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Abstract 

Targeted protein degradation is a rapidly exploding drug discovery strategy which uses small molecules 

to recruit disease-causing proteins for rapid destruction mainly via the ubiquitin-proteasome pathway.  It 

shows great potential for treating diseases such as cancer, infectious, inflammatory, and 

neurodegenerative diseases, especially for those with “undruggable” pathogenic protein targets. With the 

recent rise of the ‘molecular glue’ type of protein degraders, which tighten and simplify the connection of 

an E3 ligase with a disease-causing protein for ubiquitination and subsequent degradation, new therapies 

for unmet medical needs are being designed and developed. Here we use data from the CAS Content 

Collection and the publication landscape of recent research on targeted protein degraders to provide 

insights into these molecules, with a special focus on molecular glues. We also outline the advantages of 

the molecular glues and summarize the advances in drug discovery practices for molecular glue degraders. 

We further provide a thorough review of drug candidates in targeted protein degradation through E3 

ligase recruitment.  Finally, we highlight the progression of molecular glues in drug discovery pipelines 

and their targeted diseases. Overall, our paper provides a comprehensive reference to support the future 

development of molecular glues in medicine.  
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Introduction  

Currently, targeted protein degradation (TPD) has become a groundbreaking strategy in drug 

discovery.  This approach is emerging as a novel therapeutic method to aim at diseases such as cancer, 

inflammatory and immune diseases and infections, as many of them are driven by the aberrant expression 

of a pathogenic protein. 1-5 TPD involves recruiting disease-causing proteins previously thought to be 

“undruggable” due to their lack of canonical ligand binding sites for rapid destruction and elimination via 

the ubiquitin-proteasome pathway.  The ubiquitin-proteasome system (UPS) is a major mechanism for 

cellular protein degradation and maintaining protein homeostasis, as part of the regular cellular 

housekeeping processes. Thus, the potential breadth of TPD applications is almost unlimited.  

The UPS process involves an enzyme cascade that results in ubiquitination of the protein of 

interest (POI). Ubiquitination is at the heart of both proteasomal and autophagy-mediated protein 

degradation, with E3 ligases as the critical components of the ubiquitination cascade. 6, 7 Out of the more 

than 600 E3 ubiquitin ligases encoded by the human genome, there are only a few that have been 

exploited for targeted protein degradation, for example, cereblon (CRBN), VHL, MDM2, DDB1, DCAF15, 

and SCF βTRCP. These subunits can be targeted by degraders that cause conformational change which 

promote the formation of a ternary complex with the POI. 8, 9 In principle, the formation of a ternary 

complex induces molecular proximity between the catalytic site of the E3 ligase and the POI, prompting 

ubiquitin transfer and subsequent proteasomal degradation of the POI.  Identifying successful strategies 

for discovering ligands that bind to E3 ligases becomes an attractive and exciting research objective.  2, 10, 

11  

Compared to the traditional pharmacological target protein inhibition, protein degradation offers 

two crucial advantages. First, targeted degradation is a catalytic process because degraders act via 

transient binding rather than competitive occupancy and successfully dissociate after promoting 

polyubiquitination of the disease-causing protein. 8, 12  As such, a single degrader can destroy many copies 

of a pathogenic protein thereby providing a greater efficiency at very low doses. Second, while protein 

inhibitors block the active site of a pathogenic protein, degraders ablate all of its functions, providing 

higher sensitivity to drug-resistant targets and a better chance to affect nonenzymatic protein functions. 

13-15 

Many key discoveries have contributed to advancing the targeted protein degradation notion as 

we know it today.  The earliest-known published description of the concept of chimeric degraders is in a 

patent filed in 1999 by a biotech company, Proteinix, proposing taking over the cellular protein-
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degradation system (Figure 1). 16  The concept of utilizing the ubiquitin-driven natural protein degradation 

system for therapeutic purposes was focused on designing small molecules that recruit E3 ligases for 

degradation of a POI (Table 1).  In 2001, the first in vitro proof-of-concept study was published, 

demonstrating that a peptide-based protein-targeting chimeric molecule, Protac-1, recruiting E3 ligase β-

TRCP, successfully led to the degradation of a cancer-associated protein, MetAP2; thus, the name PROTAC 

(PROteolysis-Targeting Chimera) was introduced. 17  Later on, the finding of a peptide from HIF1α, which 

binds the VHL E3 ligase, resulted in the construction of cell penetrating PROTACs, which degraded a variety 

of proteins (Table 1). 17, 18  As indicated, these early PROTACs contained peptide ligands for the E3 ligase; 

the report of a canonical small molecule PROTAC – an androgen receptor (AR) degrader using nutlin-3 for 

recruiting of MDM2 – was published in 2008. 19  This, and the later discovery of small-molecule mimetics 

of the HIF1α peptide 20-22, expedited the rational design of small molecular PROTACs. 21-25 
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Figure 1.  Timeline of major targeted protein degraders research and development milestones 

The establishment of the PROTAC strategy was further augmented by the finding of degrader 

compounds that became known as molecular glues.  Molecular glues 26, 27  are monovalent small molecules 

(<500 Da) that reshape the surface of an E3 ligase receptor, promoting novel protein-protein interactions 

(PPIs). In contrast to the original PROTACs, in which two ligands are connected by a flexible linker which 

can twist and turn and allow the two proteins to form contacts, molecular glues were believed to more 

directly enhance complex  formation between an E3 ligase and a target protein by squeezing between 

protein–protein  interfaces and are generally defined as small molecules that interact with two protein 

surfaces to induce or enhance affinity of these two proteins to each other (Figure 2). 28    The term 

"molecular glue" was initially coined to describe the mechanism of action of cyclosporin A and FK506 
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inducing novel protein–protein associations. 29 The molecular glue degraders such as thalidomide were 

discovered retrospectively, after their FDA approval and later detection of their immunomodulatory and 

anti-inflammatory activity. 30  The E3 ligase cereblon was identified as the target of thalidomide and its 

analogues lenalidomide and pomalidomide, known as immunomodulatory imide drugs (IMiDs), with 

reference to cancer therapy.  30 They are some of the founding examples of molecular glues for targeted 

degradation.  In fact, recent structural and biophysical data have shown that PROTACs can function in the 

same way as molecular glues, inducing neo-PPIs between the E3 ligase and the target protein thus 

contributing to the formation of stable ternary complexes between neo-substrate, PROTAC, and E3 ligase. 

