DepMap) data (Meyers et al., 2017) which indicates 

a lack of dependency on ERK5 expression for cell growth, there were no cell lines identified to be 

sensitive to INY-06-061 treatment, with all IC50 values observed to be above 1 µM.  

 As the PRISM screen was carried out in cells at basal conditions, we next investigated the 

effects of ERK5 degradation on cell proliferation of stimulated cells. Previous studies have 

reported that IL-6 activates ERK5 in multiple myeloma MM.1S cells and that overexpressing a 

dominant negative form of ERK5 inhibits IL-6 induced cell proliferation (Carvajal-Vergara et al., 

2005). Therefore, we compared the proliferation of IL-6 stimulated MM.1S cells in the presence 

of various ERK5 modulators at 500 nM and 1 µM. At basal conditions, INY-06-061 did not induce 

potent anti-proliferative effects, with an EC50 of 6 µM (Figure 3-9A). Treatment of MM.1S cells 

with IL-6 promoted proliferation as expected, but treatment with INY-06-061 or the selective 

ERK5 inhibitors AX15836 and BAY-885 had no effect on IL-6-induced proliferation at both 500 

nM and 1 µM. In contrast, the dual BRD4/ERK5 inhibitor XMD17-109 showed significant 

inhibition of IL-6-induced MM.1S cell proliferation (Figures 3-9B and 3-9C). Thus, our study 

demonstrates that acute pharmacological degradation of ERK5 has no anti-proliferative effects in 

multiple cancer cell lines previously reported to be regulated by ERK5.  
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Figure 3-9. Anti-proliferative effects of ERK5 inhibition or degradation in MM.1S cells. (A)Anti-

proliferative effects in MM.1S cells after 3d treatment with indicated compounds and 

concentrations. Error bars represent standard deviation of three biological replicates. MM.1S cells 

were pre-treated with (B) 500 nM or (C) 1 µM of indicated compounds, followed by addition of 5 

nM recombinant human IL-6. Anti-proliferative effects were assessed after 3d treatment. Error 

bars represent standard deviation of three biological replicates. Significance was assessed by two-

way ANOVA with Bonferroni’s correction for multiple comparisons (**** indicates p ≤ 0.0001). 
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INY-06-061-induced ERK5 degradation does not reduce pro-inflammatory cytokine 

secretion in human endothelial cells 

Previous studies have reported that ERK5 mediates pro-inflammatory responses in 

endothelial cells (ECs) upon inflammatory stimulation (Wilhelmsen et al., 2015). While selective 

ERK5 inhibitors failed to suppress IL-6 and IL-8 secretion in human umbilical vein endothelial 

cells (HUVECs) upon inflammatory stimulation, siRNA-mediated knockdown of ERK5 was 

reported to significantly reduce the secretion of IL-6 and IL-8 (Lin et al., 2016). This contrasting 

phenotype between small molecule-mediated inhibition of ERK5 kinase activity and siRNA-

mediated knockdown of ERK5 suggested that non-catalytic functions of ERK5 may regulate 

inflammatory responses in ECs.  

 To determine whether ERK5 degradation could recapitulate the reported effects of ERK5 

knockdown on EC inflammation, we first assessed the ability of INY-06-061 to degrade ERK5 in 

HUVECs. 5-hour treatment with 1 µM of INY-06-061 revealed potent downregulation of ERK5, 

suggesting that 5-hour pre-treatment before inflammatory stimulation would be sufficient to 

significantly reduce ERK5 protein levels (Figure 3-10A). We next pre-treated HUVECs with 

reported ERK5 inhibitors (XMD8-92, XMD17-109, BAY-885) and the bivalent degrader INY-06-

061 for 5 hours. In addition to the negative control analogue INY-06-089, we also pre-treated with 

a combination of BAY-885 and JQ1 to mimic the pharmacology of XMD8-92 and XMD17-109. 

After 5-hour pre-treatment, the cells were stimulated with lipopolysaccharide (LPS), a Toll-like 

receptor 4 (TLR4) agonist, after which the culture supernatants were subjected to immunoassays 

to measure secreted IL-6 and IL-8 levels. As expected, pre-treatment with the non-selective ERK5 

inhibitors XMD8-92 and XMD17-109 (Wilhelmsen et al., 2015), as well as the combination of 

BAY-885 and JQ1 led to reduced IL-6 and IL-8 secretion upon LPS stimulation, while BAY-885 
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and the negative control analogue INY-06-089 had no effect (Figures 3-10B and 3-10C). Notably, 

pre-treatment with INY-06-061 also did not significantly suppress IL-6 and IL-8 secretion upon 

LPS stimulation (Figures 3-10B and 3-10C), in contrast to the reported genetic knockdown studies 

(Lin et al., 2016; Wilhelmsen et al., 2015).  

 To determine whether extended ERK5 degradation could better recapitulate previously 

reported phenotypes, we also pre-treated HUVECs with the same set of compounds for 24 hours 

before stimulating with LPS. While INY-06-061-induced ERK5 degradation was maintained for 

24 hours (Figure 3-10D), the longer pre-treatment did not affect IL-6 and IL-8 secretion levels. 

Consistent with the 5-hour pre-treatment, only XMD8-92, XMD17-109 and the combination of 

BAY-885 and JQ1 significantly reduced IL-6 and IL-8 secretion, while BAY-885 and INY-06-

061 had no effect (Figures 3-10E and 3-10F). Therefore, our study indicates that INY-06-061-

induced ERK5 destabilization does not suppress IL-6 and IL-8 secretion upon inflammatory 

stimulation. 
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Figure 3-10. INY-06-061-induced ERK5 degradation does not reduce pro-inflammatory cytokine 

secretion in human endothelial cells. (A) Immunoblots of ERK5 and Actin from HUVECs treated 

with indicated compounds and concentrations for 5 hours. Representative of 2 biological replicates 

(B) IL-6 and (C) IL-8 secretion levels were quantified in HUVECs pre-treated with indicated 

compounds and concentrations for 5 hours, followed by LPS stimulation (10 µg/mL) for 6 hours. 

Significance was assessed by two-way ANOVA with Bonferroni’s correction for multiple 

comparisons (**** indicates p < 0.0001). (D) Immunoblots of ERK5 and Actin from HUVECs 

treated with the indicated compounds and concentrations for 24 hours. Representative of 2 

biological replicates. (E) IL-6 and (F) IL-8 secretion levels were quantified in HUVECs pre-treated 

with indicated compounds and concentrations for 24 hours, followed by LPS stimulation (10 

µg/mL) for 6 hours. Significance was assessed by two-way ANOVA with Bonferroni’s correction 

for multiple comparisons (* indicates p ≤ 0.05; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001; **** 

indicates p ≤ 0.0001). 
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Discussion 

  Recent identification of ERK5 as a potential therapeutic target in cancer and inflammation 

prompted medicinal chemistry campaigns that resulted in the development of selective ERK5 

inhibitors such as AX15836 and BAY-885 (Lin et al., 2016; Nguyen et al., 2019). However, these 

inhibitors were not able to recapitulate phenotypes observed through genetic modulation of ERK5 

abundance or activity, such as siRNA knockdown or overexpression of a kinase dead ERK5 mutant 

(Lin et al., 2016). While explanations such as potential kinase-independent functions of ERK5 or 

paradoxical activation of ERK5-regulated transcription by ERK5 inhibitors (Lochhead et al., 2020) 

have been proposed, no chemical probes have been available to interrogate the discrepancies 

observed between ERK5 inhibition and genetic depletion or inactivation.  

 To develop chemical tools for acute, pharmacological destabilization of ERK5, we initially 

characterized the non-selective ERK5 degraders INY-05-091 and INY-05-128, which 

incorporated XMD17-109 and JWG-071 as parental ligands, respectively (Wang et al., 2018). 

Consistent with previous reports, we re-confirmed engagement of the BET family of proteins by 

XMD17-109, as INY-05-091 induced potent off-target degradation of BRD4. On the other hand, 

INY-05-128, based on the more selective inhibitor JWG-071, did not affect protein levels of the 

BET family of proteins. However, further characterization of JWG-071 and INY-05-128 not only 

revealed different anti-proliferative effects compared to selective ERK5 inhibitors, but global 

proteomics analysis also revealed potent AURKA downregulation by INY-05-128. Thus, 

phenotypes observed by JWG-071 and INY-05-128 may be caused by off-target inhibition of 

AURKA signaling, which highlights the importance of identifying off-target activities of small 

molecules. 
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 Further medicinal chemistry efforts led to the characterization of INY-06-061, which 

induced potent and highly selective destabilization of ERK5 protein levels. As treatment with INY-

06-061 leads to rapid pharmacological depletion of ERK5 protein, any potential scaffolding and 

transcriptional functions of ERK5 should be eliminated. However, INY-06-061-induced ERK5 

degradation did not recapitulate the anti-proliferative or anti-inflammatory phenotypes reported 

through genetic ablation of ERK5. As many of the reported studies above investigated the role of 

ERK5 through genetic knockdown methods with RNA interference (RNAi), the phenotypes 

observed may have resulted from non-specific or off-target effects of RNAi (Birmingham et al., 

2006; Jackson et al., 2006). In addition, as INY-06-061 is unlikely to induce 100% degradation of 

the available ERK5 protein pool, residual levels of ERK5 may still be sufficient to mediate ERK5 

signaling. Thus, our study suggests that non-catalytic functions of ERK5 and paradoxical 

activation of ERK5 transcription through ERK5 inhibition may not account for the phenotypic 

differences observed between ERK5 inhibition and genetic ablation, at least in the in vitro and ex 

vivo settings studied here. However, further investigation is required to more fully understand the 

biological roles of ERK5.   

In addition to its effects on cellular proliferation and inflammation, genetic approaches 

have identified roles of ERK5 in additional biological processes, including lipid metabolism 

(Cristea et al., 2020) and senescence of melanoma cells (Tubita et al., 2022). Therefore, INY-06-

061 will be a useful chemical probe to further validate reported phenotypes of ERK5 identified 

through genetic means. Furthermore, ERK5 has been reported to be a crucial regulator of the 

activity of myeloid cells within the tumor microenvironment (Giurisato et al., 2018), metastasis 

(Hoang et al., 2021) and angiogenesis (Pi et al., 2005), suggesting that further investigations, 
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especially in vivo, will be required to fully understand the pharmacological consequences of ERK5 

degradation.  

Conclusion 

 ERK5 function has been investigated through a wide variety of methods, including 

inhibition by small molecules, depletion via RNA interference and genetic knockout. As 

discrepancies between genetic knockdown and inhibition of ERK5 have been reported, small 

molecule approaches to interrogate the differences between loss of ERK5 protein and inhibition 

of its kinase activity are necessary. Here, we develop and characterize INY-06-061, a potent and 

highly selective small molecule degrader of ERK5. While our studies indicate that INY-06-061-

induced ERK5 destabilization does not have potent anti-proliferative or anti-inflammatory effects 

in multiple cancer cell lines or HUVECs, respectively, further studies are necessary to understand 

the biological roles ERK5. Thus, INY-06-061 will be a valuable chemical probe to not only study 

the pharmacological effects of ERK5 degradation, but also to investigate the differences in 

phenotypes induced by ERK5 inhibition and genetic depletion. 
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Materials and methods 

Cell lines. MOLT4 (Male, CVCL_0013), BT-474 (Female, CVCL_A4CL), SNU-449 (Male, 

CVCL_0454) and MM.1S (Female, CVCL_8792) cells were cultured in RPMI (Gibco) 

supplemented with 10% heat inactivated fetal bovine serum and 100 U/mL Penicillin-

Streptomycin (Gibco) at 37 °C in the presence of 5% CO2.  

 

Primary Cells. Primary Umbilical Vein Endothelial Cells; Normal, Human, Pooled (HUVECs 

from ATCC) were grown in vascular cell basal medium (ATCC) supplemented with endothelial 

cell growth kit-VEGF (ATCC) and 100U/mL Penicillin-Streptomycin (Gibco) at 37 °C in the 

presence of 5% CO2. 

 

Immunoblotting. Cells were lysed in M-PER buffer (Thermo Scientific) containing protease and 

phosphatase inhibitor cocktail (Roche).  Lysate concentrations were measured and normalized 

using a BCA assay (Pierce). Equal amounts of lysates were loaded onto 4-12% Bis-Tris gels 

(Invitrogen), transferred to nitrocellulose membranes (BioRad), and blocked with Intercept 

blocking buffer (LI-COR). Membranes were then incubated with primary antibodies against ERK5 

(Cell Signaling Technology, #3372S), AURKA (Cell Signaling Technology #14475S), BRD4 

(Fortis Life Sciences, # A301-985A-M), and Actin (Cell Signaling Technology, #3700S) overnight 

at 4 °C, followed by incubation with IRDye®800-labeled goat anti-rabbit IgG and IRDye®680-

labeled goat anti-mouse IgG (LI-COR) secondary antibodies for detection on an Odyssey CLx 

System.  
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In vitro kinase assays. Biochemical binding constants (Kd) of compounds to ERK5 was 

determined through the KdELECT assays provided by Eurofins Discovery using an 11-point dose 

response curve.  

 

Biochemical selectivity assay. Biochemical selectivity across 468 kinases was measured through 

the scanMAX kinase assay panel provided through Eurofins Discovery.  

 

Proliferation assays. Cell lines were plated at densities ranging from 500 to 1000 cells per well 

in 384-well plates. Cells were treated at the indicated concentrations for 72 hours, after which anti-

proliferative effects of compounds were assessed using CellTiter-Glo (Promega). EC50 values were 

calculated using the GraphPad Prism nonlinear regression curve fit.  

For MM.1S cells stimulated with IL-6, cells were treated in 96 well plates at 10,000 cells per well. 

Cells were pre-treated with compounds at indicated concentrations for 5 hours before adding 

recombinant human IL-6 (Biolegend) at 5 nM. After 72 hours, the anti-proliferative effects were 

assessed using CellTiter-Glo (Promega).  

 

IL-6 and IL-8 ELISA. HUVECs were plated at cell densities ranging from 30,000 to 60,000 cells 

per well in 96 well plates. The cells were pre-treated with indicated compounds for 5 or 24 hours, 

after which the cells were stimulated with LPS (Sigma-Aldrich) at 10 µg/mL for 6 hours. IL-6 and 

IL-8 levels in the supernatant were measured using LEGEND MAXTM Human IL-6 (Biolegend, 

#430507) and Human IL-8 (Biolegend, #431507) ELISA kits, following the manufacturer’s 

protocols. The data was analyzed with GraphPad Prism.  
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Generation of ERK5 HiBiT cell lines. Introduction of a HiBiT tag into the endogenous ERK5 

locus in Molt4 cells was performed via CRISPR-Cas9 editing. ALT-R CRISPR RNA (crRNA) 

and trans-activating CRISPR RNA (tracrRNA) (Integrated DNA Technologies, IDT) were 

resuspended in nuclease-free duplex buffer at a final concentration of 100 µM. Equal volumes of 

crRNA and tracrRNA were mixed and heated for 5 min at 95 °C. After heating, the complex was 

gradually cooled to room temperature. The oligo complex was then incubated at room temperature 

for 20 min with Cas9 Nuclease V3 (IDT) to form the ribonucleoprotein complex. Subsequently, 

the double-stranded DNA HDR template, which incorporated the HiBiT sequence into the C-

terminus of the ERK5 genome, the RNP complex, and an electroporation enhancer (IDT) were co-

electroporated into Molt4 cells using the Neon Electroporator (Thermo Fisher). Cells were seeded 

into media with HDR enhancer (IDT). Subsequently, single cells were isolated via FACS sorting, 

and HiBiT expression from individual clones was detected using the Nano-Glo® HiBiT Lytic 

Detection System (Promega). Correct insertion of the HiBiT tag in the genome of the knocked-in 

cells was confirmed by sequencing. 

 

TMT LC-MS3 mass spectrometry. MOLT4 cells were treated with DMSO (biological triplicate) 

or INY-06-061 (100 nM), INY-05-091 (250 nM) or INY-05-128-01 (250 nM) degrader for 5 h 

and cells were harvested by centrifugation. Cell lysis and Tandem Mass Tagged (TMT) tryptic 

peptides were prepared for LC-MS analysis following procedures published (Donovan et al., 2018). 

Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo Fisher 

Scientific). Peptides were separated on a 50 cm 75 μm inner diameter EasySpray ES903 
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microcapillary column (Thermo Fisher Scientific). Peptides were separated using a 190 min 

gradient of 6 - 27% acetonitrile in 1.0% formic acid with a flow rate of 300 nL/min. 

Each analysis used a MS3-based TMT method as described previously (McAlister et al., 2014). 

The data were acquired using a mass range of m/z 340 – 1350, resolution 120,000, AGC target 5 

× 105, maximum injection time 100 ms, dynamic exclusion of 120 s for the peptide measurements 

in the Orbitrap. Data dependent MS2 spectra were acquired in the ion trap with a normalized 

collision energy (NCE) set at 35%, AGC target set to 1.8 × 104 and a maximum injection time of 

120 ms. MS3 scans were acquired in the Orbitrap with HCD collision energy set to 55%, AGC 

target set to 2 × 105, maximum injection time of 150 ms, resolution at 50,000 and with a maximum 

synchronous precursor selection (SPS) precursor set to 10. 