31, 32  This way, the distinction between PROTACs and molecular glues becomes difficult to define. 

Moreover, as recently reported, simple structural modifications may easily convert a bona fide MDM2 

PROTAC degrader into a molecular glue. 33 

 

Table 1.  Exemplary proteins successfully targeted for E3 ligase degradation 

Targeted protein 

E3 ligase / 

subunit 

recruited 

Degrader Year 

MetAP2 17 βTRCP PROTAC 2001 

Androgen receptor 34 βTRCP PROTAC 2003 

Estrogen receptor 34 βTRCP PROTAC 2003 

Androgen receptor 18 VHL PROTAC 2004 

Aryl hydrocarbon receptor 35 VHL PROTAC 2007 

Androgen receptor 19 MDM2 PROTAC 2008 

Estrogen receptor 36 VHL PROTAC 2008 

FRS2α 37 VHL PROTAC 2008 

PI3K 37 VHL PROTAC 2008 

CRABPI and CRABPII 23 cIAP PROTAC 2010 

RAR 23 cIAP PROTAC 2010 

Androgen receptor 38 cIAP SNIPER 2011 

Estrogen receptor 38 cIAP SNIPER 2011 

TACC3 39 cIAP SNIPER 2014 
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BET (BRD2, BRD3 and BRD4) 22, 40 VHL PROTAC 2015 

BET (BRD2, BRD3 and BRD4) 41, 42 CRBN PROTAC 2015 

ERRα 21 VHL PROTAC 2015 

FKBP12 41 CRBN 
Molecular glue, 

PROTAC 
2015 

RIPK2 21 VHL PROTAC 2015 

AKT 43 VHL PROTAC 2016 

BCR–ABL 44 VHL PROTAC 2016 

BCR–ABL 44 CRBN PROTAC 2016 

Tau 45 VHL PROTAC 2016 

RBM39 46 DCAF15 Molecular glue 2017 

RBM23 47, 48 DCAF15 Molecular glue 2019 

 

 

Figure 2. Schematic presentation of the degradation of a protein of interest (POI) via the ubiquitin (Ub)-
proteasome system using a molecular glue (A) or PROTAC (B) bound to the E3 ubiquitin ligase CUL4–
RBX1–DDB1–CRBN (CRL4CRBN) complex.   
 

The effects of protein–protein interaction in the ternary complex formation has been 

characterized by a cooperativity term. 31, 49, 50  It is defined as the ratio of the dissociation constants for 
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the interactions between the ligand and one of the two protein components in the absence and presence 

of the other.  The cooperativity of a molecular glue system is physically determined by the complementary 

interface between the ligand and the dimerization partner as successfully estimated by crystal structure 

studies. 51   Thus, for molecular glues, cooperativity is a key parameter describing the activity of the 

compounds, which informs the competence of a molecular glue compound. 51   

The first rational discovery of molecular glues between a ligase and a protein of interest involved 

a series  of compounds that enhance the interaction between an oncogenic transcription factor, β-catenin, 

and its cognate E3 ligase, SCF β-TrCP. 52 These compounds promote the ubiquitination of β-catenin by β-

TrCP and induce further degradation of β-catenin in cells. Besides E3 ubiquitin ligase-based molecular 

glues, there are other molecular glues that induce protein degradation and/or dysfunction through 

various mechanisms of action, including autophagy mediated protein degradation, MEK sub-complexes 

stabilization, KRAS mutants inhibition, α-tubulin polymerization stabilization, FK506-binding protein 12 

(FKBP12) protein degradation, etc. 4  Recently, a new approach has been applied to a challenging target 

class – the intrinsically disordered proteins. It involves forcing disordered proteins to acquire a druggable 

interface using molecular glues to stabilize their interaction with 14-3-3 adaptor proteins, a signaling hub 

for critical cell processes. 53 These examples demonstrate that molecular glues are emerging as a 

promising new therapeutic strategy. 

Molecular glues are expected to have better pharmacological properties than PROTACs (Figure 

2).  In contrast to PROTACs, they are much smaller thus more easily abide by Lipinski’s rule of five for drug 

conformity, which suggests upper limit of molecular properties expected to enhance the probability for 

good oral bioavailability. 54 Because of their smaller size, they are expected to have higher membrane 

permeability and better cellular uptake, and in general are less likely than PROTACs to pose a significant 

challenge for penetration of the blood-brain barrier – an important requirement for treating central 

nervous system (CNS) disorders. 55 Small molecule glues have also been shown able to reprogram the 

binding partners of scaffolding proteins or to enhance the endogenous interaction between two proteins. 

26  On the other hand, though, an important advantage of PROTACs is their versatility – they allow for 

modular design to rapidly connect one enzyme with many targets. Thus, PROTACs are relatively easy to 

design and the target proteins are predictable. 56  

In order to shed light on the advances in targeted protein degradation research, here we examine 

the publication landscape and analyze the relevant data from the CAS Content Collection 57, and 
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thoroughly review both molecular glue drug candidates in targeted protein degradation through E3 ligase 

recruitment and the development of molecular glues in medicinal chemistry and drug discovery.  

 

Landscape of research publications from CAS Content Collection related to 
targeted protein degraders 

The CAS Content Collection 57 represents the largest human-curated collection of published 

scientific knowledge. It is particularly useful for quantitative analysis of global scientific publications 

against variables such as time, research area, formulation, application, disease association, and chemical 

composition. Currently there are over 1,000 targeted protein degrader (TPD)-related publications in the 

CAS Content Collection, including mainly journal articles and patents. Figure 3 illustrates trends in the 

number of publications in time, exhibiting an explosive growth in the recent years, from single digits in 

2014 up to hundreds of publications in the last 2-3 years. 

 

Figure 3.  Trends in the protein degraders-related number of publications in the last decade, including 

journal articles and patents. 
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The largest number of journal publications come from authors from the United States, China, 

United Kingdom, Japan, Germany, and others, as illustrated in Figure 4A.  The largest recipients of protein 

degraders-related patent filings are from China and United States (Figure 4C), while authors from Dana-

Farber Cancer Institute and the University of Dundee have published the largest number of TPD-related 

journal articles (Figure 4B).  Figure 4D presents a list of journals that frequently publish TPD-related 

articles. 

 

Figure 4.  Top countries (A), organizations (B) and scientific journals (D) publishing TPD-related journal 

articles, and top countries filing TPD-related patents (C). 
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Using the CAS Content Collection data, the classes of compounds represented in the TPDs-related 

documents and their functions as specified in the related research were analyzed.  Figure 5 (left panel) 

illustrates the relative portion of classes of chemical compounds utilized in the TPDs-related research.  The 

area is strongly dominated by small molecules, followed by biosequences, including peptides, proteins, 

and nucleic acids.  Indeed, the early protein-targeting chimeric molecules were peptide-based 17, 58, 59, with 

the first invention and design of a small molecule androgen receptor degrader using nutlin-3 for recruiting 

of MDM2 published in 2008 19.  The roles of these substances in the protein degraders-related research 

as identified in the CAS Content Collection are shown in the right panel of Figure 5.  Since protein 

degraders are synthesized via multistep chemical reactions, described in the research publications and 

patents, the dominance of the synthesis-related roles SPN (synthetic preparation) and RCT (reactant) is 

justified.  The next largely presented group of roles, THU (therapeutic use) and PAC (pharmacological 

activity), are therapy related, reflecting the emerging role of protein degraders in medical practice.  

Significantly higher number of compounds indexed in the CAS Content Collection originate from patents, 

which typically use to explore and provide large libraries of relevant substances and their synthesis routes. 

 

Figure 5. Classes of substances represented in the TPDs-related documents (left panel) and their role 

indicators according to CAS Content Collection (SPN, synthetic preparation; RCT, reactant; THU, 

therapeutic use; PAC, pharmacological activity; BSU, biological study (unclassified); PRP, properties). 

The motivation to explore the TPD strategy to attack diseases has been the existence of a large 

group of undruggable disease-causing proteins which can be considered potential targets for the 
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degraders.  The variety of diseases aimed by protein degraders as revealed by our analysis of the 

publications in the CAS Content Collection are shown in Figure 6.  The largest portion (44%) of the 

publications are associated with cancer treatment, with neurodegenerative, infectious, and inflammatory 

diseases also highly represented (Figure 6).   CRBN, VHL, and MDM2 are the most popular E3 ligases being 

recruited by TPDs to induce ubiquitination and subsequent proteasomal degradation of a target proteins 

(Figure 7). 

 

Figure 6. Distribution of the protein degraders-related publications in the CAS Content Collection with respect 

to the target diseases. 

  cancer inflammation 
neuro-
degenerative 
diseases 

autoimmune 
diseases 

infectious 
diseases 

CRBN 20.1% 3.2% 2.3% 2.1% 1.7% 

VHL 12.6% 1.5% 0.9% 1.1% 0.8% 

MDM2 2.6% 0.8% 0.4% 0.4% 0.2% 
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Figure 7. Correlation of the number of protein degraders-related publications in the CAS Content 

Collection for the three most widely used E3 ligases with the targeted diseases (percentages are from 

the total number of protein degraders-related publications). 

 To better reveal the rising trends in this research area, we analyzed the presence of certain key 

concepts in the TPDs-related research in the relevant publications.  Although the cumulative number of 

publications having ‘molecular glue’ as a key concept is relatively small compared to others (Figure 8A), 

its rate of increase in the last couple of years is significantly higher (Figure 8B), characterizing it as a 

trending concept in the field of the small molecule drugs and their mode of action. 

 

Figure 8. (A) Number of publications presenting key concepts related to TPDs during the years 2017-2021. 

(B) Trends in key concepts presentation in the articles related to TPDs during the years 2017-2021. 

Percentages are calculated with yearly publication numbers for each key concept, normalized by the total 

number of publications for the same concept in the same time period.   

Thus, in view of the remarkable growth of the number of publications related to TPDs in the recent 

decade (Figure 3), noteworthy is one specific kind of TPD which has come to the spotlight – the molecular 
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glues, with even higher, explosive growth of interest in the last couple of years (Figure 8).  In what follows, 

we are focusing on that particular highly promising kind of TPD.  

 

Advances in molecular glue degrader discovery 

The growing research interest in molecular glue compounds is rapidly expanding the compilation 

of E3 ligases, molecular glues, their neosubstrates, and the associated diseases they treat, particularly for 

the degradation of previously undruggable proteins. Molecular glues have been discovered by serendipity, 

chemical library screening, and rationale design. Mechanism of action, structure-activity relationship, and 

protein-molecular glue interaction studies of initially discovered molecular glues have laid foundation for 

their optimization using structure-based drug design. 