Proteome Discoverer 2.4 (Thermo Fisher Scientific) was used for .RAW file processing and 

controlling peptide and protein level false discovery rates, assembling proteins from peptides, and 

protein quantification from peptides. MS/MS spectra were searched against a Swissprot human 

database (February 2020) with both the forward and reverse sequences as well as known 

contaminants such as human keratins. Database search criteria were as follows: tryptic with two 

missed cleavages, a precursor mass tolerance of 20 ppm, fragment ion mass tolerance of 0.6 Da, 

static alkylation of cysteine (57.0215 Da), static TMT labeling of lysine residues and N-termini of 

peptides (304.2071 Da), and variable oxidation of methionine (15.9949 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. The peptide spectral matches with poor quality MS3 spectra were excluded 

from quantitation (summed signal-to-noise across channels < 100 and precursor isolation 

specificity < 0.5), and the resulting data was filtered to only include proteins with a minimum of 2 

unique peptides quantified. Reporter ion intensities were normalized and scaled using in-house 
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scripts in the R framework (Team, 2014).Statistical analysis was carried out using the limma 

package within the R framework (Ritchie et al., 2015). 
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Chemistry Synthetic Scheme 
 

Scheme 1 

 
 

Scheme 2 

 
 

Scheme 3 
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General Chemistry Methods. Reagents and solvents were purchased from commercial vendors 

and used without further purification otherwise noted. Reactions were monitored using a Waters 

Acquity UPLC/MS system (Waters PDA eλ Detector, QDa Detector, Sample manager - FL, Binary 

Solvent Manager) using Acquity UPLC® BEH C18 column (2.1 x 50 mm, 1.7 μm particle size): 

solvent gradient = 85% A at 0 min, 1% A at 1.7 min; solvent A = 0.1% formic acid in Water; 

solvent B = 0.1% formic acid in Acetonitrile; flow rate: 0.6 mL/min. Products were purified by 

CombiFlash®Rf with Teledyne Isco RediSep® normal-phase silica flash columns (4 g, 12 g, 24 

g, 40 g) and preparative HPLC using Waters SunFireTM Prep C18 column (19 x 100 mm, 5 μm 

particle size) using a gradient of 0-100% methanol in water containing 0.05% trifluoroacetic acid 

(TFA) over 48 minutes at a flow of 40 mL/min. 1H NMR spectra were recorded on 500 MHz 

Bruker Avance III spectrometer, and chemical shifts are reported in 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). 

Purities of assayed compounds were in all cases greater than 95%, as determined by reverse-phase 

HPLC analysis. 

 

Synthesis of INY-05-091 and INY-05-128 

tert-butyl-6-(4-(4-((11-cyclopentyl-5-methyl-6-oxo-6,11-dihydro-5H-benzo[e]pyrimido[5,4-

b][1,4]diazepin-2-yl)amino)benzoyl)piperazin-1-yl)hexanoate (2a) 

To 1a (20 mg, 0.033 mmol) dissolved in MeCN (1 mL) was added potassium carbonate (18 mg, 

0.132 mmol) and tert-butyl 6-bromohexanoate (12 mg, 0.049 mmol), which was stirred at 80 °C 

overnight. Next day, the reaction mixture was diluted with ethyl acetate (15 mL) and washed with 

brine (4 x 5mL). The organic layer was dried over anhydrous sodium sulfate, filtered, and 
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concentrated in vacuo. The crude material was purified by column chromatography on silica gel 

(0-20% MeOH/DCM) to afford 2a (18 mg, 82% yield). LC-MS: m/z 668.51 [M+H]+.  

 

6-(4-(4-((11-cyclopentyl-5-methyl-6-oxo-6,11-dihydro-5H-benzo[e]pyrimido[5,4-

b][1,4]diazepin-2-yl)amino)benzoyl)piperazin-1-yl)hexanoic acid (3a) 

To 2a (18 mg, 0.027 mmol) was added 800 µL of DCM and 200 µL of TFA. The reaction was 

stirred for 4 hours at room temperature. The reaction mixture was concentrated in vacuo to afford 

crude 3a (quantitative yield), which was used directly for the next reaction. LC-MS: m/z 612.49 

[M+H]+. 

 

(2S,4R)-1-((S)-2-(6-(4-(4-((11-cyclopentyl-5-methyl-6-oxo-6,11-dihydro-5H-

benzo[e]pyrimido[5,4-b][1,4]diazepin-2-yl)amino)benzoyl)piperazin-1-yl)hexanamido)-3,3-

dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-

carboxamide (INY-05-091) 

To a solution of 3a (17 mg, 0.027 mmol) and (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-

hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (13 mg, 

0.027 mmol) in DMF (1 mL) was added HATU (10 mg, 0.027 mmol) and DIEA (28 µL, 0.16 

mmol). The reaction was stirred for 1 hour. The reaction mixture was purified by reverse-phase 

HPLC (30-90% methanol in water) to obtain INY-05-091 as a TFA salt (10 mg, 29% yield). LC-

MS: m/z 1038.62 [M+H]+. 1H NMR (500 MHz, DMSO) δ 9.95 (s, 1H), 9.83 (s, 1H), 9.00 (s, 1H), 

8.49 (s, 1H), 8.36 (d, J = 7.8 Hz, 1H), 7.90 – 7.78 (m, 3H), 7.59 (dd, J = 7.8, 1.7 Hz, 1H), 7.50 – 

7.37 (m, 6H), 7.36 – 7.27 (m, 1H), 7.18 (td, J = 7.5, 1.0 Hz, 1H), 4.96 – 4.87 (m, 1H), 4.73 (p, J = 

6.4 Hz, 1H), 4.54 (d, J = 9.4 Hz, 1H), 4.42 (t, J = 8.1 Hz, 1H), 4.32 – 4.27 (m, 1H), 3.66 – 3.56 (m, 
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2H), 3.56 – 3.48 (m, 2H), 3.45 (s, 3H), 3.09 (s, 4H), 2.46 (s, 3H), 2.39 – 2.25 (m, 2H), 2.20 – 2.09 

(m, 2H), 2.06 – 1.99 (m, 1H), 1.84 – 1.78 (m, 1H), 1.74 – 1.40 (m, 11H), 1.38 (d, J = 7.0 Hz, 3H), 

1.34 – 1.20 (m, 4H), 0.94 (s, 9H). 

 

(2S,4R)-1-((2S)-2-(6-(4-(4-((11-(sec-butyl)-5-methyl-6-oxo-6,11-dihydro-5H-

benzo[e]pyrimido[5,4-b][1,4]diazepin-2-yl)amino)benzoyl)piperazin-1-yl)hexanamido)-3,3-

dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-

carboxamide (INY-05-128) 

INY-05-128 was synthesized with similar procedure as INY-05-091 using intermediate 1b as the 

starting material (15 mg, 20% yield). LC-MS: m/z 1026.74 [M+H]+. 1H NMR (500 MHz, DMSO) 

δ 9.90 (d, J = 35.8 Hz, 1H), 9.77 (s, 1H), 9.00 (s, 1H), 8.50 (d, J = 5.1 Hz, 1H), 8.36 (d, J = 7.8 Hz, 

1H), 7.84 – 7.81 (m, 2H), 7.60 (t, J = 7.3 Hz, 1H), 7.49 – 7.47 (m, 1H), 7.45 – 7.43 (m, 3H), 7.40 

– 7.37 (m, 2H), 7.33 – 7.27 (m, 1H), 7.19 (q, J = 6.9 Hz, 1H), 4.92 (p, J = 7.2 Hz, 1H), 4.54 (d, J 

= 9.3 Hz, 1H), 4.42 (t, J = 8.1 Hz, 1H), 4.34 – 4.27 (m, 2H), 4.19 – 4.14 (m, 1H), 3.66 – 3.58 (m, 

2H), 3.56 – 3.48 (m, 2H), 3.44 (s, 3H),f 3.10 (s, 5H), 2.46 (s, 3H), 2.33 – 2.26 (m, 1H), 2.20 – 2.13 

(m, 1H), 2.05 – 2.00 (m, 1H), 1.87 – 1.77 (m, 3H), 1.70 – 1.60 (m, 3H), 1.60 – 1.45 (m, 5H), 1.39 

– 1.35 (m, 4H), 1.32 – 1.24 (m, 3H), 0.94 (s, 9H), 0.84 (t, J = 7.4 Hz, 3H). 

 

Synthesis of INY-06-086 

tert-butyl 4-(7-(4-methylpiperazin-1-yl)quinazolin-4-yl)piperidine-1-carboxylate (5) 

To a solution of intermediate 4 (100 mg, 0.29 mmol) and 1-methylpiperazine (43 mg, 0.43 mmol) 

in toluene (3 mL) was added Pd(OAc)2 (7 mg, 0.03 mmol), BINAP (36 mg, 0.06 mmol) and cesium 

carbonate (284 mg, 0.87 mmol). The reaction mixture was purged with nitrogen, and stirred 
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overnight at 100 °C. The next day, the reaction mixture was diluted with DCM (20 mL) and filtered 

through celite. The organic layer was washed with sat. aq sodium bicarbonate (20 mL) and 

extracted with DCM (2 x 10 mL). The organic layers were combined, dried over anhydrous sodium 

sulfate, filtered, and concentrated in vacuo. The crude material was purified by column 

chromatography on silica gel (0-30% MeOH/DCM) to obtain intermediate 5 (115 mg, 97% yield). 

LC-MS: m/z 412.3 [M+H]+. 

 

7-(4-methylpiperazin-1-yl)-4-(piperidin-4-yl)quinazoline (6) 

To intermediate 5 (115 mg, 0.28 mmol) was added DCM (1.5 mL) and TFA (0.5 mL). The reaction 

was stirred at room temperature for 1 hour. The reaction mixture was concentrated in vacuo to 

obtain crude 6 (quantitative yield), which was used directly for the next reaction. LC-MS: m/z 

312.25 [M+H]+. 

 

(2-amino-4-(trifluoromethoxy)phenyl)(4-(7-(4-methylpiperazin-1-yl)quinazolin-4-yl)piperidin-

1-yl)methanone (INY-06-086) 

To a solution of intermediate 6 (87 mg, 0.28 mmol) and 2-amino-4-(trifluoromethoxy)benzoic acid 

(62 mg, 0.28 mmol) in DMF (2 mL) was added HATU (106 mg, 0.28 mmol) and DIEA (490 µL, 

2.8 mmol). The reaction was stirred at room temperature for 1 hour, then purified by reverse-phase 

HPLC (15-75% methanol in water) to obtain INY-06-086 (29 mg, 14% yield). LC-MS: m/z 515.27 

[M+H]+. 1H NMR (500 MHz, DMSO) δ 9.96 (s, 1H), 9.03 (s, 1H), 8.33 (d, J = 9.5 Hz, 1H), 7.60 

(dd, J = 9.5, 2.7 Hz, 1H), 7.28 (d, J = 2.6 Hz, 1H), 7.14 (d, J = 8.3 Hz, 1H), 6.70 – 6.65 (m, 1H), 

6.54 – 6.48 (m, 1H), 4.28 (d, J = 13.1 Hz, 2H), 3.98 – 3.88 (m, 1H), 3.57 (d, J = 11.3 Hz, 2H), 3.31 

– 3.12 (m, 6H), 2.88 (s, 3H), 1.94 – 1.73 (m, 4H), 1.32 – 1.21 (m, 1H). 
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Synthesis of INY-06-061 

benzyl 4-(4-(1-(tert-butoxycarbonyl)piperidin-4-yl)quinazolin-7-yl)piperazine-1-carboxylate (7) 

To a solution of intermediate 4 (389 mg, 1.12 mmol) and benzyl piperazine-1-carboxylate (370 

mg, 1.68 mmol) in toluene (12 mL) was added Pd(OAc)2 (25 mg, 0.11 mmol), BINAP (140 mg, 

0.22 mmol) and cesium carbonate (1.1 g, 3.36 mmol). The reaction mixture was purged with 

nitrogen, and stirred overnight at 100 °C. The next day, the reaction mixture was diluted with DCM 

(30 mL) and filtered through celite. The organic layer was washed with sat. aq sodium bicarbonate 

(30 mL) and extracted with DCM (2 x 20 mL). The organic layers were combined, dried over 

anhydrous sodium sulfate, filtered, and concentrated in vacuo. The crude material was purified by 

column chromatography on silica gel (0-100% EA/DCM) to obtain 7 (507 mg, 85% yield). LC-

MS: m/z 532.35 [M+H]+. 

 

benzyl 4-(4-(1-(tert-butoxycarbonyl)piperidin-4-yl)quinazolin-7-yl)piperazine-1-carboxylate (8) 

To 7 (507 mg, 0.95 mmol) was added DCM (6 mL) and TFA (2 mL). The reaction was stirred at 

room temperature for 1 hour and concentrated in vacuo to obtain crude 8 (quantitative yield). LC-

MS: m/z 432.27 [M+H]+. 

 

(2-amino-4-(trifluoromethoxy)phenyl)(4-(7-(piperazin-1-yl)quinazolin-4-yl)piperidin-1-

yl)methanone (9) 

To a solution of 8 (390 mg, 0.9 mmol) and 2-amino-4-(trifluoromethoxy)benzoic acid (199 mg, 

0.9 mmol) in DMF (10 mL) was added HATU (342 mg, 0.9 mmol) and DIEA (1.6 mL, 9 mmol). 

The reaction was stirred at room temperature for 1 hour. The reaction mixture was diluted with 

ethyl acetate (50 mL) and washed with brine (5 x 10 mL). The organic layer was dried over 
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anhydrous sodium sulfate, filtered, and concentrated in vacuo to obtain crude benzyl 4-(4-(1-(2-

amino-4-(trifluoromethoxy)benzoyl)piperidin-4-yl)quinazolin-7-yl)piperazine-1-carboxylate 

(quantitative yield). LC-MS: m/z 635.32 [M+H]+. The crude material was dissolved in MeOH (10 

mL)and Pd/C (50 mg) was added. H2 (g) was introduced to the reaction, and the reaction was 

stirred at room temperature for 4 hours. The reaction mixture was filtered over celite, concentrated 

in vacuo and purified by column chromatography on silica gel (0-30% MeOH with 1.75N 

NH3/DMC) to obtain 9 (166 mg, 43% yield over 2 steps). LC-MS: m/z 501.23 [M+H]+. 

 

6-(4-(4-(1-(2-amino-4-(trifluoromethoxy)benzoyl)piperidin-4-yl)quinazolin-7-yl)piperazin-1-

yl)hexanoic acid (10) 

To 9 (27 mg, 0.054 mmol) in MeCN (1 mL) was added tert-butyl 6-bromohexanoate (27 mg, 0.11 

mmol) and potassium carbonate (30 mg, 0.22 mmol). The reaction was stirred at 80 °C overnight. 

Next day, the reaction mixture was concentrated in vacuo and purified by column chromatography 

on silica gel (0-20% MeOH/DCM) to obtain tert-butyl 6-(4-(4-(1-(2-amino-4-

(trifluoromethoxy)benzoyl)piperidin-4-yl)quinazolin-7-yl)piperazin-1-yl)hexanoate (36 mg, 100% 

yield). LC-MS: m/z 671.45 [M+H]+.  The product was then dissolved in DCM (750 µL) and TFA 

(250 µL) at room temperature for 1 hour and concentrated in vacuo. The crude material 10 

(quantitative yield) was directly used for the next step without further purification. LC-MC: m/z 

615.33 [M+H]+. 

(2S,4R)-1-((S)-2-(6-(4-(4-(1-(2-amino-4-(trifluoromethoxy)benzoyl)piperidin-4-yl)quinazolin-

7-yl)piperazin-1-yl)hexanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-

methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (INY-06-061) 
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To 10 (33 mg, 0.054 mmol) and (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-

((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (25 mg, 0.054 mmol) in 

DMF (1 mL) was added HATU (21 mg, 0.054 mmol) and DIEA (47 µL, 0.27 mmol). The reaction 

was stirred at room temperature for 1 hour and purified by reverse-phase HPLC (35-95% methanol 

in water) to obtain INY-06-061 (18 mg, 26% yield). LC-MS: m/z 1041.69 [M+H]+.  1H NMR (500 

MHz, DMSO) δ 9.78 (s, 1H), 9.04 (s, 1H), 9.00 (s, 1H), 8.40 – 8.32 (m, 2H), 7.83 (d, J = 9.3 Hz, 

1H), 7.62 (dd, J = 9.5, 2.5 Hz, 1H), 7.48 – 7.43 (m, 2H), 7.41 – 7.37 (m, 2H), 7.30 – 7.27 (m, 1H), 

7.14 (d, J = 8.4 Hz, 1H), 6.70 – 6.66 (m, 1H), 6.51 (d, J = 8.4 Hz, 1H), 4.92 (p, J = 7.1 Hz, 1H), 

4.54 (d, J = 9.4 Hz, 1H), 4.42 (t, J = 8.1 Hz, 1H), 4.33 – 4.23 (m, 3H), 3.99 – 3.91 (m, 1H), 3.68 – 

3.55 (m, 4H), 3.33 – 3.24 (m, 2H), 3.17 (s, 6H), 2.46 (s, 3H), 2.35 – 2.27 (m, 1H), 2.21 – 2.14 (m, 

1H), 2.06 – 1.99 (m, 1H), 1.92 – 1.76 (m, 5H), 1.76 – 1.66 (m, 2H), 1.62 – 1.48 (m, 3H), 1.38 (d, 

J = 7.0 Hz, 3H), 1.36 – 1.23 (m, 3H), 0.94 (s, 9H). 