Structure based drug design (SBDD) provides a specific, efficient, and rapid process for lead 

compound discovery and optimization. Researchers have discovered highly potent and selective 

molecular glues with SBDD strategies, such as crystallization, in silico modeling, computational docking 

analysis, rationally designed chemical library constructions, biochemical screening, phenotypic screening, 

and structure–activity relationship analysis (Table 2). 

 

Table 2.  Pathway of molecular glue degrader discovery and structure guided drug design  

Initial Discovery Scaffold Definition Optimization Validation 

• Serendipitous 30 

• High throughput 
screens (HTS) 52, 60, 61  

• Data mining 62 

• Crystallography 63, 64 

• Molecular Docking 65, 

66 

• Structure activity 
relationship (SAR) 
studies 66-68 

• Protein-protein 
interaction assay of 
scaffold analogs 68 

• E3 ligase dependent 
activity assay of 
scaffold analogs 66, 67 

 
 

• Binding assays 69 

• Biochemical methods 
validating target
degradation 46, 67 

• Cell-based activity 
assays 68 

• Molecular docking 
analysis 67 

• Crystallography 69, 70 
 

 

Initial discovery  

The success of thalidomide working as a molecular glue proves the concept of E3 ligase based targeted 

protein degradation as an effective therapeutic strategy, thus giving confidence to expand the discovery 
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of new molecular glues, E3 ligases and their neosubstrate targets. Efforts to develop rational strategies 

for discovering new molecular glue degraders and widen the bottleneck of serendipitous discovery has 

led to the emergence of several successful approaches relying on high throughput chemical library 

screenings. One such strategy successfully identified four new molecular glue degraders, dCeMM 1/2/3/4, 

by screening a library of 2,000 cytotoxic/cytostatic small molecules for compounds with E3 dependent 

antiproliferative activity. 60  As shown in Supplemental Information Table 1, dCeMM1 shares a similar aryl-

sulfonamide structure and activity as other RBM39 degraders such as Indisulam, recruiting RBM39 to the 

DCAF15 subunit of CRLDCAF15. 28  dCeMM 2/3/4 are cyclin K degraders that stabilize cyclin-dependent kinase 

12 (CDK12)–cyclin K binding to DDB1CUL4B E3 at the CDK12-DDB1 interface.  While dCeMM2/3 are 

structurally novel and similar to each other, dCeMM4 shares similarity with other cyclin K degraders such 

as Glue01 (Supplemental Information Table 1).  In another rational discovery approach, a library of 

350,000 chemical compounds was screened using a fluorescence polarization-based binding assay, to 

detect substances that enhance the PPI of the oncogenic transcription factor β-Catenin, and its E3 ligase, 

SCFβ-TrCP. 52 Two lead compounds NRX-252114 and NRX-252262 (Supplemental Information Table 1) 

were designed using SBDD from four initially identified first generation compounds with a conserved 6-

trifluoromethylpyridone bound to a biaryl amide chemical scaffold. 52  In another approach, database 

mining was used to screen for correlations between the cytotoxicity of a 4,518 small molecule chemical 

library and the mRNA levels of 499 E3 ligase components against 518 human cancer cell lines. This strategy 

led to the discovery of compound CR8 (Supplemental Information Table 1) which depletes cyclin K by 

acting as a molecular glue stabilizing the CDK12-cyclin K and DDB1 complex. 62  

Advances made using structure-based drug optimization to develop thalidomide based analogs with 

reduced teratogenicity 71, enhanced potency, and better target specificity have led to the successful 

development of promising new therapeutics currently ranging from the preclinical stage to the Phase II 

clinical stage: CC-122 46, CC-220 70, CC90009 68, CC-92480 72, ZXH-1-161 67, and  SJ6986  66 (Supplemental 

Information Table 1).  A structure similarity analysis of the CAS patent database for compounds with 90% 

similarity to thalidomide using ChemScape software within SciFindern 73 (Supplemental Information Figure 

S1) shows significant numbers of recent patents related to thalidomide-based analogs,  Of these 219 

compounds identified, the top 8 compounds with the most frequent patent associations all retain the 

essential glutarimide moiety which is necessary for CRBN E3 ligase binding. Substitutions on the C4-6 

positions of phthaloyl ring and variation of the C3 carbonyl influence neosubstrate binding specificity and 

degradation potency. These ChemScape results highlight the research interest and relevance of 

thalidomide analog drugs. 



16 
 

The successful discovery of these lead Thalidomide analogs, also referred to as Cereblon E3 Ligase 

Modulation Drugs (CELMoDs), serves as a paradigm for using SBDD in the development of lead molecular 

glue degraders. Next, we will review the SBDD of CELMoDs from thalidomide, pomalidomide and 

lenalidomide as an example to illustrate steps to develop molecular glue degraders; including: scaffold 

definition, identification of optimal of scaffold analogs and validation of lead compounds. 

Scaffold definition  

Combining crystallization and mutational analysis, the foundations for understanding the interaction 

of CRBN with thalidomide and its analogues lenalidomide and pomalidomide were laid. 63, 64 These studies 

showed how the main pharmacophore structure, the conserved glutarimide ring, binds to CRBN (Figure 

9). 63, 64  It occupies a hydrophobic binding cavity between two CRBN β sheets and the carbonyls at C2 and 

C6 and amide at N1 form hydrogen bonds with CRBN. C3, C4 and C5 are in van der Waals contact with a 

tri-tryptophan hydrophobic pocket. 63 Tyr386Ala and Trp388Ala amino acid substitution mutations altered 

the integrity of CRBN binding cavity and disrupted binding between CRBN and the glutarimide ring 

eliminating interaction of all 3 IMiDs to CRBN resulting in thalidomide and lenalidomide drug insensitivity 

in vivo. The C4-6 positions on the phthaloyl ring are solvent facing and differences in structural features 

at C4-6 influence both neosubstrate specificity and potency. For example, the amide at the C4 position in 

lenalidomide and pomalidomide specifies degradation of transcription factors IKZF1 and IKZF3 with a 

higher potency than thalidomide which lacks the C4 amide, while methyl and chloro substitutions at the 

C4 position increase degradation of IKZF1. Substitutions at C5 or C4,6 ablate IKZF1 degradation. 63 This 

work has been serving as the foundation for molecular glue related SBDD. 