 

(2R,4S)-1-((S)-2-(6-(4-(4-(1-(2-amino-4-(trifluoromethoxy)benzoyl)piperidin-4-yl)quinazolin-

7-yl)piperazin-1-yl)hexanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-

methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (INY-06-089) 

INY-06-089 was synthesized with similar procedure as INY-06-061 using intermediate 10 and 

(2R,4S)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-

yl)phenyl)ethyl)pyrrolidine-2-carboxamide as the starting materials (33 mg, 65% yield). LC-MS: 

m/z 1041.67 [M+H]+.  1H NMR (500 MHz, DMSO) δ 9.71 (s, 1H), 9.04 (s, 1H), 9.00 (s, 1H), 8.34 

(d, J = 9.5 Hz, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.61 (dd, J = 9.5, 2.5 Hz, 

1H), 7.51 – 7.41 (m, 4H), 7.30 – 7.25 (m, 1H), 7.14 (d, J = 8.4 Hz, 1H), 6.69 – 6.66 (m, 1H), 6.54 

– 6.48 (m, 1H), 4.90 (p, J = 6.7 Hz, 1H), 4.47 (d, J = 8.3 Hz, 1H), 4.45 – 4.39 (m, 1H), 4.35 – 4.31 
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(m, 1H), 4.25 (d, J = 13.2 Hz, 2H), 3.98 – 3.90 (m, 1H), 3.80 – 3.74 (m, 1H), 3.63 – 3.55 (m, 2H), 

3.52 (dd, J = 10.5, 3.9 Hz, 1H), 3.25 (t, J = 12.5 Hz, 3H), 3.19 – 3.05 (m, 5H), 2.47 (s, 3H), 2.32 – 

2.24 (m, 1H), 2.19 – 2.11 (m, 1H), 2.07 – 1.90 (m, 3H), 1.90 – 1.80 (m, 4H), 1.67 – 1.59 (m, 2H), 

1.55 – 1.48 (m, 2H), 1.33 (d, J = 7.0 Hz, 3H), 1.28 – 1.20 (m, 2H), 0.97 (s, 9H). 
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Chapter 4: Triple degradation of CDK4, CDK6 and Helios 
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Introduction 

 The impressive clinical advances generated by immunotherapies such as immune 

checkpoint blockade and chimeric antigen receptor (CAR) T-cell therapies have revolutionized 

cancer therapy. However, as only a subset of patients benefits from these treatments, developing 

complementary approaches that modulate the host immune response against tumors is critical.  

 Small molecules offer a compelling approach (Adams et al., 2015; Huck et al., 2018; van 

der Zanden et al., 2020), in particular because many of the factors identified via genetic studies as 

regulators of immune cell function and plasticity (Crawford et al., 2014; Manguso et al., 2017; 

Mognol et al., 2017; Pan et al., 2018; Singer et al., 2016) are intracellular and not accessible to 

antibodies. For example, we and others recently discovered that the FDA-approved inhibitors of 

cyclin-dependent kinases 4 and 6 (CDK4/6), which were developed based on the key roles of 

CDK4/6 regulating cell cycle progression, also have potent immunomodulatory functions (Deng 

et al., 2018; Goel et al., 2017; Heckler et al., 2021; Jerby-Arnon et al., 2018; Schaer et al., 2018). 

Specifically, we found that CDK4/6 inhibition enhanced IL-2 secretion in human and murine 

CD4+ T cells and synergized with PD-1 blockade to enhance control of tumor growth in syngeneic 

tumor models (Deng et al., 2018).  

 Separately, we also reported the first example of small molecule degraders of the 

transcription factor Helios (IKZF2), which is critical for maintaining the suppressive phenotype of 

regulatory T cells (Tregs) as Ikzf2-/- Tregs lose their suppressive activity (Kim et al., 2015; 

Nakagawa et al., 2016; Wang et al., 2021b; Yates et al., 2018). Specifically, we developed novel 

‘molecular glue’ compounds that bind to the Cullin Ring E3 ubiquitin ligase substrate adaptor 

cereblon (CRBN) and enable the recruitment, ubiquitination and subsequent proteasomal 

degradation of Helios but not its closely related family member Ikaros (IKZF1) or Aiolos (IKZF3), 
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the canonical immunomodulatory imide drug (IMiD) neo-substrates(Kronke et al., 2014; Lu et al., 

2014). Treatment of human Tregs with Helios degraders ex vivo resulted in increased secretion of 

the effector cytokines IL-2 and IFNγ, as well as reduced suppressive activity, demonstrating that 

acute pharmacological loss of Helios destabilizes the hallmark features of Tregs (Wang et al., 

2021b).  

 As either pharmacologically inhibiting CDK4/6 or degrading Helios had potent 

immunomodulatory effects, we sought a strategy to combine these activities into a single molecule. 

One approach is to develop bivalent degrader molecules (also known as proteolysis targeting 

chimeras, or PROTACs) that consist of an E3 ubiquitin ligase-binding moiety and a target-binding 

moiety connected by an optimizable linker. We and others have demonstrated that these bivalent 

molecules can be engineered to exploit the activities of the E3 ligase-binding moiety. For example, 

co-degradation of BTK, IKZF1 and IKZF3 using thalidomide-based PROTACs had enhanced anti-

proliferative activity in mantle cell lymphoma cells in comparison to selective BTK degradation 

(Dobrovolsky et al., 2018). Similarly, nutlin-based PROTACs that induced BRD4 degradation and 

stabilized p53 levels by inhibiting the E3 ligase MDM2 had superior anti-proliferative activity 

compared to VHL-based PROTACs with similar BRD4 degradation potencies (Hines et al., 2019).  

 However, it was unclear whether it would be possible to rationally re-direct the neo-

substrate specificity of PROTACs. Here, we demonstrate that conjugation of the selective Helios 

degrader DKY709 to the CDK4/6 inhibitor palbociclib enabled the generation of bivalent degrader 

molecules that not only co-targeted CDK4, CDK6 and Helios for degradation, but also exhibited 

heightened immunostimulatory activity compared to CDK4/6 inhibitors or selective Helios 

degraders alone. 
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Development and characterization of ALV-07-082-03, a triple CDK4/CDK6/Helios degrader 

 To determine whether it was possible to rationally re-direct the neo-substrate specificity of 

PROTACs, we sought to use CRBN ligands that spared the downregulation of the traditional IMiD 

neo-substrates Ikaros (IKZF1) and Aiolos (IKZF3) and instead induced Helios (IKZF1) 

degradation (Figure 4-1). While we recently reported the discovery of selective anilinomaleimide-

based Helios degraders (Wang et al., 2021b), we reasoned that the larger size and extended 

conformation of these molecules, as well as a lack of knowledge of appropriate linker attachment 

sites, made this class of compounds poorly suitable for designing bivalent degraders. Instead, a 

search of patent literature revealed that Novartis recently developed DKY709 (also known as I-

57), a selective Helios degrader that is currently in Phase 1 clinical trials (Solomon et al., 2022).  

 

Figure 4-1. Scheme of reprogramming bivalent and molecular glue degrader activity of PROTACs 

 

 As we and others recently reported that inhibitors of CDK4 and CDK6 have potent 

immunomodulatory effects (Deng et al., 2018; Goel et al., 2017; Heckler et al., 2021; Jerby-Arnon 

et al., 2018; Schaer et al., 2018), we hypothesized that a compound that induced CDK4/6 and 

Helios degradation would have more potent immunomodulatory effects than CDK4/6 inhibitors 
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or Helios degraders alone. As such, we developed bifunctional degraders in which we conjugated 

the FDA-approved CDK4/6 inhibitor palbociclib to DKY709. Based on previous work in which 

we developed thalidomide-based degraders of CDK4/6 (Brand et al., 2018; Jiang et al., 2019), we 

chose to alkylate the 4-nitrogen of the piperazine of palbociclib with various polyethylene glycol 

(PEG) or alkyl linkers. Attachment of the linker was made at the 3- or 4- position of the terminal 

phenyl ring of DKY709 to generate several heterobifunctional degraders (Figure 4-2). Using 

commercial enzymatic assays, we verified that the heterobifunctional molecules retained their 

abilities to biochemically inhibit CDK4/6 with half maximal inhibitory concentrations (IC50) 

ranging from 16 to 122 nM (Figure 4-2).  

 
 

Figure 4-2. Chemical structures and biochemical IC50 values against CDK4 and CDK6 of CDK4-

CDK6-Helios targeting degraders 
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 Next, we determined whether these compounds could induce degradation of CDK4, CDK6, 

and Helios in Jurkat cells. We found that treatment with 1 µM of degraders for 4 hours induced 

Helios degradation without affecting Ikaros protein levels, suggesting that we were ale to redirect 

the neo-substrate specificity towards Helios (Figure 4-3). We also observed downregulation of 

CDK4 and CDK6 protein levels to varying degrees based on the length, chemical composition and 

attachment site of the linker, as observed previously with thalidomide based CDK4/6 degraders 

(Jiang et al., 2019).  

 
 

Figure 4-3. Immunoblots of Jurkat cells treated with 1 µM of indicated compounds for 4 hours.  

 

 To verify the mechanism of action of the degraders, we tested ALV-07-082-03, the most 

potent CDK4/CDK6/Helios degrader in biological and chemical rescue experiments. As expected, 

ALV-07-082-03-induced degradation of CDK4, CDK6 and Helios were dependent on the 

expression of CRBN (Figure 4-4A). Moreover, co-treatment with proteasome inhibitor 

carfilzomib or the NEDD8-activating enzyme E1 (NAE1) inhibitor MLN4924, which prevents 

activation of cullin-RING ligases such as CRL4CRBN, ablated the degradation activity of ALV-07-

082-03 (Figure 4-4B). Finally, ESW-08-032-01 (Figure 4-4C), a negative control compound with 

an N-methylated glutarimide that significantly compromises CRBN binding, had no degradation 
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activity against CDK4, CDK6 and Helios, validating that ALV-07-082-03 acts in a proteasome- 

and CRBN- dependent manner (Figure 4-4D).  

 

 
 

Figure 4-4. Mechanism of action of ALV-07-082-03. (A) Immunoblot of wildtype or CRBN-/- 

Jurkat cells treated with ALV-07-082-03 for 4 hours. (B) Immunoblot of Jurkat cells co-treated 

with ALV-07-082-03 and carfilzomib (1 µM) or MLN4924 (1 µM) for 4 hours. (C) Chemical 

structure of ESW-08-032-01, the N-methyl negative control analog of ALV-07-082-03. (D) 

Immunoblot of Jurkat cells treated with indicated compounds for 4 hours.  
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 To globally assess the selectivity of ALV-07-082-03, we performed multiplexed mass 

spectrometry-based proteomics of Molt4 cells following 5-hour treatment (Figure 4-5). Across 

approximately 7,500 quantified proteins, we found that ALV-07-082-03 was highly potent for 

inducing degradation of CDK4, CDK6 and Helios. In addition to CDK4, CDK6 and Helios, we 

observed modest downregulation of select targets, including the zinc finger protein FIZ1 (Figure 

4-5).  

 

 
 

Figure 4-5. Quantitative proteomics profile (7,500 total proteins) of wildtype Molt4 cells treated 

for 5 hours with 1 µM of ALV-07-082-03. Significant changes were assessed using a moderated 

t-test as implemented in Bioconductor’s Limma package.  
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Cell cycle and anti-proliferative effects of CDK4, CDK6 and Helios degradation 

 To assess the effects of ALV-07-082-03 on CDK4/6 signaling, we investigated its effects 

on phosphorylation of retinoblastoma (Rb), the canonical CDK4/6 substrate. Similar to palbociclib, 

treatment with ALV-07-082-03 reduced levels of phosphorylated Rb, while the parent Helios 

degrader DKY709 and the negative control compound ESW-08-032-01 had minimal effects on Rb 

phosphorylation (Figure 4-6A). ALV-07-082-03 had modestly more potent anti-proliferative 

activity than palbociclib in Jurkat cells, which was slightly rescued with the negative control 

compound ESW-08-032-01 (Figure 4-6B). Moreover, ALV-07-082-03 induced G1 arrest in 

Jurkat cells to similar extents as the parental inhibitor palbociclib and reported CDK4/6 degrader 

BSJ-02-162 (Jiang et al., 2019) , and this effect was less evident in cells treated with ESW-08-

032-01 (Figure 4-6C). The relatively similar anti-proliferative potencies and cell cycle effects of 

ALV-07-082-03 and ESW-08-032-01 are likely driven by the retention of CDK4 and CDK6 

inhibitor activities of the compounds.  
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Figure 4-6. CDK4-CDK6-Helios degraders induce cell cycle arrest and inhibit proliferation. (A) 

Immunoblot of Jurkat cells treated with indicated compounds for 16 hours. (B) Proliferation assays 

were performed by treating Jurkat cells with the indicated compounds at indicated concentrations 

for 72 hours. Anti-proliferative effects of compounds were assessed using Cell Titer Glo assay kit 

(Promega), and EC50 values were determined using Graphpad Prism nonlinear regression curve fit. 

(C) Fluorescence histograms and quantitation of Jurkat cells treated with 100 nM of indicated 

compounds for 24 hours and stained with PI.  
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Degradation of CDK4/CDK6/Helios de-represses expression of IL-2 

 We had previously reported that CDK4 and CDK6 inhibitors could enhance the secretion 

of IL-2 in cultured T cell lines and primary CD4+ T cells (Deng et al., 2018). In addition, we found 

that acute Helios degradation promoted IL-2 secretion in Jurkat cells and primary human 

regulatory T cells (Wang et al., 2021b), consistent with previous reports that Helios negatively 

regulates Il2 expression (Baine et al., 2013). Thus, we investigated whether triple degradation of 

CDK4, CDK6 and Helios could synergistically de-repress IL-2 secretion in Jurkat cells. As 

expected, pre-treatment of Jurkat cells with palbociclib followed by T-cell receptor (TCR) 

stimulation with α-CD3/CD28 antibody complexes led to enhanced IL-2 secretion (Figure 4-7). 

Lenalidomide and DKY709 treatment both resulted in elevated IL-2 secretion, although it did not 

reach statistical significance. While the CDK4/CDK6-selective degrader BSJ-03-204  had similar 

activity as palbociclib, the CDK4/CDK6/Ikaros/Aiolos degrader BSJ-02-162 (Jiang et al., 2019) 

induced even greater IL-2 secretion, which was not surprising as Ikaros and Aiolos are known 

negative regulators of Il2 (Corral et al., 1999; Gandhi et al., 2014; Haslett et al., 1998). Notably, 

treatment with the CDK4/CDK6/Helios degrader ALV-07-082-03 induced elevated levels of IL-2 

that were comparable to that of BSJ-02-162, while the inactive chemical control compound ESW-

08-032-01 had similar activity to that of palbociclib (Figure 4-7).  
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Figure 4-7. CDK4, CDK6 and Helios co-degradation enhances IL-2 secretion. Quantification of 

IL-2 levels by ELISA from Jurkat cells pre-treated with 1 µM of indicated compounds for 24 hours, 

then TCR-stimulated for 18 hours. Results shown as mean ± SD. Untreated (UT) is biological 

replicates of n=3, while TCR-stimulated samples have biological replicates of n=4 (*p<0.05).  
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Conclusion 

 In sum, we report here the first CDK4/CDK6/Helios triple degrader ALV-07-082-03 and 

demonstrate that it potently suppressed downstream CDK4/6 signaling and inhibited proliferation 

of cancer cells as well as enhanced immunomodulatory activity in comparison to the parental 

CDK4/6 inhibitor Palbociclib or the selective Helios degrader DKY709. Thus, we demonstrate the 

possibility of rationally redirecting the neo-substrate specificity of PROTACs by incorporating 

alternative molecular glue molecules as E3 ligase ligands. 
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Materials and methods 

Cell lines. Wildtype or CRBN-/- Jurkat cells were cultured in RPMI-1640 media supplemented 

with 10% FBS and 1% penicillin/streptomycin in a 37°C incubator with 5% CO2.  

 

Western blots and antibodies. Cells were lysed in M-PER buffer (Thermo Scientific) containing 

protease/phosphatase inhibitor cocktail (Roche). Protein concentration was measured using a BCA 

assay (Pierce). Equivalent amounts of each sample were loaded on 4-12% Bis-Tris gels 

(Invitrogen), transferred to nitrocellulose membranes, and immunoblotted with antibodies against 

IKZF1 (Cell Signaling Technology, #14859S), IKZF2 (Cell Signaling Technology, #42427S), 

CDK4 (Cell Signaling Technology, #12790S), CDK6 (Cell Signaling Technology, #13331S), 

Tubulin (Cell Signaling Technology, #3873S), phospho-S608-Rb (Cell Signaling Technology, 

#8147S), phospho-S807/811-Rb (Cell Signaling Technology, #8516S), and Rb (Cell Signaling 

Technolgoy, #9309S). IRDye®800-labeled goat anti-rabbit IgG and IRDye®680-labeled goat 

anti-mouse IgG (LI-COR) secondary antibodies were used and detected on an Odyssey CLx system. 

 

Proliferation assay. Proliferation assays were performed by treating Jurkat cells with at the 

concentrations indicated for 72 h. Anti-proliferative effects of compounds were assessed using 

CellTiter-Glo (Promega). IC50s were calculated with Graphpad Prism nonlinear regression curve 

fit. 

 

Cell cycle analysis. Cells were treated with the indicated compounds and fixed for at least 24h in 

70% EtOH/PBS. Subsequently, fixed cells were stained with 25 µg/ml propidium iodide (Life 

Technologies) with 200 µg/ml RNaseA (Life Technologies) in 0.1% TritonX-100/PBS for 24h. 
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DNA content was quantified by flow cytometry on a LSRFortessa flow cytometer (BD 

Biosciences). 

 

IL2 ELISA. Jurkat cells were pre-treated with 1 µM of the indicated compounds for 24h. 

Subsequently, cells were washed, and then equivalent numbers of cells from each treatment cohort 

were stimulated with ImmunoCult Human CD3/CD28 T Cell Activator (StemCell #10971) in the 

presence of 1 μM of the indicated compounds for 18h. IL-2 levels in the supernatant were analyzed 

using the LEGEND MAX™ Human IL-2 ELISA Kit (Biolegend #431807) according to the 

manufacturer’s protocol. 

 

Proteomics. MOLT4 cells were treated with 1 µM of ALV-07-082-03 in biological duplicate and 

DMSO vehicle control in biological triplicate for 5h. Cell lysis and Tandem Mass Tagged (TMT) 

tryptic peptides were prepared for LC-MS analysis following procedures previously reported 

(Donovan et al., 2018). 

Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo Fisher 

Scientific). Peptides were separated on a 50 cm 75 μm inner diameter EasySpray ES903 

microcapillary column (Thermo Fisher Scientific) using a 190 min gradient of 6 - 27% acetonitrile 

in 1.0% formic acid with a flow rate of 300 nL/min. 

Each analysis used a MS3-based TMT method as described previously (McAlister et al., 2014).  

The data were acquired using a mass range of m/z 340 – 1350, resolution 120,000, AGC target 5 

× 105, maximum injection time 100 ms, dynamic exclusion of 120 s for the peptide measurements 

in the Orbitrap. Data dependent MS2 spectra were acquired in the ion trap with a normalized 
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collision energy (NCE) set at 35%, AGC target set to 1.8 × 104 and a maximum injection time of 

120 ms. MS3 scans were acquired in the Orbitrap with HCD collision energy set to 55%, AGC 

target set to 2 × 105, maximum injection time of 150 ms, resolution at 50,000 and with a maximum 

synchronous precursor selection (SPS) precursors set to 10. 

Proteome Discoverer 2.4 (Thermo Fisher Scientific) was used for .RAW file processing and 

controlling peptide and protein level false discovery rates, assembling proteins from peptides, and 

protein quantification from peptides. MS/MS spectra were searched against a Swissprot human 

database (February 2020) with both the forward and reverse sequences as well as known 

contaminants such as human keratins. Database search criteria were as follows: tryptic with two 

missed cleavages, a precursor mass tolerance of 20 ppm, fragment ion mass tolerance of 0.6 Da, 

static alkylation of cysteine (57.02146 Da), static TMT labeling of lysine residues and N-termini 

of peptides (229.16293 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. The peptide spectral matches with poor quality MS3 spectra were 

excluded from quantitation (summed signal-to-noise across channels < 100 and precursor isolation 

specificity < 0.5), and the resulting data was filtered to only include proteins with a minimum of 2 

unique peptides quantified. Reporter ion intensities were normalized and scaled using in-house 

scripts in the R framework (Team, 2014). Statistical analysis was carried out using the limma 

package within the R framework (Ritchie et al., 2015).  
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Chemistry Synthetic Scheme 

Scheme 1 – Synthesis of intermediate 7 

 

 

Scheme 2 – General synthetic route towards bifunctional degraders 
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Scheme 3 – Synthetic route of ESW-08-032-01 

 

 

General chemistry methods. Unless otherwise noted, reagents and solvents were obtained from 

commercial suppliers and used without further purification. Reactions were monitored using a 

Waters Aquity UPLC/MS system (Waters PDA eλ Detector, QDa Detector, Sample manager – FL, 

Binary Solvent Manager) using Acquity UPLC® BEH C18 column (2.1 x 50 mm, 1.7 µm particle 

size): solvent gradient = 85% A at 0 min, 1% A at 1.7 min; solvent A = 0.1% formic acid in water; 

solvent B = 0.1% formic acid in acetonitrile; flow rate: 0.6 mL/min. Products were purified by 

flash column chromatography using CombiFlash®Rf with Teledyne Isco RediSep® normal-phase 

silica flash columns and preparative HPLC using Waters SunFireTM Prep C18 column (19 x 100 

mm, 5 μm particle size) using a gradient of 15-75% methanol in water containing 0.05% 

trifluoroacetic acid (TFA) over 48 min (60 min run time) at a flow of 40 mL/min. 1H NMR spectra 

were recorded on a 500 MHz Bruker Avance III spectrometer, 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). Purities of assayed compounds were in all cases greater than 

95%, as determined by reverse-phase HPLC analysis. 
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Synthesis of intermediate 7 

3-(5-bromo-1-oxoisoindolin-2-yl)piperidine-2,6-dione (3) 

 

Potassium carbonate (2.29 g, 16.6 mmol) was added to a solution of methyl 4-bromo-2-

(bromomethyl)benzoate 1 (1.70 g, 5.52 mmol) and 3-aminopiperidine-2,6-dione hydrochloride 2 

(1.0 g, 6.1 mmol) in N,N-dimethylformamide (DMF, 18 mL, 0.30 M) and stirred at 70 °C for 17 

h. The reaction mixture was concentrated in vacuo and water was added to the residue to give a 

precipitate, which was collected by gravity filtration and dried to yield the title compound as a 

solid (1.5 g, 84% yield). LC-MS (ESI): m/z 322.9 [M+H]+. 

 

tert-butyl 4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)-3,6-dihydropyridine-1(2H)-

carboxylate (5). 

 

3-(5-Bromo-1-oxoisoindolin-2-yl)piperidine-2,6-dione 3 (1.50 g, 4.64 mmol) and tert-butyl 4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-dihydropyridine-1(2H)-carboxylate 4 (1.87 g, 

6.03 mmol) were dissolved in DMF (30.0 mL, 0.155 M) under nitrogen atmosphere. Pd(dppf)Cl2-

CH2Cl2 (189 mg, 0.232 mmol) and potassium phosphate (K3PO4, 1.18 g, 5.57 mmol) were added, 

and the reaction mixture was stirred at 100 °C for 15 h. Upon cooling to rt, the reaction mixture 

was diluted with EtOAc. The organic layer was washed with water 2x, brine, dried over Na2SO4, 

filtered, and concentrated in vacuo. Purification by flash chromatography (SiO2: 0-100% EtOAc 
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in hexanes) provided the title compound as a light brown solid (1.5 g, 76% yield). LC-MS (ESI): 

m/z 426.2 [M+H]+. 

 

tert-butyl 4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)piperidine-1-carboxylate (6) 

 

In a 100-mL round bottom flask equipped with a stir bar and under N2 atmosphere, tert-butyl 4-

(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)-3,6-dihydropyridine-1(2H)-carboxylate 5 

(1.50 g, 3.53 mmol) was dissolved in DMF (20 mL, 0.18 M). Palladium on carbon (10 wt%, 375 

mg, 0.353 mmol) was added, and the flask was equipped with a H2 balloon and flushed with H2. 

After stirring at room temperature (rt) for 20 h under H2 atmosphere, the reaction mixture was 

filtered over celite to remove Pd catalyst and rinsed with DMF. The filtrate was concentrated in 

vacuo to give the title compound as an off-white solid (1.51 g, 99% yield), which was carried 

forward without purification. LC-MS (ESI): m/z 372.1 [M+H-tBu]+, m/z 328.1 [M+H-Boc]+. 

 

3-(1-oxo-5-(piperidin-4-yl)isoindolin-2-yl)piperidine-2,6-dione hydrochloride (7) 

 

4 M HCl in dioxane (10 mL) was added to a solution of tert-butyl 4-(2-(2,6-dioxopiperidin-3-yl)-

1-oxoisoindolin-5-yl)piperidine-1-carboxylate 6 (1.51 g, 3.53 mmol) in CH2Cl2 (10 mL, 0.35 M) 

and stirred at rt for 12 h. The reaction mixture was concentrated in vacuo to give the title compound 

as a solid (1.156 g, 90%), which was carried forward without purification. 1H NMR (500 MHz, 

DMSO-d6) δ 10.98 (s, 1H), 8.95 (d, J = 9.7 Hz, 1H), 8.88 – 8.72 (m, 1H), 7.70 (d, J = 7.9 Hz, 1H), 
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7.46 (s, 1H), 7.41 – 7.34 (m, 1H), 5.11 (dd, J = 13.3, 5.1 Hz, 1H), 4.45 (d, J = 17.3 Hz, 1H), 4.32 

(d, J = 17.3 Hz, 1H), 3.44 – 3.36 (m, 2H), 3.04 – 2.88 (m, 4H), 2.63 – 2.57 (m, 1H), 2.39 (ddd, J 

= 13.3, 4.5 Hz, 1H), 2.03 – 1.85 (m, 5H). LC-MS (ESI): m/z 328.1 [M+H]+. 

 

Synthesis of bifunctional degraders 

3-(2-(2-bromoethoxy)ethoxy)benzaldehyde (10a) 

 

Potassium carbonate (0.410 g, 2.96 mmol) was added to a solution of 3-hydroxybenzaldehyde 8a 

(302 mg, 2.47 mmol) in DMF (10 mL, 0.25 M) and stirred at rt for 10 min. 1-Bromo-2-(2-

bromoethoxy)ethane 9a (687 mg, 2.96 mmol) was added via syringe, and the reaction mixture was 

stirred at rt for 15 h. The reaction mixture was extracted with ethyl acetate (EtOAc), washed with 

saturated aqueous (satd aq) NH4Cl, water (2x), and brine. The organic layers were collected, dried 

over Na2SO4, filtered, and concentrated in vacuo. Purification by flash chromatography (SiO2: 0-

100% EtOAc in hexanes) provided the title compound as a yellow solid (452 mg, 67% yield). LC-

MS (ESI): m/z 272.9 [M+H]+. 

 

3-(2-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-d]pyrimidin-2-

yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)benzaldehyde (12a) 
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N,N-Diisopropylethylamine (DIPEA, 0.440 mL, 2.52 mmol) was added to a solution of 3-(2-(2-

bromoethoxy)ethoxy)benzaldehyde 10a (229 mg, 0.839 mmol) and Palbociclib 11 (0.250 g, 1.09 

mmol) in DMF (4.0 mL, 0.21 M) and stirred at 80 °C for 15 h. Upon cooling to rt, the reaction 

mixture was extracted with EtOAc, washed with water 2x, brine, dried over Na2SO4, filtered, and 

concentrated in vacuo. Purification by flash chromatography (SiO2: 0-80% EtOAc in CH2Cl2, then 

0-20% MeOH in CH2Cl2) provided the title compound as a yellow solid (332 mg, 62% yield). LC-

MS (ESI): m/z 640.4 [M+H]+. 

 

3-(6-(1-(3-(2-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)piperidine-2,6-dione (ALV-06-149-02) 

 

Sodium triacetoxyborohydride (NaBH(OAc)3, 64 mg, 0.30 mmol) was added to a solution of 3-

(2-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-d]pyrimidin-2-

yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)benzaldehyde (12a) 

(96 mg, 0.15 mmol) and 3-(1-oxo-5-(piperidin-4-yl)isoindolin-2-yl)piperidine-2,6-dione 

hydrochloride 7 (59 mg, 0.18 mmol) in 4:1 DMF/CH2Cl2 (3 mL, 0.05 M). Purification by flash 

chromatography (SiO2: 0-80% EtOAc in CH2Cl2, then 0-20% MeOH in CH2Cl2) provided the title 

compound ALV-06-149-02 as a yellow solid (5.1 mg, 3% yield). 1H NMR (500 MHz, DMSO-d6) 

δ 10.96 (s, 1H), 10.08 (s, 1H), 8.94 (s, 1H), 8.03 (d, J = 2.8 Hz, 1H), 7.84 (d, J = 9.0 Hz, 1H), 7.61 
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(d, J = 7.8 Hz, 1H), 7.46 (s, 1H), 7.44 (dd, J = 9.1, 2.8 Hz, 1H), 7.37 (d, J = 7.9 Hz, 1H), 7.23 (t, 

J = 8.0 Hz, 1H), 6.94 – 6.87 (m, 2H), 6.83 (dd, 1H), 5.81 (p, J = 8.8 Hz, 1H), 5.08 (dd, J = 13.3, 

5.0 Hz, 1H), 4.39 (d, J = 17.2 Hz, 1H), 4.26 (d, J = 17.2 Hz, 1H), 4.12 – 4.07 (m, 2H), 3.77 – 3.72 

(m, 2H), 3.63 (t, J = 5.6 Hz, 2H), 3.47 (s, 2H), 3.15 – 3.09 (m, 4H), 2.95 – 2.85 (m, 3H), 2.64 – 

2.54 (m, 8H), 2.42 (s, 3H), 2.37 (dd, J = 13.2, 4.5 Hz, 1H), 2.30 (s, 3H), 2.27 – 2.19 (m, 2H), 2.09 

– 1.94 (m, 3H), 1.90 – 1.83 (m, 2H), 1.81 – 1.64 (m, 6H), 1.62 – 1.53 (m, 2H). LC-MS (ESI): m/z 

951.5 [M+H]+. 

 

3-(5-(1-(4-(2-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)piperidine-2,6-dione (ALV-07-036-01) 

 

The title compound ALV-07-036-01 was prepared with similar protocols as ALV-06-198-02, 

using 4-hydroxybenzaldehyde 8b and linker 9a from Scheme 2 as the starting materials. 1H NMR 

(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.09 (s, 1H), 8.94 (s, 1H), 8.04 (d, J = 2.9 Hz, 1H), 7.84 

(d, J = 9.0 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.48 – 7.42 (m, 2H), 7.37 (d, J = 7.8 Hz, 1H), 7.33 – 

7.20 (m, 2H), 6.93 (d, J = 8.1 Hz, 2H), 5.81 (p, J = 8.8 Hz, 1H), 5.09 (dd, J = 13.3, 5.1 Hz, 1H), 

4.40 (d, J = 17.2 Hz, 1H), 4.27 (d, J = 17.2 Hz, 1H), 4.14 – 4.05 (m, 2H), 3.76 – 3.72 (m, 2H), 

3.69 – 3.42 (m, 4H), 3.21 – 2.84 (m, 7H), 2.74 – 2.54 (m, 8H), 2.42 (s, 3H), 2.40 – 2.33 (m, 1H), 

2.30 (s, 3H), 2.28 – 2.18 (m, 3H), 2.02 – 1.94 (m, 1H), 1.93 – 1.68 (m, 9H), 1.62 – 1.53 (m, 2H). 