 

Figure 9.  Scheme of thalidomide interactions with CRBN (G. gallus). Hydrophobic interactions are indicated 

as orange semicircles and hydrogen bonding is depicted as blue lines. 26, 63 
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Optimization of specificity and potency  

Efforts to further explore the influence of phthaloyl ring modifications on neosubstrate binding, 

degradation, and antiproliferative activity have led several groups to focus on identifying thalidomide 

analogs with enhanced potency and specificity. Bristol Myers Squibb (BMS)/Celgene’s 2nd generation 

compounds CC-122, CC-220 and CC-885 were synthesized as part of various focused combinatorial 

libraries retaining the main CRBN binding pharmacophore glutarimide ring with variations to the solvent 

exposed ring. CC-122 (Supplemental Information Table 1) was synthesized as part of their quinazolinone-

glutarimide derivative library. 74 Compared to lenalidomide, CC-122 shows enhanced proteasome 

dependent degradation of IKZF1 and IKZF3 with broader and enhanced antiproliferative activity across 

both ABC- and GCB- DLBCL cell lines.  46  CC-220  (Supplemental Information Table 1) was synthesized as 

part of BMS/ Celgene’s 4’-arylmethoxy isoindoline-glutarimide library. 75 Studies show CC-220 binds to 

CRBN with a higher affinity than lenalidomide and pomalidomide in time-resolved fluorescence energy 

transfer cereblon binding assays and degrades IKZF1 and IKZF3 with greater potency in cell based 

chemiluminesence substrate degradation assays. 70  CC-885 (Supplemental Information Table 1), 

synthesized as part of BMS/Celgene’s 5-substituted isoindoline-glutarimide library 76, was identified with 

strong CRBN-dependent antiproliferative activity in a broad range of tumor cell lines, with enhanced 

antiproliferative activity compared to lenalidomide and pomalidomide in 12 AML cell lines studied. 

Immunoprecipitation assays and immunoblotting assays show that CC-885 promotes the binding of CRBN 

to a novel substrate, GSPT1, targeting its degradation. 69  

Concerns about the poor toxicity profile of CC-885 led BMS/Celgene to further explore the 

development of analogs of CC-885 with better antiproliferative activity against a broad panel of AML cell 

lines. Using CC-885 as a structural template, SAR studies defined a scaffold with a difluoro acetamide 

linker that maintained a good in vitro selectivity index. From this scaffold, a focused library of a series of 

difluoro acetamide analogs was synthesized and screened leading to the identification of BMS/Celgene’s 

third generation lead compound CC-90009. 68 Validation studies further demonstrated that CC-90009 

shows strong potency and specificity in degrading GSPT1, not IKZF1 or IKZF3.  Similar approach was used 

to explore rationally designed molecular glue degraders showing specificity for IKZF1/3 with higher 

potency and more rapid degradation profiles than lenalidomide in the treatment of relapsed or refractory 

multiple myeloma (RRMM). These studies led to the successful identification of an additional 3rd 

generation molecular glue degrader, CC-92480 (Supplemental Information Table 1). 72 By screening the 
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CRBN modulator library for selective antiproliferative activity in a lenalidomide resistant MM cell line, lead 

compound 13 was identified and its chemical structure was used as the foundation for SAR studies, 

distinguishing the minimal pharmacophore necessary to maintain strong antiproliferative activity and 

rapid IKZF3 degradation. The defined scaffold retains the essential features of the glutarimide ring for 

binding CRBN, an isoindoline ring similar to lenalidomide with a 4-oxy substitution in place of the 4-amine, 

and S-chirality while allowing variability on the terminal arylpiperazine. The inspection of a series of 

arylpiperazine analogs identified CC-92480 as a lead compound for clinical development with reduced off 

target binding compared to compound 13, specific IKZF1 and IKZF3 degradation, and more potent and 

rapid degradation profiles than lenalidomide or pomalidomide.  72  

Further, additional CELMoDs were identified by screening a focused combinatorial library of 51 

compounds with three lenalidomide heterocyclic scaffolds for CRBN dependent antiproliferative activity 

in a MM cell line. 67  Expression proteomic validation studies of compounds of interest confirmed target 

specificity.  Lead compound ZXH-1-161 was identified, with antiproliferative activity in a MM cell line and 

improved selectivity for GSPT1 degradation compared to CC-885. 67 Nishiguchi et al. recently explored  

rational design of novel CRBN dependent molecular glue degraders by screening a chemical library 

constructed using the essential thalidomide pharmacophore defined from crystallization and SAR studies 

of IMiDs. 66    A 415-compound focused chemical library was synthesized from 30 thalidomide analog 

scaffolds and both the landscape of the library by in silico molecular docking analysis and the 

physiochemical descriptors of included analogs were evaluated prior to phenotypic screening. Lead 

CELMoD compound SJ6986 was identified with antiproliferative activity against a broad range of cell lines, 

potent degradation of GSPT1/2 with selectivity over IKZF1/3 and high bioavailablility in mice. This success 

validates the application of chemical docking strategies to confirm spatial diversity within the binding 

cavity and calculation of physicochemical descriptors to ensure analogs lie within a drug-like property 

space, prior to focused combinatorial library synthesis and screening for activity. 66  

 