LC-MS (ESI): m/z 951.6 [M+H]+. 
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3-(5-(1-(3-(2-(2-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-

yl)ethoxy)ethoxy)ethoxy)benzyl)piperidin-4-yl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione 

(ALV-07-037-01) 

 

The title compound ALV-07-037-01 was prepared with similar protocols as ALV-06-149-02, 

using 3-hydroxybenzaldehyde 8a and linker 9e from Scheme 2 as the starting materials. 1H NMR 

(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.08 (s, 1H), 8.94 (s, 1H), 8.02 (d, J = 2.9 Hz, 1H), 7.84 

(d, J = 9.0 Hz, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.46 (s, 1H), 7.42 (dd, J = 9.1, 3.0 Hz, 1H), 7.36 (d, 

J = 7.9 Hz, 1H), 7.23 (t, J = 8.0 Hz, 1H), 6.91 – 6.88 (m, 2H), 6.83 (dd, J = 8.1, 2.3 Hz, 1H), 5.83 

– 5.78 (m, 1H), 5.09 (dd, J = 13.3, 5.1 Hz, 1H), 4.39 (d, J = 17.2 Hz, 1H), 4.27 (d, J = 17.2 Hz, 

1H), 4.08 (dd, J = 5.5, 3.7 Hz, 2H), 3.76 (dd, J = 5.5, 3.7 Hz, 2H), 3.62 – 3.59 (m, 3H), 3.58 – 3.54 

(m, 6H), 3.13 – 3.10 (m, 4H), 2.92 – 2.89 (m, 2H), 2.59 – 2.53 (m, 8H), 2.42 (s, 3H), 2.30 (s, 3H), 

1.90 (s, 3H), 1.78 – 1.67 (m, 8H), 1.59 – 1.54 (m, 3H). LC-MS (ESI): m/z 995.6 [M+H]+. 
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3-(5-(1-(4-(2-(2-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-

yl)ethoxy)ethoxy)ethoxy)benzyl)piperidin-4-yl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione 

(ALV-07-037-02) 

 

The title compound ALV-07-037-02 was prepared with similar protocols as ALV-06-149-02, 

using 4-hydroxybenzaldehyde 8b and linker 9e from Scheme 2 as the starting materials.1H NMR 

(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.16 (s, 1H), 8.95 (s, 1H), 8.02 (s, 1H), 7.88 (d, J = 8.5 

Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.60 – 7.51 (m, 2H), 7.47 (d, J = 7.6 Hz, 1H), 7.41 (s, 1H), 7.33 

(d, J = 7.6 Hz, 1H), 7.02 (d, J = 8.4 Hz, 2H), 5.81 (p, J = 8.8 Hz, 1H), 5.08 (dd, J = 13.2, 5.0 Hz, 

1H), 4.41 (d, J = 17.3 Hz, 1H), 4.28 (d, J = 17.3 Hz, 1H), 4.16 – 4.10 (m, 2H), 3.80 – 3.74 (m, 3H), 

3.65 – 3.57 (m, 6H), 3.23 – 3.08 (m, 5H), 3.04 (q, J = 7.2 Hz, 3H), 3.00 – 2.85 (m, 4H), 2.63 – 

2.55 (m, 2H), 2.41 (s, 4H), 2.30 (s, 3H), 2.27 – 2.05 (m, 5H), 1.99 – 1.84 (m, 6H), 1.79 – 1.72 (m, 

2H), 1.59 – 1.54 (m, 2H). LC-MS (ESI): m/z 995.6 [M+H]+. 
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3-(5-(1-(3-(4-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)butoxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)piperidine-2,6-dione (ALV-07-038-01) 

 

The title compound ALV-07-038-01 was prepared with similar protocols as ALV-06-149-02, 

using 3-hydroxybenzaldehyde 8a and linker 9b from Scheme 2 as the starting materials. 1H NMR 

(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.08 (s, 1H), 8.94 (s, 1H), 8.04 (d, J = 2.8 Hz, 1H), 7.84 

(d, J = 9.0 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.48 – 7.43 (m, 2H), 7.38 (d, J = 7.8 Hz, 1H), 7.23 

(t, J = 7.8 Hz, 1H), 6.93 – 6.87 (m, 2H), 6.82 (d, J = 7.1 Hz, 1H), 5.81 (p, J = 8.8 Hz, 1H), 5.09 

(dd, J = 13.3, 5.1 Hz, 1H), 4.40 (d, J = 17.2 Hz, 1H), 4.27 (d, J = 17.2 Hz, 1H), 4.05 – 3.96 (m, 

3H), 3.17 – 3.12 (m, 4H), 2.99 – 2.84 (m, 3H), 2.61 – 2.52 (m, 4H), 2.44 – 2.35 (m, 7H), 2.30 (s, 

3H), 2.27 – 2.17 (m, 4H), 1.98 – 1.94 (m, 1H), 1.90 – 1.83 (m, 3H), 1.79 – 1.71 (m, 8H), 1.65 – 

1.56 (m, 5H). LC-MS (ESI): m/z 935.5 [M+H]+. 
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3-(5-(1-(4-(4-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)butoxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)piperidine-2,6-dione (ALV-07-038-02) 

 

The title compound ALV-07-038-02 was prepared with similar protocols as ALV-06-149-02, 

using 4-hydroxybenzaldehyde 8b and linker 9b from Scheme 2 as the starting materials. 1H NMR 

(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.09 (s, 1H), 8.94 (s, 1H), 8.05 (d, J = 2.8 Hz, 1H), 7.84 

(d, J = 9.0 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.50 – 7.43 (m, 2H), 7.38 (d, J = 7.8 Hz, 1H), 7.28 

(s, 2H), 6.92 (d, J = 6.7 Hz, 2H), 5.81 (p, J = 8.7 Hz, 1H), 5.09 (dd, J = 13.3, 5.1 Hz, 1H), 4.41 (d, 

J = 17.3 Hz, 1H), 4.28 (d, J = 17.2 Hz, 1H), 4.05 – 3.94 (m, 3H), 3.16 (s, 4H), 3.04 – 2.85 (m, 3H), 

2.62 – 2.53 (m, 4H), 2.46 – 2.35 (m, 7H), 2.34 – 2.19 (m, 7H), 2.01 – 1.96 (m, 1H), 1.87 (s, 3H), 

1.82 – 1.53 (m, 13H). LC-MS (ESI): m/z 935.5 [M+H]+. 

 

3-(5-(1-(3-((6-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)hexyl)oxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)piperidine-2,6-dione (ALV-07-070-03) 

 

The title compound ALV-07-070-03 was prepared with similar protocols as ALV-06-149-02, 

using 3-hydroxybenzaldehyde 8a and linker 9c from Scheme 2 as the starting materials.  1H NMR 
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(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.08 (s, 1H), 8.95 (s, 1H), 8.04 (d, J = 2.6 Hz, 1H), 7.84 

(d, J = 9.0 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.48 – 7.43 (m, 2H), 7.38 (d, J = 7.9 Hz, 1H), 7.21 

(d, J = 8.1 Hz, 2H), 6.87 (d, J = 8.3 Hz, 2H), 5.82 (p, J = 8.8 Hz, 1H), 5.09 (dd, J = 13.3, 5.1 Hz, 

1H), 4.40 (d, J = 17.2 Hz, 1H), 4.27 (d, J = 17.2 Hz, 1H), 3.94 (t, J = 6.3 Hz, 2H), 3.16 – 3.12 (m, 

4H), 2.95 – 2.86 (m, 3H), 2.59 (d, J = 16.9 Hz, 2H), 2.42 (s, 3H), 2.38 (dd, J = 13.4, 4.7 Hz, 1H), 

2.35 – 2.28 (m, 6H), 2.28 – 2.20 (m, 3H), 2.05 – 1.95 (m, 3H), 1.92 – 1.85 (m, 3H), 1.78 – 1.67 

(m, 8H), 1.60 – 1.55 (m, 2H), 1.51 – 1.41 (m, 5H), 1.39 – 1.34 (m, 2H). LC-MS (ESI): m/z 963.6 

[M+H]+. 

 

3-(5-(1-(4-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)piperidine-2,6-dione (ALV-07-082-03) 

 

The title compound ALV-07-082-03 was prepared with similar protocols as ALV-06-149-02, 

using 4-hydroxybenzaldehyde 8b and linker 9d from Scheme 2 as the starting materials. 1H NMR 

(500 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.08 (s, 1H), 8.94 (s, 1H), 8.05 (d, J = 3.0 Hz, 1H), 7.84 

(d, J = 9.0 Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.49 – 7.45 (m, 2H), 7.39 (d, J = 8.0 Hz, 1H), 7.23 

(t, J = 8.4 Hz, 2H), 6.92 (d, J = 8.5 Hz, 2H), 5.81 (p, J = 8.5 Hz, 1H), 5.09 (dd, J = 13.3, 5.1 Hz, 

1H), 4.41 (d, J = 17.2 Hz, 1H), 4.28 (d, J = 17.4 Hz, 1H), 4.12 (t, J = 5.7 Hz, 2H), 3.18 – 3.16 (m, 

3H), 2.95 – 2.86 (m, 4H), 2.77 (t, J = 5.6 Hz, 2H), 2.69 – 2.64 (m, 4H), 2.62 – 2.56 (m, 2H), 2.43 

– 2.36 (m, 4H), 2.30 (s, 2H), 2.26 – 2.21 (m, 2H), 2.20 – 2.16 (m, 2H), 2.09 – 2.03 (m, 2H), 2.01 
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– 1.95 (m, 2H), 1.89 – 1.84 (m, 2H), 1.80 – 1.74 (m, 4H), 1.72 – 1.67 (m, 2H), 1.61 – 1.55 (m, 

2H). LC-MS (ESI): m/z 907.5 [M+H]+. 

 

Synthesis of ESW-08-032-01 

tert-butyl 4-(2-(1-methyl-2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)piperidine-1-

carboxylate (14) 

 

Potassium carbonate (189 mg, 1.4 mmol) was added to a solution of tert-butyl 4-(2-(2,6-

dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)piperidine-1-carboxylate 6 (446 mg, 1.04 mmol) in 

DMF (10 mL) and stirred at rt for 10 min. Methyl iodide (0.970 mL, 1.56 mmol) was added to the 

solution in dropwise fashion at rt. The resulting mixture was heated to 60 °C for 4 h. The reaction 

mixture was diluted with EtOAc and washed with water (2x) and brine (2x). The organic layer was 

dried over Na2SO4, filtered, and concentrated in vacuo. Purification by flash chromatography (SiO2: 

0–100% EtOAc in hexanes) provided the title compound as a tan solid (233 mg, 51% yield). LC-

MS (ESI): m/z 386.1 [M+H-tBu]+, m/z 342.2 [M+H-Boc]+. 

 

1-methyl-3-(1-oxo-5-(piperidin-4-yl)isoindolin-2-yl)piperidine-2,6-dione hydrochloride (15) 

 

4 M HCl in dioxane (4 mL) was added to a solution of tert-butyl 4-(2-(1-methyl-2,6-

dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)piperidine-1-carboxylate 14 (340 mg, 0.77 mmol) in 

CH2Cl2 (4 mL) and stirred at rt for 12 h. The reaction mixture was concentrated in vacuo to give 
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the title compound as a solid (278 mg, 91%), which was carried forward without purification. 1H 

NMR (500 MHz, DMSO-d6) δ 9.14 – 9.01 (m, 2H), 7.70 (d, J = 7.5 Hz, 1H), 7.46 (s, 1H), 7.37 

(s, 1H), 5.17 (dd, J = 12.8, 4.2 Hz, 1H), 4.44 (d, J = 17.1 Hz, 1H), 4.31 (d, J = 17.0 Hz, 1H), 3.36 

(d, J = 11.2 Hz, 2H), 3.03 – 2.94 (m, 7H), 2.76 (d, J = 16.7 Hz, 1H), 2.43 – 2.34 (m, 1H), 2.02 – 

1.90 (m, 5H). LC-MS (ESI): m/z 342.1 [M+H]+. 

3-(5-(1-(4-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-methyl-7-oxo-7,8-dihydropyrido[2,3-

d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-yl)ethoxy)benzyl)piperidin-4-yl)-1-

oxoisoindolin-2-yl)-1-methylpiperidine-2,6-dione (ESW-08-032-01) 

 

Reductive amination of tert-butyl 4-(2-(1-methyl-2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-5-

yl)piperidine-1-carboxylate 14 (50 mg, 0.13 mmol) and 4-(2-(4-(6-((6-acetyl-8-cyclopentyl-5-

methyl-7-oxo-7,8-dihydropyrido[2,3-d]pyrimidin-2-yl)amino)pyridin-3-yl)piperazin-1-

yl)ethoxy)benzaldehyde 13d as described above afforded the title compound ESW-08-032-01 as 

a yellow solid (10 mg, 7% yield). 1H NMR (500 MHz, DMSO) δ 10.08 (s, 1H), 8.95 (s, 1H), 8.05 

(d, J = 3.0 Hz, 1H), 7.84 (d, J = 9.0 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H), 7.50 – 7.45 (m, 2H), 7.39 

(d, J = 7.9 Hz, 1H), 7.24 (d, J = 8.1 Hz, 2H), 6.92 (d, J = 8.1 Hz, 2H), 5.81 (p, J = 8.8 Hz, 1H), 

5.16 (dd, J = 13.4, 5.1 Hz, 1H), 4.41 (d, J = 17.2 Hz, 1H), 4.27 (d, J = 17.1 Hz, 1H), 4.12 (t, J = 

5.7 Hz, 2H), 3.45 (s, 2H), 3.17 (t, J = 5.1 Hz, 4H), 3.00 (s, 3H), 2.95 (m, 2H), 2.77 (m, 3H), 2.73 

(m, 1H), 2.66 (t, J = 5.0 Hz, 4H), 2.42 (s, 3H), 2.40 – 2.35 (m, 1H), 2.30 (s, 3H), 2.24 (t, J = 9.7 

Hz, 2H), 2.02 – 1.97 (m, 2H), 1.88 (m, 2H), 1.76 (m, 5H), 1.70 (m, 1H), 1.57 (q, J = 6.0 Hz, 2H), 

1.23 (m, 1H). LC-MS (ESI): m/z 921.5 [M+H]+.  
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Chapter 5: DCAF11-mediated Protein Degradation using Covalent Degraders 
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Introduction 

 Traditional small-molecule therapeutics work by directly inhibiting the function of the 

targeted protein, typically through occupancy-driven pharmacology. Another emerging class of 

therapeutics impart their pharmacological effects through an event-driven process, in which the 

compound catalyzes a reaction between two proteins (Paiva and Crews, 2019). This method has 

been utilized for targeted protein degradation (TPD), in which a compound (molecular glue or 

heterobifunctional molecule) recruits an E3 ligase to a protein of interest (POI), leading to 

proximity induced ubiquitination and subsequential proteasomal dependent degradation of the POI 

(Burslem and Crews, 2020). Several advantages of TPD have been demonstrated, including the 

potential to abrogate scaffolding functions  (Cromm et al., 2018) and target proteins that have 

previously been classified as ‘undruggable’ (Burslem and Crews, 2020; Kronke et al., 2014).  

 TPD approaches have garnered significant interest from both academic and industry labs, 

resulting in several compounds in clinical trials. However, only a limited number of E3 ligases 

have been successfully implemented for TPD. Out of the approximately 600 E3 ligases known, 

the majority of monovalent molecular glue degraders and bivalent PROTACs have used small 

molecule recruiters of the Cullin Ring E3 ubiquitin ligase substrate adaptor cereblon (CRBN) and 

von-Hippel-Landau tumor suppressor protein (VHL) (Ishida and Ciulli, 2021).  

To expand the number of E3 ligases that can be leveraged for PROTAC development, 

several screening strategies have been employed, such as activity-based protein profiling (ABPP) 

and functional cell-based degradation assays. (Backus et al., 2016; Zhang et al., 2021). These 

efforts have led to the discovery of several electrophilic E3 ligase ligands, including ligands for 

DCAF11 (Zhang et al., 2021), DCAF16 (Zhang et al., 2019b), RNF114 (Tong et al., 2020), RNF4 

(Ward et al., 2019) and FEM1B (Henning et al., 2022). Using similar approaches, we report here 
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the discovery of ZNL-06-031, an electrophilic ligand that targets the substrate adaptor protein 

DCAF11. 

  DCAF11 (also known as WDR23) is a substrate recognition protein for the cullin4-RING 

E3 ubiquitin ligase (CRL4) complex, which consists of cullin4 (CUL4) as a scaffold protein, DNA 

damage binding protein 1 (DDB1) as an adaptor protein and Ring-box 1 (RBX1) as the RING-

finger protein (Zhou et al., 2020). DCAF11 has been reported to regulate the degradation of several 

proteins, including KAP1 (Le et al., 2021), CENP-A (Wang et al., 2021c), Stem-loop binding 

protein (Djakbarova et al., 2016), and p21 (Chen et al., 2017). Notably, DCAF11 has been reported 

to regulate the expression of NRF2 (Lo et al., 2017), independent of the canonical Kelch-like ECH-

associated protein 1 (KEAP1)-CUL3 complex, suggesting that DCAF11 may have redox-sensing 

cysteines that could be targeted through cysteine-reactive electrophiles. Consistently, DCAF11 has 

previously been leveraged as an E3 ligase to induce protein degradation via electrophilic 

PROTACs (Zhang et al., 2021). However, the potential for DCAF11 to be utilized as a general E3 

ligase in the field of TPD was not fully explored, as the target scope of proteins degraded by 

DCAF11 (FKBP12 and androgen receptor) was limited. In addition, the potencies of the DCAF11-

based PROTACs were relatively weak (degradation was only observed at µM concentrations), 

which may have been due to the lack of optimization of the DCAF11 ligand.  

 Here, we carry out cellular degradation screens to identify ZNL-06-031 as an electrophilic 

ligand for DCAF11. Through the conjugation of promiscuous kinase binder TL13-87 (Huang et 

al., 2018) and bromodomain and extra-terminal motif (BET) protein inhibitor JQ-1 to ZNL-06-

031, we further explore the target scope of DCAF11-based PROTACs. In addition, we generate a 

DCAF11-degrader by conjugating of a VHL ligand to ZNL-06-031, which may serve as a useful 

tool compound to investigate DCAF11 function.  
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STT-02-040 is a multi-kinase degrader 

 In order to discover electrophilic ligands that can be utilized for PROTAC development, a 

set of electrophilic molecules were conjugated to the promiscuous kinase inhibitor TL13-87 (data 

not shown). We then employed an unbiased quantitative multiplexed proteomics approach to 

identify compounds that induced degradation of kinases and found that STT-02-040 (Figure 5-

1A) induced significant downregulation of 32 proteins (out of 7369 identified proteins) by at least 

50% (false discovery rate adjusted to p value < 0.05), of which 9 proteins (CDK12, CDK13, ABL2, 

ITK, PTK2B, CDK9, AURKA, WEE1 and AURKB) were kinases (Figure 5-1B). As the other 22 

non-kinase proteins were also downregulated upon treatment with 1 µM of TL12-186, a potent 

multi-kinase degrader (Huang et al., 2018), downregulation of these proteins were likely secondary 

effects due to the degradation or inhibition of multiple kinases. Further immunoblot analysis on a 

subset of kinases confirmed downregulation of multiple kinases (CDK9, CDK12, CDK13, PTK2B, 

WEE1, AURKA and AURKB) to varying degrees (Figure 5-1C), validating STT-02-040 as a 

multi-kinase degrader.  
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Figure 5-1. STT-02-040 induces degradation of multiple kinases. (A) Chemical structure of ZNL-

06-031 and STT-02-040. (B) Quantitative proteomics profile (7,400 total proteins) of MOLT4 

cells treated for 6 hours with 1 µM of STT-02-040. Significant changes were assessed using a 

moderated t-test as implemented in Bioconductor’s Limma package. Only significantly 

downregulated kinases are shown. (C) Immunoblot analysis of CDK9, CDK12, CDK13, PTK2B, 

WEE1, AURKA, AURKB and Actin in MOLT4 cells treated with indicated concentrations of 

STT-02-040 for 6 hours.  
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STT-02-052 is a potent BRD4 degrader 

 Encouraged by our ability to employ ZNL-06-031 as a putative E3 ligase-recruiting ligand, 

we next sought to investigate the target scope of ZNL-06-031-mediated degradation beyond 

kinases. As BRD4 has been shown to be highly degradable with multiple reported PROTACs 

(Winter et al., 2017; Zengerle et al., 2015), we conjugated the BET bromodomain inhibitor JQ-1 

to ZNL-06-031 through a PEG2 linker to generate STT-02-052 (Figure 5-2A).  

 We found that STT-02-052 induced potent BRD4 degradation in a dose-dependent manner 

after 5-hour treatment in MOLT4 cells, with degradation observed starting at 50 nM (Figure 5-

2B). At concentrations of 5µM or higher, we observed diminished BRD4 degradation, consistent 

with the hook effect, in which independent engagement of STT-02-052 to BRD4 and its 

corresponding E3 ligase prevents productive ternary complex formation (An and Fu, 2018). To 

broadly assess degrader selectivity, MOLT4 cell lines were treated with 100 nM of STT-02-052 

for 5 hours and an unbiased, multiplexed mass spectrometry-based proteomics analysis was 

performed (Donovan et al., 2018). Of the 6225 proteins identified, BRD3 and BRD4 were revealed 

to be significantly downregulated, while BRD2 was largely spared (Figure 5-2C). As JQ-1 is a 

pan BET bromodomain inhibitor, further investigation will be needed to confirm the selectivity of 

STT-02-052 among the BET family of proteins.  
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Figure 5-2. Characterization of STT-02-052. (A) Chemical structure of STT-02-052. (B) 

Immunoblot analysis of BRD4 and Actin in MOLT4 cells after treatment with STT-02-52 or 

dBET6 at indicated concentrations for 5 hours. (C) Quantitative proteomics profile (6,200 total 

proteins) of MOLT4 cells treated for 5 hours with 100 nM of STT-02-052. Significant changes 

were assessed using a moderated t-test as implemented in Bioconductor’s Limma package. 
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To verify the mechanism of action of STT-02-052, we pre-treated cells with either the 

proteasome inhibitor bortezomib or the NEDD8-activating enzyme E1 (NAE1) inhibitor 

MLN4924, which prevents activation of cullin-RING ligases (CRL). We found that either pre-

treatments prevented BRD4 destabilization (Figure 5-3A), demonstrating that STT-02-052-

induced BRD4 degradation was dependent not only on the ubiquitin-proteasome system (UPS), 

but also CRL activation. In addition, pre-treatment with excess quantities of JQ-1 and ZNL-06-

031 to compete for binding to BRD4 and the E3 ligase, respectively, prevented BRD4 degradation, 

demonstrating that engagement to BRD4 and the E3 ligase was required (Figure 5-3A). Finally, 

we synthesized STT-02-71-2, a noncovalent negative control analogue of STT-02-052 that 

exchanges the electrophilic acrylamide with a propionamide (Figure 5-3B). STT-02-071-2 was 

unable to induce BRD4 downregulation at concentrations up to 10 µM, indicating that STT-02-

052-induced BRD4 degradation was dependent on its electrophile Figure 5-3C).  
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Figure 5-3. Mechanism of action of STT-02-052. (A) Immunoblot analysis of BRD4 and Actin in 

MOLT4 cells pre-treated with bortezomib, MLN4924, JQ-1 and ZNL-06-031 at indicated 

concentrations for 1 hour, followed by 5-hour treatment with 100 nM of STT-02-052. (B) 

Chemical structure of STT-02-071-2. (C) Immunoblot analysis of BRD4 and Actin in MOLT4 

cells treated with STT-02-052 or STT-02-071-2 at indicated concentrations for 5 hours.  
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DCAF11 mediates degradation of ZNL-06-031 conjugated PROTACs 

Having verified that ZNL-06-031 could be successfully incorporated into active PROTACs 

that targeted a diverse set of proteins, we next sought to identify what E3 ligase(s) complexes may 

be responsible. To do so, we carried out a targeted CRISPR screen of ubiquitin ligase component 

(Słabicki et al., 2020). While CRISPR/Cas9-mediated deletion of several genes were able to rescue 

STT-02-052-induced BRD4 degradation, components of the CRL4DCAF11 E3 ligase complex 

(DCAF11, DDB1, CUL4A, CUL4B and RBX1) were enriched/scored highly (Figure 5-4A), 

suggesting that ZNL-06-031 covalently bound to the E3 ligase substrate adaptor DCAF11.  

To further validate the CRISPR screen results, we synthesized STT-03-066, a desthiobitoin 

(DTB)-conjugated analogue of ZNL-06-031 (Figure 5-4B). In MOLT4 lysates, we found that 

STT-03-066 successfully engaged DCAF11, as we achieved robust pulldown at 1 µM after 2-hour 

incubation (Figure 5-4C). To assess the ability of ZNL-06-031 to engage DCAF11 in cells, we 

next performed live cell competitive pulldown assays in MOLT4 cells. Pre-treatment of live 

MOLT4 cells with ZNL-06-031 followed by pulldown of treated lysates with STT-03-066 

demonstrated that ZNL-06-031 could bind to DCAF11 in cells to prevent pulldown by STT-03-

066, with maximal engagement observed between 5 to 10 µM (Figure 5-4D). In addition, the 

reversible control analogue of ZNL-06-031, STT-02-060 (Figure 5-4E), displayed no competition 

with STT-03-066, indicating that the acrylamide of ZNL-06-031 was crucial for DCAF11 

engagement (Figure 5-4D).  
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Figure 5-4. ZNL-06-031 covalently engages DCAF11 to mediate degradation. (A). E3 CRISPR 

screen in K562 cells expressing BD1-pCilantro with 3.3 µM of STT-02-052 for 10 hours.  

CRL4DCAF11 proteins are highlighted in dark black dots. (B) Chemical structure of STT-03-066. 

(C) MOLT4 lysates were incubated with indicated concentrations of STT-03-066 for 2 hours at 

4 °C, followed by streptavidin pulldown and immunoblot analysis of DCAF11. * indicates a 

nonspecific band observed. (D) MOLT4 cells were treated with ZNL-06-031 or STT-02-060 for 2 

hours at indicated concentrations, followed by cell lysis, incubation with STT-03-066 (1 µM) 

overnight at 4 °C, streptavidin pulldown and immunoblot analysis of DCAF11. * indicates a 

nonspecific band observed. (E) Chemical structure of STT-02-060.  
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 As it was possible that DCAF11was engaged by ZNL-06-031 but did not mediate 

degradation of ZNL-06-031 conjugated PROTACs STT-02-040 and STT-02-052, we utilized 

CRISPR/Cas9 editing to generate DCAF11 knockout (KO) MOLT4 cells. Consistent with the 

CRISPR screen and DCAF11 engagement data, STT-02-040 and STT-02-052 both did not induce 

degradation of their respective kinase and bromodomain targets in DCAF11 KO MOLT4 cells 

(Figure 5-5A and 5B). In addition, the anti-proliferative effects of STT-02-052 were dependent 

on DCAF11, as STT-02-052 lost 4 fold potency in DCAF11 KO MOLT4 cells relative to wild-

type (WT) MOLT4 cells, while the negative control analogue STT-02-071-2 displayed similar 

potencies in both cell lines (Figure 5-5C). Overall, the data indicate that ZNL-06-031 conjugated 

PROTACs directly recruit DCAF11 to induce degradation of their respective targets.  
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Figure 5-5. STT-02-040 and STT-02-052 display DCAF11-dependent degradation. (A) 

Immunoblot analysis of CDK9, CDK12, CDK13, PTK2B, WEE1, AURKA, AURKB, DCAF11 

and Actin in wildtype or DCAF11-/- MOLT4 cells treated with indicated concentrations of STT-

02-040 for 6 hours. (B) Immunoblot analysis of BRD4, DCAF11 and Actin in wildtype or 

DCAF11-/- MOLT4 cells treated with indicated concentrations of STT-02-052 for 5 hours. (C) 

Proliferation assays were carried out by treating wildtype or DCAF11-/- MOLT4 cells with 

indicated concentrations of STT-02-052 or STT-02-071-2 for 72 hours. Anti-proliferative effects 

of the compounds were assessed using Cell Titer Glo (Promega) and EC50 values were calculated 

using the Graphpad Prism nonlinear regression curve fit.  
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Development of VHL-based DCAF11 degraders 

 With the development of a DCAF11 binder, we next sought to assess the consequences of 

recruiting DCAF11 to other E3 ligases, as had been previously reported for homo- and hetero-

PROTACs for CRBN and VHL (Girardini et al., 2019; Maniaci et al., 2017; Powell et al., 2021). 

Through the conjugation of ZNL-06-031 with the VHL ligand at two different exit vectors, we 

generated STT-02-049-2 and STT-03-029-3 (Figure 5-6A). Both compounds induced potent 

DCAF11 degradation, but spared VHL protein levels in MOLT4 cells (Figure 5-6B). Further 

mechanistic studies will be necessary in order to validate the mechanism of action of the DCAF11 

degraders.  

 To assess selectivity of the DCAF11 degraders, MOLT4 cells were treated with STT-03-

029-3 for 5 and 16 hours and subjected to an unbiased multiplexed mass spectrometry-based 

proteomics analysis (Donovan et al., 2018). Of ~6300 proteins identified in both analyses, 

DCAF11 was shown to be the most downregulated target (Figure 5-6C and 6D), suggesting STT-

3-029-3 to be a potent DCAF11 degrader. Notably, NMRAL1 and MTPN were both significantly 

downregulated by STT-03-029-3 after 5- and 16-hour treatments, suggesting that these two 

proteins may be potential off-targets of ZNL-06-031. Collectively, we show that DCAF11 is 

susceptible to PROTAC mediated degradation and characterize STT-03-029-3 as a chemical tool 

compound that can be used to explore DCAF11 function. 
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Figure 5-6. Characterization of VHL-DCAF11 PROTACs. (A) Chemical structures of STT-02-

049-2 and STT-03-029-3. Immunoblot analysis of DCAF11, VHL and Actin in MOLT4 cells 

treated with indicated compounds at indicated concentrations for 6 hours. Quantitative proteomics 

profile (6,300 total proteins) of MOLT4 cells treated with 1 µM of STT-03-029-3 for (C) 5 hours 

and (D) 16 hours. Significant changes were assessed using a moderated t-test as implemented in 

Bioconductor’s Limma package. 
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Conclusion 

 The TPD field has expanded exponentially over the past few years, with several PROTACs 

currently in clinical trials. Although different E3 ligase ligands have been reported (Henning et al., 

2022; Hines et al., 2019; Naito et al., 2019; Tong et al., 2020; Zhang et al., 2019b; Zhang et al., 

2021), CRBN- and VHL-recruiting PROTACs continue to dominate the TPD field, highlighting 

the challenges of identifying new E3 ligases for PROTAC development.  

 Here, we address this challenge through the characterization of ZNL-06-031 as a covalent 

DCAF11 ligand. While electrophilic PROTACs acting through DCAF11 have previously been 

reported, these PROTACs only explored the degradation of FKBP12 and androgen receptor at 

single digit µM concentrations (Zhang et al., 2021). Therefore, additional studies to characterize 

the potential of DCAF11-based PROTACs are necessary. Through the development of STT-02-

040, we demonstrate that multiple kinases can be downregulated through DCAF11-mediated 

PROTACs, although the effects were not as robust as observed with CRBN- or VHL-recruiting 

PROTACs. We further characterize STT-02-052, a BRD4 degrader, to illustrate that potent 

PROTACs that display degradation at nanomolar concentrations can be generated through the 

recruitment of DCAF11.  

 Further mechanistic studies are still necessary in order to understand the binding mode of 

ZNL-06-031. As the cysteine that ZNL-06-031 covalently labels has yet to be identified, we are 

currently carrying out chemoproteomics and mutagenesis studies. In addition, structural biology 

efforts are on-going in attempt to obtain a crystal structure of DCAF11, as well as a co-crystal 

structure with either ZNL-06-031 and STT-02-052.  

 In addition to investigating the ability to recruit DCAF11 for PROTAC development, we 

also generated hetero-PROTACs conjugating DCAF11 ligand ZNL-06-031 with the VHL ligand. 
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This effort led to potent DCAF11 degraders, which may be used as a chemical probe to further 

explore pharmacological downregulation of DCAF11 signaling. 
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Materials and methods 

Cell lines. Wildtype or DCAF11-/- MOLT4 cells were cultured in RPMI-1640 media 

supplemented with 10% FBS and 1% penicillin/streptomycin in a 37°C incubator with 5% CO2. 

 

Immunoblots and antibodies. Cells were lysed in M-PER buffer (Thermo Scientific) containing 

protease/phosphatase inhibitor cocktail (Roche). Protein concentration was measured using a BCA 

assay (Pierce). Equivalent amounts of each sample were loaded on 4-12% Bis-Tris gels 

(Invitrogen), transferred to nitrocellulose membranes, and immunoblotted with antibodies against 

CDK9 (Cell Signaling Technology, #2316), CDK12 (Cell Signaling Technology, #11973), 

CDK13 (ThermoFisher, #PA5-67681), PTK2B (Cell Signaling Technology, #3292), WEE1 (Cell 

Signaling Technology, #4936), AURKA (Cell Signaling Technology, #14475), AURKB (Cell 

Signaling Technology, #3094), VHL (Cell Signaling Technology, #68547), Actin (Cell Signaling 

Technology, #3700), BRD4 (Fortis Life Sciences, #A301-985A-M) and DCAF11 (Novus, NBP2-

92244). IRDye®800-labeled goat anti-rabbit IgG and IRDye®680-labeled goat anti-mouse IgG 

(LI-COR) secondary antibodies were used and detected on an Odyssey CLx system. 

 

Proliferation assay. Proliferation assays were performed by treating wildtype or DCAF11-/- 

MOLT4 cells with at the concentrations indicated for 72 h. Anti-proliferative effects of compounds 

were assessed using CellTiter-Glo (Promega). EC50s were calculated with Graphpad Prism 

nonlinear regression curve fit. 

 

Lysate pulldown. Indicated cell lysates were lysed with Pierce™ IP Lysis Buffer (ThermoFisher) 

containing protease/phosphatase inhibitor cocktail (Roche). After clarification (21000 RCF for 15 
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minutes), lysates were incubated with indicated concentrations of STT-03-066 at 4 °C for 2 hours, 

using 500 µg of lysates per sample. Lysates were then incubated with Dynabeads™ MyOne™ 

Streptavidin C1 (40 µL, ThermoFisher) for 1.5 hours at 4 °C. Beads were washed with IP lysis 

buffer four times and boiled at 95 °C for 5 minutes in 50 µL of 2× lithium dodecyl sulfate 

(LDS) + 5% β-mercaptoethanol. Lysates were probed for specified proteins by immunoblotting.  

 

Cellular target engagement and competition with STT-03-066. 10 x 106 MOLT4 cells were 

plated in 3 mL of media. Cells were treated with DMSO or indicated concentrations of ZNL-06-

031 for 2 hours. Cells were then lysed with 230 µL of Pierce™ IP Lysis Buffer (ThermoFisher) 

containing protease/phosphatase inhibitor cocktail (Roche). After clarification (21000 RCF for 15 

minutes), 10 µL of each sample was combined with with 4× LDS + 10% β-mercaptoethanol (ratio 

3:1), boiled for 5 min and set aside for input loading control (later to be loaded directly on the gel). 

Then, 200 μl of each lysate sample was incubated with 1 µM of STT-03-066 overnight  at 4 °C 

and processed as described in the lysate pulldown protocol.  

 

BISON CRISPR – BRD4(BD) stability reporter screen. The BISON CRISPR library targets 

713 E1, E2, and E3 ubiquitin ligases, deubiquitinases, and control genes and contains 2,852 

guide RNAs. It was cloned into the pXPR003 as previously described by the Broad Institute 

Genome Perturbation Platform (GPP). The virus for the library was produced in a T-175 flask 

format, as described above with the following adjustments: 1.8 × 107 HEK293T cells in 25 mL 

complete DMEM medium, 244 μL of TransIT-LT1, 5 mL of OPTI-MEM, 32 μg of library, 40 

μg psPAX2, and 4 μg pVSV-G in 1 mL OPTI-MEM. 10% (v/v) of BISON CRISPR library was 

infected to 2 × 106 of K562Cas9 cells that has previously transduced with BRD4(BD1)eGFP or 
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BRD4(BD2)eGFP stability reporter. Nine days later cells were treated with 3 µM STT-02-052 or 

DMSO for 16 hours and the BRD4(BD) stable population were separated using fluorescence 

activated cell sorting. Two populations were collected (top 5% and lowest 5%) based on the 

BRD4(BD)eGFP to mCherry mean fluorescent intensity (MFI) ratio on MA900 Cell Sorter (Sony). 