Validation  

Once favorable drug candidates are identified, their therapeutic specificity and potency needs to be 

further validated. The modes of action of these leading drug candidate compounds are confirmed and 

further functional bioactivity testing is performed. Chemical interactions, degradation target specificity, 

CRBN dependent antiproliferative and/or other therapeutic activity, cell line specificity and 

pharmacokinetic / pharmacodynamic profiles are validated using a variety of biochemical, genetic, 
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pharmacological, or degradation assays. Validation assays to confirm the chemical interactions of lead 

CELMods have included crystallography 69, docking analysis 66, fluorescence polarization assays 66, TR-

FRET 67, and co-precipitation 69 or pull down assays. 69  Targets of degradation have been validated by 

immunoblotting 66-68, chemiluminescence based assays 70 and expression proteomic analysis. 66, 67 

Confirmation of the cellular activity of CELMods of interest have included antiproliferation assays 

across specific cell lines to validate the cell line specificity, potency, and therapeutic value of lead 

compounds. 66, 68 

Identification of new targets for thalidomide analog molecular glue degraders 

E3 ubiquitin ligases recognize their substrates through degrons – short sections of primary protein 

sequence that are necessary and sufficient for the interaction with substrate receptors of ubiquitin ligases.  

77 Chemoproteomics provide a useful approach for identifying proteins from the human proteome with 

favorable degron features making these targets feasible candidates for recruitment to CRBN.  IKZF1 and 

IKZF3 zinc finger proteins are essential transcription factors in multiple myeloma. After identifying a single 

Cys2-His2 (C2H2) zinc finger fold as the minimal sufficient degron necessary for IKZF1/IKZF3 degradation, 

the entire human C2H2 Zinc Finger proteome (>800 proteins) was screened for targets for thalidomide-

analogue mediated degradation. Six proteins recruited for degradation were identified (including 

IKZF1/IKZF3), 4 of which were newly identified CRBN targets for thalidomide analogues. 78 

Further, through computational in silico docking analysis of all human C2H2 zinc fingers with 

CRBN, using the pomalidomide-CRBN crystal structure for structural similarity, about 50-150 CRBN binding 

zinc finger candidates were identified; 33 of these zinc fingers were further tested for in vitro CRBN-

pomalidomide binding and 28 (a remarkable 85% portion) tested positive for binding. New targets of 

therapeutic interest can be examined further to identify the optimal thalidomide analogue molecular glue 

degraders that stabilize the PPIs of CRBN with neosubstrates of interest. Sources of these optimal 

degraders could potentially be searched for among existing focused chemical library collections or 

through constructing new in silico assisted custom designed chemical libraries tailored for chemical 

feasibility and spatial diversity within the new CRBN-neosubstrate binding cavity space with 

physicochemical descriptors that lie within the drug-like property space. 78  

A chemical structure similarity search based on the thalidomide analog CC-885, performed by 

SciFinder-n 73, found 310 compounds within the 85-99% similarity range, exhibiting a wide variety of 

bioactivities, including antitumor,  neurological, anti-infective, cardiovascular, etc. (Supplemental 
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Information Figure S2). Additionally, substructure searches can be useful for exploring previously 

synthesized analogs for inclusion in the construction of desired focused chemical libraries.  A substructure 

search using an essential α,α-difluorobenzeneacetamide CC-885 analog scaffold identified 715 

compounds retaining this exact chemical scaffold (Supplemental Information Figure S3). SciFinder-n offers 

the possibility to screen the prospective library compounds for Lipinski properties and structure related 

properties such as:  lipophilicity descriptor (log P), molecular weight (MW), Polar Surface Area (PSA), H-

bond donors (HBD), and H-bond acceptors (HBA), confirming that physicochemical descriptors lie within 

a drug-like chemical property space, prior to library construction. Commercial availability and reaction 

synthesis details can also be explored. 73  Thus, SciFinder-n appears as a powerful resource for the design 

of focused chemical libraries of potential molecular glues mediating the PPI of E3 ligase subunits and new 

prospective targets. 

 

Discovered molecular glues, E3 ligases and target proteins  

Small molecules that bind the E3 ligase CRBN  are the most investigated molecular glues.  Besides 

them, there are other molecular glues that induce protein degradation through various mechanisms of 

action, including autophagy mediated protein degradation.  A selection of promising E3 ligase molecular 

glues, non-E3 ligase molecular glues, and natural molecular glues are examined below. More detailed 

information on these molecular glues is listed in Supplemental Information Table 1. 

E3 ligase utilizing targeted protein degraders  

Transcription factors IKZF1 and IKZF3 degradation 

IKZF1 and IKZF3 are lymphocyte lineage transcription factors 79, 80  that are key regulators for the 

survival of the malignant plasma cells in multiple myeloma. IKZF1 and IKZF3 are considered as undruggable 

target proteins due to lack of druggable binding pockets. Acting as molecular glue, thalidomide and its 

analogues, lenalidomide (Revlimid®) and pomalidomide (Pomalyst®) induce formation of a CUL4-DDB1-

RBX1-CRBN E3 ligase complex. This ternary complex promotes ubiquitination and degradation of IKZF1 

and IKZF3. Degradation of IKZF1 and IKZF3  causes proliferation inhibition of  multiple myeloma cells and 

differentiation suppression of B-cells. These three agents are approved by the U.S. FDA to treat multiple 

myeloma and del(5q) MDS. 64, 81-84  Molecular glue compounds CC122, CC220 (iberdomide) and CC-99282 

(Table 3) degrade IKZF1 and IKZF3 through binding to CRBN E3 ligase.46 These compounds are currently in 
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Phase I/II clinical trials for treatment of multiple myeloma, non-Hodgkin lymphoma, and systemic lupus 

erythematosus. 70, 85-87  CFT7455 (Table 3) is a next-generation IKZF1/3 degrader binding to CRBN E3 ligase. 