Sorted cells were harvested by centrifugation and resuspended in multiple direct lysis buffer 

reactions (1 mM CaCl2, 3 mM MgCl2, 1 mM EDTA, 1% Triton X-100, Tris pH 7.5 - with 

freshly supplemented 0.2 mg/mL Proteinase) with 1×106 cells per 100 µL reaction. The sgRNA 

sequence was amplified in a first PCR reaction with eight staggered forward primers. 20 µL of 

direct lysed cells was mixed with 0.04U Titanium Taq (Takara Bio 639210), 0.5 x Titanium Taq 

buffer, 800 µM dNTP mix, 200 nM SBS3-Stagger-pXPR003 forward primer, 200 nM SBS12-

pXPR003 reverse primer in a 50 µL reaction (cycles: 5 minutes at 94°C, 15 x (30 sec at 94°C, 15 

sec at 58°C, 30 sec at 72°C), 2 minutes at 72°C). 2 µL of the first PCR reaction was used as the 

template for 15 cycles of the second PCR, where Illumina adapters and barcodes were added 

(0.04U Titanium Taq, 1 x Titanium Taq buffer, 800 µM dNTP mix, 200 nM P5-SBS3 forward 

primer, 200 nM P7-barcode-SBS12 reverse primer). An equal amount of all samples was pooled 

and subjected to preparative agarose electrophoresis followed by gel purification (Qiagen). 

Eluted DNA was further purified by NaOAc and isopropanol precipitation. Amplified sgRNAs 

were quantified using Illumina NextSeq platform (Genomics Platform, Broad Institute). Read 

counts for all guides targeting the same gene were used to generate p-values. The screen was 

analyzed by comparing stable populations (top 5% eGFP/mCherry expression) to unstable 

populations (lowest 5% eGFP/mCherry expression). Hits enriched in BRD4(BD) stable 

population with FDR < 0.05 are labelled on the plot. 
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Generation of DCAF11 knockout cells. DCAF11 knockouts were generated in MOLT4 cells via 

CRISPR-Cas9 editing. ALT-R CRISPR RNA (crRNA) and trans-activating CRISPR RNA 

(tracrRNA) (Integrated DNA Technologies) were resuspended in nuclease-free duplex buffer 

 At final at a final concentration of 100 µM. Equal volumes of crRNA and tracrRNA were mixed 

and heated for 5 min at 95 °C. After heating, the complex was gradually cooled to room 

temperature. The oligo complex was then incubated at room temperature for 20 min with Cas9 

Nuclease V3 (Integrated DNA Technologies) to form the ribonucleoprotein complex. 

Subsequently, the RNP complex and an electroporation enhancer (IDT) were co-electroporated 

into MOLT4 cells using the Neon Electroporator (ThermoFisher). Cells were seeded into media 

with HDR enhancer (Integrated DNA Technologies). Subsequently, single cells were isolated via 

FACS sorting and DCAF11 levels were analyzed immunoblot analysis.  

Proteomics. MOLT4 cells were treated with STT-02-040 (1 µM, 6 hours), STT-02-052 (100 nM, 

5 hours) and STT-03-029-3 (1 µM, 5 and 16 hours). Cell lysis and Tandem Mass Tagged (TMT) 

tryptic peptides were prepared for LC-MS analysis following procedures previously reported 

(Donovan et al., 2018). 

Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo Fisher 

Scientific). Peptides were separated on a 50 cm 75 μm inner diameter EasySpray ES903 

microcapillary column (Thermo Fisher Scientific) using a 190 min gradient of 6 - 27% acetonitrile 

in 1.0% formic acid with a flow rate of 300 nL/min. 

Each analysis used a MS3-based TMT method as described previously (McAlister et al., 2014).  

The data were acquired using a mass range of m/z 340 – 1350, resolution 120,000, AGC target 5 

× 105, maximum injection time 100 ms, dynamic exclusion of 120 s for the peptide measurements 
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in the Orbitrap. Data dependent MS2 spectra were acquired in the ion trap with a normalized 

collision energy (NCE) set at 35%, AGC target set to 1.8 × 104 and a maximum injection time of 

120 ms. MS3 scans were acquired in the Orbitrap with HCD collision energy set to 55%, AGC 

target set to 2 × 105, maximum injection time of 150 ms, resolution at 50,000 and with a maximum 

synchronous precursor selection (SPS) precursors set to 10. 

Proteome Discoverer 2.4 (Thermo Fisher Scientific) was used for .RAW file processing and 

controlling peptide and protein level false discovery rates, assembling proteins from peptides, and 

protein quantification from peptides. MS/MS spectra were searched against a Swissprot human 

database (February 2020) with both the forward and reverse sequences as well as known 

contaminants such as human keratins. Database search criteria were as follows: tryptic with two 

missed cleavages, a precursor mass tolerance of 20 ppm, fragment ion mass tolerance of 0.6 Da, 

static alkylation of cysteine (57.02146 Da), static TMT labeling of lysine residues and N-termini 

of peptides (229.16293 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. The peptide spectral matches with poor quality MS3 spectra were 

excluded from quantitation (summed signal-to-noise across channels < 100 and precursor isolation 

specificity < 0.5), and the resulting data was filtered to only include proteins with a minimum of 2 

unique peptides quantified. Reporter ion intensities were normalized and scaled using in-house 

scripts in the R framework (Team, 2014). Statistical analysis was carried out using the limma 

package within the R framework (Ritchie et al., 2015).  
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General Chemistry Methods. Analytical grade solvents and commercially available reagents 

were purchased from commercial sources and used directly without further purification unless 

otherwise stated. Thin-layer chromatography (TLC) was carried out on Merck 60 F254 precoated, 

glass silica plates which were visualized by ultraviolet light. Experiments were conducted under 

ambient conditions unless otherwise stated. 1H-NMR, 13C-NMR, and 19F-NMR spectra were 

recorded at room temperature using a Bruker 500 (1H-NMR at 500 MHz, 13C-NMR at 125 MHz, 

and 19F-NMR at 471 MHz). Chemical shifts are reported in ppm with reference to solvent signals 

[1H-NMR: CDCl3 (7.26 ppm), DMSO-d6 (2.50 ppm); 13C-NMR: CDCl3 (77.16 ppm), DMSO-d6 

(39.52 ppm)]. Signal patterns are indicated as s, singlet; br s, broad singlet; d, doublet; t, triplet, q, 

quartet; p, pentet; and m, multiplet. Mass spectrometry (MS) analysis was obtained on a Waters 

Acquity UPLC-MS system using electrospray ionization (ESI) in positive ion mode, reporting the 

molecular ion [M+H]+ , [M+Na]+ , or a suitable fragment ion. Flash chromatography purification 

was conducted using an ISCO CombiFlash RF+ with RediSep Rf silica cartridges. Preparative 

reverse-phase HPLC purification was conducted using a Waters model 2545 pump and 2489 

UV/Vis detector using SunFire Prep C18 5 µm columns (18x100 mm, 20 mL/min flow rate; 

30x250 mm, 40 mL/min flow rate), and a gradient solvent system of water (0.035% 

TFA)/methanol (0.035% TFA) or water (0.035% TFA)/acetonitrile (0.035% TFA). 

Abbreviations. DCM, dichloromethane; DIPEA, diisopropylethylamine; DMF, N,N-

dimethylformamide; DMSO, dimethyl sulfoxide; EtOAc, ethyl acetate; HATU,  

hexafluorophosphate azabenzotriazole tetramethyl uronium; HPLC, high-performance liquid 

chromatography; MeCN, acetonitrile; MeOH, methanol; TEA, triethylamine; TFA, trifluoroacetic 

acid; UPLC-MS, ultra-performance liquid chromatography-mass spectrometry; 
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Experimental procedures and characterization 

Synthesis of ZNL-06-031 and STT-02-060 

 

 

Methyl 3-amino-5-(1-methyl-1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate 

 

To a solution of methyl 3-amino-5-bromothiophene-2-carboxylate (500 mg, 2.12 mmol, 1 eq) in 

degassed 1,4-dioxane (10 mL) and water (2.5 mL), 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-1,2,3,6-tetrahydropyridine (520 mg, 2.33 mmol, 1.1 eq), potassium carbonate 

(673 mg, 4.87 mmol, 2.3 eq) and tetrakis(triphenylphosphine)palladium(0) (122 mg, 0.106 mmol, 

0.05 eq) were added under inert atmosphere.  The reaction mixture was stirred for 16 hours at 

90 °C.  The reaction was then cooled and suspended in brine and ethyl acetate. The organic layer 

was dried over NaSO4, filtered, and concentrated in vacuo. The crude material was purified via 

silica gel chromatography (20% to 70% ethyl acetate/hexanes) to afford the title compound as a 

dark orange oil (310 mg, 58% yield). LCMS (ESI) calculated for [M+H]+ 253.09, found 253.11. 
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Tert-butyl 4-(4-amino-5-(methoxycarbonyl)thiophen-2-yl)-3,6-dihydropyridine-1(2H)-

carboxylate 

 

To a solution of methyl 3-amino-5-bromothiophene-2-carboxylate (1.25 g, 5.29 mmol, 1 eq) in 

degassed 1,4-dioxane (15 mL) and water (3.8 mL), tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-3,6-dihydropyridine-1(2H)-carboxylate (1.8 g, 5.82 mmol, 1.1 eq), potassium 

carbonate (1.68 g, 12.2 mmol, 2.3 eq) and tetrakis(triphenylphosphine)palladium(0) (306 mg, 

0.265 mmol, 0.05 eq) were added under inert atmosphere.  The reaction mixture was stirred for 16 

hours at 90 °C.  The reaction was then cooled and suspended in brine and ethyl acetate. The organic 

layer was dried over NaSO4, filtered, and concentrated in vacuo. The crude material was purified 

via silica gel chromatography (20% to 70% ethyl acetate/hexanes) to afford the title compound as 

a dark orange oil (871 mg, 49% yield). LCMS (ESI) calculated for [M+H]+ 339.13, found 339.10. 

 

Methyl 3-acrylamido-5-(1-methyl-1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate 

(ZNL-06-031) 
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A solution of methyl 3-amino-5-(1-methyl-1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-

carboxylate (30 mg, 0.119 mmol, 1 eq) and triethylamine (24.9 µL, 0.178 mmol, 1.5 eq) in 

dichloromethane (0.5 mL) was cooled to 0 °C.  After the dropwise addition of acryloyl chloride 

(14.5 µL, 0.178 mmol, 1.5 eq), the reaction was stirred overnight and allowed to warm to room 

temperature.  The reaction mixture was then suspended in brine and dichloromethane. The organic 

layer was dried over NaSO4, filtered, and concentrated in vacuo. The crude oil was then diluted 

with 1.0 mL of dimethyl sulfoxide and purified by reverse-phase prep HPLC (95 to 15% 

H2O/MeOH, 40 mL/min, 45 min). Lyophilization from H2O/MeCN provided the title compound 

as a white powder (16.7 mg, 31% yield TFA salt). LCMS (ESI) calculated for [M+H]+ 307.10, 

found 307.01. 

 

Tert-butyl 4-(4-acrylamido-5-(methoxycarbonyl)thiophen-2-yl)-3,6-dihydropyridine-1(2H)-

carboxylate 

 

A solution of tert-butyl 4-(4-amino-5-(methoxycarbonyl)thiophen-2-yl)-3,6-dihydropyridine-

1(2H)-carboxylate (400 mg, 1.18 mmol, 1 eq) and triethylamine (247 µL, 1.77 mmol, 1.5 eq) in 

dichloromethane (5 mL) was cooled to 0 °C.  After the dropwise addition of acryloyl chloride (144 

µL, 1.77 mmol, 1.5 eq), the reaction was stirred overnight and allowed to warm to room 

temperature.  The reaction mixture was then suspended in brine and dichloromethane. The organic 
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layer was dried over NaSO4, filtered, and concentrated in vacuo. The crude material was purified 

via silica gel chromatography (20% to 70% ethyl acetate/hexanes) to afford the title compound as 

a yellow oil (270 mg, 58.2% yield). LCMS (ESI) calculated for [M+H]+ 393.14, found 393.09. 

 

Tert-butyl 4-(5-(methoxycarbonyl)-4-propionamidothiophen-2-yl)-3,6-dihydropyridine-

1(2H)-carboxylate 

 

A solution of tert-butyl 4-(4-amino-5-(methoxycarbonyl)thiophen-2-yl)-3,6-dihydropyridine-

1(2H)-carboxylate (150 mg, 0.443 mmol, 1 eq) and triethylamine (90 µL, 0.665 mmol, 1.5 eq) in 

dichloromethane (1.7 mL) was cooled to 0 °C.  After the dropwise addition of propionyl chloride 

(58 µL, 0.665 mmol, 1.5 eq), the reaction was stirred overnight and allowed to warm to room 

temperature.  The reaction mixture was then suspended in brine and dichloromethane. The organic 

layer was dried over NaSO4, filtered, and concentrated in vacuo. The crude material was purified 

via silica gel chromatography (10% to 70% ethyl acetate/hexanes) to afford the title compound as 

a clear yellow oil (111 mg, 63.6% yield). LCMS (ESI) calculated for [M+H]+ 395.16, found 395.12. 

 

 

 

 



188 
 

Methyl 3-acrylamido-5-(1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate 

 

A solution of tert-butyl 4-(4-acrylamido-5-(methoxycarbonyl)thiophen-2-yl)-3,6-

dihydropyridine-1(2H)-carboxylate (270 mg, 0.688 mmol, 1 eq) in dichloromethane (2.75 mL) 

and trifluoracetic acid (0.68 mL) was stirred at room temperature for 1 hour. The reaction mixture 

was concentrated to provide the titled compound as a dark brown oil (245 mg, 89% yield TFA 

salt). The product was shown pure via mass spec, LCMS (ESI) calculated for [M+H]+ 293.08, 

found 293.05. 

 

Methyl 3-propionamido-5-(1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate 

 

A solution of tert-butyl 4-(5-(methoxycarbonyl)-4-propionamidothiophen-2-yl)-3,6-

dihydropyridine-1(2H)-carboxylate (100 mg, 0.253 mmol, 1 eq) in dichloromethane (1.00 mL) 

and trifluoracetic acid (0.250 mL) was stirred at room temperature for 1 hour. The reaction mixture 

was concentrated to provide the titled compound as a dark brown oil (95 mg, 92% yield TFA salt). 

The product was shown pure via mass spec, LCMS (ESI) calculated for [M+H]+ 295.10, found 

295.08. 
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Methyl 3-propionamido-5-(1-propionyl-1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-

carboxylate (STT-02-060) 

 

A solution of methyl 3-propionamido-5-(1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate 

(20 mg, 0.067 mmol, 1 eq) and triethylamine (29 µL, 0.201 mmol, 3 eq) in dichloromethane (1.0 

mL) was cooled to 0 °C.  After the dropwise addition of propionyl chloride (9.2 µL, 0.1 mmol, 1.5 

eq), the reaction was stirred overnight and allowed to warm to room temperature.  The reaction 

mixture was then suspended in brine and dichloromethane. The organic layer was dried over 

NaSO4, filtered, and concentrated in vacuo. The crude material was diluted in 1 mL of dimethyl 

sulfoxide and purified by reverse-phase prep HPLC (95 to 15% H2O/MeOH, 40 mL/min, 45 min). 

Lyophilization from H2O/MeCN provided the title compound as a white powder (10.5 mg, 45% 

yield). 

 

Synthesis of STT-02-040 
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5-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-2-

yl)amino)phenyl)piperazin-1-yl)pentanal 

 

To a solution of 5-chloro-N4-(2-(isopropylsulfonyl)phenyl)-N2-(4-(piperazin-1-

yl)phenyl)pyrimidine-2,4-diamine (100 mg, 0.166 mmol, 1 eq) in acetonitrile (1.6 mL), potassium 

carbonate (68.7 mg, 0.598 mmol, 3 eq) and 2-(4-bromobutyl)-1,3-dioxolane (41.6 mg, 0.199 mmol, 

1.2 eq) were added. The mixture was then heated to 80 °C and stirred for 16 hours.  Upon cooling 

to room temperature, the reaction was concentrated then diluted with brine and dichloromethane. 

The organic layer was dried over NaSO4, filtered, and concentrated to provide a clear yellow oil 

(90 mg).  The SN2 product was shown as the major component via mass spec: LCMS (ESI) 

calculated for [M+H]+ 615.24, found 615.20. The crude product was moved forward without 

purification. 

To a solution of 15 mg of crude residue in dichloromethane (0.2 mL), trifluoracetic acid (0.2 mL) 

was added. The reaction mixture was heated to 35 °C and stirred for 2 hours. The reaction mixture 

was concentrated to provide the titled compound as a yellow oil (12.2 mg, 90% yield). The product 

was shown as the major component via mass spec, LCMS (ESI) calculated for [M+H]+ 571.22, 

found 571.12, and moved on to the next step without purification. 
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Methyl 3-acrylamido-5-(1-(5-(4-(4-((5-chloro-4-((2-

(isopropylsulfonyl)phenyl)amino)pyrimidin-2-yl)amino)phenyl)piperazin-1-yl)pentyl)-

1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate STT-02-040 

 

To a solution of solution of 5-(4-(4-((5-chloro-4-((2-(isopropylsulfonyl)phenyl)amino)pyrimidin-

2-yl)amino)phenyl)piperazin-1-yl)pentanal (12.0 mg, 0.021 mmol, 1 eq) in dichloromethane (0.5 

mL), triethylamine (7.3 µL, 0.058 mmol, 2.5 eq) and methyl 3-acrylamido-5-(1,2,3,6-

tetrahydropyridin-4-yl)thiophene-2-carboxylate (6 mg, 0.021 mmol, 1 eq) were added.  After 

stirring the mixture at room temperature for 1 minute, sodium triacetoxyborohydride (6.6 mg, 

0.032 mmol, 1.5 eq) was added.  After 1 hour of stirring, the reaction mixture was evaporated then 

diluted with 1.0 mL of dimethyl sulfoxide and purified by reverse-phase prep HPLC (95 to 15% 

H2O/MeOH, 40 mL/min, 45 min). Lyophilization from H2O/MeCN provided the title compound 

as a yellow powder (3.07 mg, 17% yield TFA salt). 