CFT7455 exhibits favorable physiochemical properties, pharmacokinetic parameters, and good oral 

bioavailability in preclinical studies.14 CFT7455 is more potent and catalytically active than other approved 

IMiDs and is currently in multiple clinical trials for treatment of multiple myeloma and relapsed/refractory 

non-Hodgkin's lymphoma.88 DKY709 (Table 3) as a CRBN binder induces formation of the CRBN-DKY709-

IKZF2 ternary complex. This ternary complex promotes ubiquitination and degradation of IKZF2. DKY709 

in combination with spartalizumab, is currently in clinical trial in patients with advanced solid tumors 

including melanoma. 89 

Table 3. Transcription factors IKZF1 and IKZF3 degraders 

Molecular 
Glue name 

CAS REG 
number 

Structure Ubiquitin 
Ligase 
subunit 

Target 
Proteins 

Disease 

Revlimid 26 191732-
72-6 

 

CRBN IKZF1, IKZF3 multiple 
myeloma, 
del(5q), 
MDS 

Thalidomide 
90 

50-35-1 

 

CRBN IKZF1, IKZF3 multiple 
myeloma, 
erythema 
nodosum 
leprosum 

Pomalyst 26 19171-
19-8 

 

CRBN IKZF1, IKZF3 multiple 
myeloma 

CC-122 26 1015474-
32-4 

 

CRBN IKZF1, IKZF3, 
ZFP91 

lymphoma 

CC-220 26 1323403-
33-3 

 

CRBN IKZF1, IKZF3, 
ZFP91, ZNF98 

relapsed/ 
refractory 
myeloma, 
lupus 
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CC-99282 14 2379572-
34-4 

 

CRBN IKZF1, IKZF3 lymphoma 

CFT7455 14 2504235-
66-7 

 

CRBN IKZF1, IKZF3 multiple 
myeloma, 
NHL 

DKY709 14 
 

n/a  CRBN  IKZF2 solid 
tumors 

 

 

 

Cyclin K and CDK12 degradation 

Cyclin K and CDK12 are promising drug targets to treat cyclin E1-overexpressing tumors of human 

tumorigenesis. 91 Molecular glues trigger the polyubiquitination and subsequent degradation of CDK12 ’s 

partner protein CCNK through binding to CDK12 and recruiting CCNK to form ternary complexes. 61  Several 

small molecules have been explored as molecular glues modulating CDK12 protein to bind DDB1 of DDB1-

CUL4-RBX1. For example, CR8, gluing DDB1 to Cyclin K, induces cancer cell apoptosis and has 

neuroprotective effects (Table 4).62, 92, 93 The pyridine moiety in CDK-bound form of CR8 induces the 

formation of a complex between CDK12–cyclin K and the CUL4 adaptor protein DDB1, resulting in 

ubiquitination and degradation of cyclin K. Other promising cyclin K degraders include a series of 5-

methylthiazol analogues (glue01 series, Table 4) 94, 95, dCeMM compounds (dCeMM2/3/4) 61, and HQ005. 

HQ005 is a leading molecular glue drug candidate discovered by structure optimization of HQ461 

(Supplemental Information Table 4).  It glues DDB1 to CDK12 for cyclin K degradation (Table 4). 26, 61  
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Table 4. Cyclin K and CDK degraders 

Molecular 

Glue name 

CAS REG 

number 

Structure Ubiquitin 

Ligase 

subunit 

Target 

Proteins 

Disease 

CR8 96 294646-77-8 

 

DDB1 Cyclin K cancer 

Glue01 95 1226443-41-9 
 

 

DDB1 Cyclin K cancer 

HQ005 61 2750644-31-4 

 

DDB1 Cyclin K  

 

Casein kinase 1α (CK1α) degradation 

      CK1α (encoded by CSNK1A1 in humans) is a member of the CK1 family of proteins. It regulates various 

signaling pathways involving autoimmune diseases, neurodegenerative diseases, and cancer. FPFT-2216 

and TMX4116 (Table 5) 94 each induce formation of ternary complexes involving CRBN E3 ligase and CK1α. 

The formation of this ternary complex promotes ubiquitination and degradation of CK1α. FPFT-2216 is a 

non-selective CK1α degrader. In addition to CK1α, it degrades IKZF1, IKZF3, and PDE6D. In contrast, TMX-

4116 is a specific CK1α degrader, although it was discovered from structure modification of FPFT-2116. 

Both agents act as molecular glue CK1α degraders and are under therapeutic application for treatment of 

multiple myeloma. 

 

Table 5. CK1α degraders  

Molecular 

Glue name 

CAS REG 

number 

Structure Ubiquitin 

Ligase 

subunit 

Target 

Proteins 

Disease 
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FPFT-2216 97 2367619-87-0 

 

CRBN IKZF1, 

CK1α 

multiple 

myeloma  

TMX-4116 94 2766385-56-0 

 

CRBN CK1α multiple 

myeloma  

 

 

G1 to S phase transition protein 1 (GSPT1) degradation   

Translation termination factor GSPT1 is overexpressed and oncogenic in several cancers. 98 GSPT1 

is currently being explored as a therapeutic target for the treatment of acute myeloid leukemia.  Molecular 

glues such as certain new CRBN modulators have shown the ability to induce selective degradation of 

GSPT1. CC-90009 (Eragidomide, Table 6), structurally optimized from CC-88569, is the first rationally 

designed clinical candidate driven by the molecular glue-degrading mechanism.68 Currently, CC-90009 is 

the first CRBN-mediated protein degrader in Phase I clinical trials for treatment of relapsed/refractory 

acute myeloid leukemia. 14 The sulfonamides SJ6986 and SJ7023 discovered by cell-based phenotypic 

screening of a library, have shown antiproliferative activities in two leukemia cell lines. Both compounds 

were identified as CRBN binders to recruit GSPT protein forming ternary complexes and further inducing 