1H NMR (500 MHz, DMSO) δ 10.20 (s, 1H), 10.01 – 9.74 (m, 2H), 9.63 – 9.34 (m, 2H), 8.65 (s, 

1H), 8.26 (s, 1H), 8.06 (s, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.75 (t, J = 8.1 Hz, 1H), 7.50 (d, J = 8.5 

Hz, 2H), 7.38 (t, J = 7.7 Hz, 1H), 6.96 (d, J = 9.0 Hz, 2H), 6.61 (dd, J = 16.9, 10.3 Hz, 1H), 6.45 

– 6.28 (m, 2H), 5.90 (d, J = 11.7 Hz, 1H), 4.04 (s, 1H), 3.92 – 3.81 (m, 3H), 3.80 – 3.73 (m, 2H), 

3.20 – 3.16 (m, 5H), 2.96 (s, 2H), 2.83 (s, 2H), 2.54 (s, 3H), 1.74 (s, 6H), 1.39 (s, 2H 

), 1.18 (d, J = 6.7 Hz, 6H). LCMS (ESI) calculated for [M+H]+ 847.31, found 847.21. 
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Synthesis of STT-02-052 and STT-02-071-2 

 

 

(S)-3-(2-(2-(2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-f][1,2,4]triazolo[4,3-

a][1,4]diazepin-6-yl)acetamido)ethoxy)ethoxy)propanoic acid 

 

To a solution of commercially available (S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-

f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetic acid (50 mg, 0.124 mmol, 1 eq) in N, N-

dimethylformamide (1 mL), disopropylamine (77 µL, 0.434 mmol, 3.5 eq) and HATU (56 mg, 

0.148 mmol, 1.2 eq) were added.  After stirring the mixture at room temperature for 5 minutes, 

tert-butyl 3-(2-(2-aminoethoxy)ethoxy)propanoate (31 mg, 0.137 mmol, 1.1 eq) was added. After 

1 hour of stirring, the reaction mixture was suspended in brine and ethyl acetate. The organic layer 

was dried over NaSO4, filtered, and concentrated to provide a yellow oil (58 mg).  The amide 

product was shown as the major component via mass spec: LCMS (ESI) calculated for [M+H]+ 

616.23, found 616.20. The crude product was moved forward without purification. 

To a solution of 58 mg of crude residue in dichloromethane (0.5 mL), trifluoracetic acid (0.125 

mL) was added. The reaction mixture was stirred at room temperature for 2 hours. The reaction 
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mixture was concentrated to provide the titled compound as a dark brown oil (40 mg, 90% yield). 

The product was shown as the major component via mass spec, LCMS (ESI) calculated for [M+H]+ 

560.17, found 560.12, and moved on to the next step without purification. 

 

Methyl (S)-3-acrylamido-5-(1-(3-(2-(2-(2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-

f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetamido)ethoxy)ethoxy)propanoyl)-1,2,3,6-

tetrahydropyridin-4-yl)thiophene-2-carboxylate (STT-02-052) 

 

To a solution of (S)-3-(2-(2-(2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-

f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetamido)ethoxy)ethoxy)propanoic acid (10 mg, 0.018 

mmol, 1 eq) in dimethyl sulfoxide (1 mL), disopropylamine (11 µL, 0.063 mmol, 3.5 eq) and 

HATU (8.2 mg, 0.021 mmol, 1.2 eq) were added.  After stirring the mixture at room temperature 

for 5 minutes, methyl 3-acrylamido-5-(1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate (6 

mg, 0.020 mmol, 1.1 eq) was added. After 1 hour of stirring, the reaction mixture was purified by 

reverse-phase prep HPLC (95 to 15% H2O/MeOH, 40 mL/min, 45 min). Lyophilization from 

H2O/MeCN provided the title compound as a yellow powder (5.12 mg, 34% yield). 

1H NMR (500 MHz, DMSO) δ 10.17 (s, 1H), 8.25 (t, J = 5.3 Hz, 1H), 7.96 (d, J = 8.3 Hz, 1H), 

7.48 – 7.40 (m, 4H), 6.58 (dd, J = 16.8, 10.3 Hz, 1H), 6.36 (d, J = 11.1 Hz, 1H), 6.30 (dt, J = 17.0, 
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1.5 Hz, 1H), 5.87 (dd, J = 10.2, 1.5 Hz, 1H), 4.51 (dd, J = 8.2, 6.0 Hz, 1H), 4.21 – 4.11 (m, 2H), 

3.83 (s, 3H), 3.68 – 3.62 (m, 5H), 3.53 (d, J = 5.0 Hz, 4H), 3.45 (t, J = 5.8 Hz, 2H), 3.32 – 3.17 

(m, 5H), 2.70 – 2.61 (m, 2H), 2.59 (s, 3H), 2.40 (s, 3H), 1.64 – 1.59 (m, 3H). LCMS (ESI) 

calculated for [M+H]+ 834.24, found 834.14. 

 

Methyl (S)-5-(1-(3-(2-(2-(2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-

f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetamido)ethoxy)ethoxy)propanoyl)-1,2,3,6-

tetrahydropyridin-4-yl)-3-propionamidothiophene-2-carboxylate (STT-02-071-2) 

 

To a solution of (S)-3-(2-(2-(2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thieno[3,2-

f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetamido)ethoxy)ethoxy)propanoic acid (10 mg, 0.018 

mmol, 1 eq) in dimethyl sulfoxide (1 mL), disopropylamine (11 µL, 0.063 mmol, 3.5 eq) and 

HATU (8.2 mg, 0.021 mmol, 1.2 eq) were added.  After stirring the mixture at room temperature 

for 5 minutes, methyl 3-propionamido-5-(1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate 

(5.6 mg, 0.020 mmol, 1.1 eq) was added. After 1 hour of stirring, the reaction mixture was purified 

by reverse-phase prep HPLC (95 to 15% H2O/MeOH, 40 mL/min, 45 min). Lyophilization from 

H2O/MeCN provided the title compound as a yellow powder (4.91 mg, 32% yield). LCMS (ESI) 

calculated for [M+H]+ 836.26, found 836.21, 
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Synthesis of STT-03-029-3 

 

 

4-(2-(((2S,4R)-1-((S)-2-(1-fluorocyclopropane-1-carboxamido)-3,3-dimethylbutanoyl)-4-

hydroxypyrrolidine-2-carboxamido)methyl)-5-(4-methylthiazol-5-yl)phenoxy)butanoic acid 

 

To a solution of commercially available (2S,4R)-1-((S)-2-(1-fluorocyclopropane-1-carboxamido)-

3,3-dimethylbutanoyl)-4-hydroxy-N-(2-hydroxy-4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-

carboxamide (80 mg, 0.150 mmol, 1 eq), in dimethylformamide (1.0 mL), potassium carbonate 

(51.8 mg, 0.375 mmol, 2.5 eq) and tert-butyl 4-bromobutanoate (40.0 mg, 0.18 mmol, 1.2 eq) were 

added. The mixture was then heated to 70 °C and stirred for 16 hours. Upon cooling to room 

temperature, the reaction was concentrated then diluted with brine and dichloromethane. The 

organic layer was dried over NaSO4, filtered, and concentrated in vacuo. The crude material was 

purified via silica gel chromatography (0% to 10% methanol/dichloromethane) to afford the ester 
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intermediate as a clear oil (80 mg, 79% yield). LCMS (ESI) calculated for [M+H]+ 675.31, found 

675.26.  

A solution of the ester intermediate (80 mg, .119 mmol, 1 eq) in dichloromethane (0.50 mL) and 

trifluoracetic acid (0.12 mL) was stirred for 2 hours. The reaction mixture was concentrated to 

provide the titled compound as a yellow oil (65 mg, 88% yield). LCMS (ESI) calculated for 

[M+H]+ 619.25, found 619.21. 

 

Methyl 3-acrylamido-5-(1-(4-(2-(((2S,4R)-1-((S)-2-(1-fluorocyclopropane-1-carboxamido)-

3,3-dimethylbutanoyl)-4-hydroxypyrrolidine-2-carboxamido)methyl)-5-(4-methylthiazol-5-

yl)phenoxy)butanoyl)-1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate (STT-03-029-

3) 

 

To a solution of 4-(2-(((2S,4R)-1-((S)-2-(1-fluorocyclopropane-1-carboxamido)-3,3-

dimethylbutanoyl)-4-hydroxypyrrolidine-2-carboxamido)methyl)-5-(4-methylthiazol-5-

yl)phenoxy)butanoic acid (10 mg, 0.016 mmol, 1 eq) in dimethyl sulfoxide (1 mL), 

disopropylamine (10 µL, 0.056 mmol, 3.5 eq) and HATU (7.3 mg, 0.021 mmol, 1.2 eq) were added. 

After stirring the mixture at room temperature for 5 minutes, methyl 3-acrylamido-5-(1,2,3,6-

tetrahydropyridin-4-yl)thiophene-2-carboxylate (5.1 mg, 0.018 mmol, 1.1 eq) was added. After 1 
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hour of stirring, the reaction mixture was purified by reverse-phase prep HPLC (95 to 15% 

H2O/MeOH, 40 mL/min, 45 min). Lyophilization from H2O/MeCN provided the title compound 

as a white powder (3.9 mg, 27% yield). LCMS (ESI) calculated for [M+H]+ 893.33, found 893.29. 

 

Synthesis of STT-03-066 

 

 

Methyl 3-acrylamido-5-(1-(2-(2-(2-(6-((4R,5S)-5-methyl-2-oxoimidazolidin-4-

yl)hexanamido)ethoxy)ethoxy)acetyl)-1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-

carboxylate (STT-03-066) 

 

To a solution of 2-(2-(2-(6-((4R,5S)-5-methyl-2-oxoimidazolidin-4-

yl)hexanamido)ethoxy)ethoxy)acetic acid (10 mg, 0.028 mmol, 1 eq) in dimethyl sulfoxide (1 mL), 

disopropylamine (18 µL, 0.097 mmol, 3.5 eq) and HATU (12.8 mg, 0.034 mmol, 1.2 eq) were 
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added.  After stirring the mixture at room temperature for 5 minutes, methyl 3-acrylamido-5-

(1,2,3,6-tetrahydropyridin-4-yl)thiophene-2-carboxylate (9 mg, 0.031 mmol, 1.1 eq) was added. 

After 1 hour of stirring, the reaction mixture was purified by reverse-phase prep HPLC (95 to 15% 

H2O/MeOH, 40 mL/min, 45 min). Lyophilization from H2O/MeCN provided the title compound 

as a white powder (6.22 mg, 35% yield). LCMS (ESI) calculated for [M+H]+ 633.28, found 633.31 
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Chapter 6: Conclusions 
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 While the field of targeted protein degradation has grown exponentially over the past few 

years, with numerous PROTACs being discovered at a rapid pace, the field remains in its infancy. 

The first PROTAC to reach clinical trials, ARV-110, has demonstrated promising Phase I results 

(Petrylak et al., 2020), but further investigations are required to solidify PROTACs as a viable 

therapeutic modality. In addition, PROTAC design and synthesis are largely empirical, as several 

challenges remain in predicting the compatibility of the target of interest with the recruited E3 

ligase for productive ternary complex formation. Even with the discovery of E3 ligase ligands, the 

E3 ligase might not be suitable for PROTAC development, as demonstrated by DCAF15 (Faust et 

al., 2020). The main drivers of productive ternary complex formation also seem to vary among 

different target/E3 ligase pairs, with some relying on the binding affinities of the two recruiting 

moieties, while others rely on cooperative protein-protein interactions induced by the degraders 

(Donovan et al., 2020). Finally, the different target scopes of matched pairs of CRBN vs. VHL-

recruiting kinase PROTACs suggest that different E3 ligases preferentially degrade different 

proteins (Donovan et al., 2020), indicating the need to expand the E3 ligase toolbox. Thus, more 

efforts are needed to address the challenges that come with PROTAC development.  

 Although several studies querying the degradable kinome have been reported (Donovan et 

al., 2020; Huang et al., 2018), AKT remained an elusive kinase to degrade. Chapter 2 of this thesis 

reports the characterization of two pan-AKT degraders, INY-03-041 and INY-05-040. Durable 

and prolonged inhibition of downstream signaling was observed with both degraders in vitro, even 

after compound washout, exemplifying the potential to uncouple pharmacodynamics from 

pharmacokinetics through PROTAC technology. Combining multi-omics profiling with 

computational network modeling, we further characterize INY-05-040 and establish low baseline 

JNK signaling as a biomarker for breast cancer sensitivity to AKT degradation, but not catalytic 
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inhibition. While INY-03-041 and INY-05-040 displayed favorable pharmacokinetic properties, 

they suffered from dose-limiting toxicities in mice, stalling in vivo studies. MS21, a pan-AKT 

degrader based on the AKT inhibitor AZD5363, has recently been reported to be well tolerated in 

mice, demonstrating in vivo AKT degradation (Xu et al., 2021). Therefore, additional medicinal 

chemistry efforts are likely needed to investigate GDC-0068-based AKT degraders in vivo, as well 

as explore the therapeutic potential of AKT degradation.  

 In Chapter 3, we investigate potential non-catalytic functions of ERK5 through the 

development of INY-06-061, a potent and selective ERK5 degrader. The use of nonselective ERK5 

inhibitors has muddied ERK5 literature, which is further complicated by the discrepancies 

observed between ERK5 kinase inhibition and genetic ERK5 ablation. As non-catalytic functions 

of ERK5 have been suggested to drive proliferative or inflammatory phenotypes associated with 

ERK5, we employ PROTAC technology to abrogate potential scaffolding functions of ERK5. 

Consistent with DepMap, which indicate a lack of ERK5 dependency for cell proliferation, 

pharmacological degradation of ERK5 did not induce potent anti-proliferative effects in a panel of 

750 cancer cell lines, at least at basal conditions. Moreover, INY-06-061 did not reduce cytokine 

secretion of IL-6 and IL-8 in endothelial cells upon inflammatory stimulation. While our study 

indicates that pharmacological degradation of ERK5 does not inhibit cellular immune response or 

proliferation, further investigation will be required to probe ERK5 function.  

 While Chapter 2 and 3 emphasize expanding the degradable target space of CRBN- and 

VHL-based PROTACs, Chapter 4 shifts focus to the neo-substrate specificity of PROTACs. 

IMiDs have the potential to retain their abilities to degrade neo-substrates, even when chemically 

conjugated as PROTACs. As degradation of neo-substrates are often considered off-targets, 

medicinal chemistry efforts are often carried out to engineer out the activities of IMiDs. However, 
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we demonstrate that we can exploit the activities of the E3 ligase ligands to synergistically target 

multiple proteins with one compound. Through the conjugation of palbociclib, an FDA-approved 

CDK4/6 inhibitor, with DKY709, a novel IMiD-based Helios degrader, we report the development 

of ALV-07-082-03. Pharmacological co-degradation of CDK4, CDK6 and Helios resulted in 

potent downstream signaling and proliferation in cancer cells, as well as enhanced derepression of 

IL-2 secretion. Thus, not only do we demonstrate the possibility of rationally redirecting neo-

substrate specificity of PROTACs, but we also take advantage of the neo-substrate specificity of 

alternative CRBN ligands to explore potential synergistic effects of co-targeting CDK4, CDK6 

and Helios.  

 In Chapter 5, we explore the potential of DCAF11-based PROTACs. While DCAF11 has 

previously been reported to support targeted protein degradation, it remained unclear if DCAF11 

could be utilized as a general E3 ligase for PROTAC development. Through the identification of 

ZNL-06-031 as a covalent DCAF11 binder, we further investigate the target scope of DCAF11-

based PROTACs. Generation of STT-02-040, a promiscuous DCAF11-based kinase degrader, 

demonstrate that multiple kinases can be degraded through DCAF11 recruitment, although the 

effects were not as robust as with CRBN- or VHL-based PROTACs. While STT-02-052, a potent 

BRD4 degrader, suggests that potent PROTACs that induce degradation at nanomolar 

concentrations can be generated, further optimizations to improve the selectivity and potency of 

ZNL-06-031 are required. To date, several novel covalent E3 ligase ligands have been identified 

and incorporated into PROTACs. However, no advantages of electrophilic PROTACs have been 

reported to date, especially due to the weak binding potencies of reported ligands. Therefore, ZNL-

06-031 may provide an opportunity to not only explore the degradable target space of DCAF11-
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recruiting PROTACs, but also investigate potential advantages of covalently binding to the E3 

ligase.  

 In summary, there are many factors to consider, such as compatibility of the target and E3 

ligase, when developing PROTACs. This thesis not only highlights the different features of 

PROTACs that can be modified, but also reports the development of various PROTACs to expand 

the degradable target space and E3 ligase toolbox.  
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