GSPT1/2 degradation. 66 BTX-1188 and MG-277 (Table 6) induce the degradation of GSPT1 to achieve their 

potent anticancer activity. MG-277 is a powerful antitumor agent suppressing tumor cell growth in a p53-

independent manner. 33 BTX-1188 is a leading molecular glue drug candidate in Phase I clinical trials for 

treating acute myeloid leukemia and myelodysplastic syndrome. It is worth to point out that BTX-1188 is 

discovered to degrade GSPT1, IKZF, and CK1α and is expected to kill tumor cells and simultaneously 

modulate the immune system, resulting in better efficacy and potentially fewer side effects. 99 ZXH-161 

(Table 6) is a leading drug candidate exhibiting better potency and selectivity in GSPT1 degradation.  

Current research on ZHX-161 is exploring the opportunities for therapeutically targeting GSPT1, 

considering that GSPT1 degradation has already shown significant potential in the treatment of acute 

myeloid leukemia. 96 
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Table 6. GSPT1 degraders 

Molecular 
Glue name 

CAS REG 
number 

Structure Ubiquitin 
Ligase 
subunit 

 

Target 
Proteins 

Disease 

Eragidomide 
14 

1860875-
51-9 

 

CRBN GSPT1, 
eRF3a  

acute myeloid 
leukemia 

BTX-1188 
100, 101  

 

n/a  CRBN  GSPT1, 
IKZF1/3 

acute myeloid 
leukemia, 
myelodysplastic 
syndrome 

MG-277 33 2411085-
89-5 

 

CRBN GSPT1  cancer 

ZXH-1-161 67 2407654-
51-5 

 

CRBN GSPT1, 
GPST2 

multiple 
myeloma 

 

 Sal-like protein 4 (SALL4) degradation 

           SALL4, a spalt-like developmental transcription factor, is important for limb development. 102  

Thalidomide and its derivatives induce degradation of SALL4, which is the likely reason for the observed 

birth defects detected upon the initial introduction of the drug. These findings can inform the 

development of new compounds that induce CRBN-dependent degradation of disease-relevant proteins 

but avoid degradation of developmental transcription factors such as SALL4, and thus have the potential 

for therapeutic efficacy without the risk of teratogenicity, a defining feature of this class of drugs. 103 

RNA-binding motif protein 39 (RBM39) degradation 

          RBM39 is an RNA-binding protein involved in transcriptional co-regulation and alternative RNA 

splicing. Recent studies have revealed that RBM39 is the unexpected target of aryl sulphonamides--

Indisulam, E7820, and CQS (Table 7), which act as molecular glues between RBM39 and the DCAF15-
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associated E3 ubiquitin ligase complex leading to selective degradation of RBM39. Loss of RBM39 leads to 

aberrant splicing events and differential gene expression, thereby inhibiting cell cycle progression and 

causing tumor regression in a number of preclinical models. 104 Indisulam, E7820, and CQS, have been 

evaluated in clinical trials as antitumor drug candidates.  47, 105  

Table 7. RBM39 degraders 

Molecular 

Glue name 

CAS REG 

number 

Structure Ubiquitin 

Ligase 

subunit 

Target 

Proteins 

Disease 

 

Clinical Trial 

Number 

Indisulam 

106 

165668-

41-7 

 

DCAF15 RNF39, 

RBM39, 

RBM23 

leukemia 

 

NCT01692197 

E7820  104 289483-

69-8 

 

DCAF15 RBM39, 

RBM23 

colorectal 

cancer, acute 

myeloid 

leukemia, 

solid tumor 

NCT05024994 

dCeMM1 

26 

118719-

16-7 

 

DCAF15 RBM39   

CQS 28 97919-

22-7 

 

DCAF15 RBM39, 

RBM23 

lung cancer, 

colorectal 

cancer 

NCT00005864/ 

NCT00008372 

 

β-catenin degradation 

           Oncogenic transcription factors remain extremely challenging proteins to target, despite being 

implicated in multiple diseases.   β-catenin is the Wnt signaling effector protein that is often dysregulated 

and stabilized in cancer. 107, 108 NRX-252114 and NRX-252262 (Table 8) are leading compounds discovered 
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recently with suitable druggabilities and enhanced binding affinity to pSer33/S37A β-catenin peptide for 

β-TrCP. The enhanced PPI affinity results in increased K48-linked ubiquitylation of mutant β-catenin by its 

natural ubiquitin ligase SCFβ-TrCP, thereby promoting its proteasomal degradation.52  

Table 8. β-catenin degraders 

Molecular 

Glue name 

CAS REG 

number 

Structure Ubiquitin 

Ligase subunit 

Target 

Proteins 

Disease 

NRX-252114 

52 

2763260-

39-3 

 

SCFβ TrCP β-catenin  colorectal 

cancer  

NRX-252262 

52 

2438637-

61-5 

 

SCFβ TrCP β-catenin  colorectal 

cancer  

 

 

BCL6 protein degradation 

Targeting BCL6 protein is an effective therapeutic approach for treating diffuse large B-cell 

lymphoma (DLBCL). 109, 110  BI-3802 (Table 9) induces polymerization of BCL6 and interaction between BCL6 

and SIAH1 E3 ligase. SIAH1 mediates ubiquitination and degradation of polymerized BCL6. 111, 112 SIAH1 

recognizes VxP motif and exhibits minor affinity to BCL6. The binding affinity between polymerized BCL6 

and SIAH1 is significantly enhanced. CCT369260 (Table 9), an analogue of BI-3802 with improved 

physiochemical properties, has progressed into pharmacokinetic studies. The results show degradation of 

tumoral BCL6 in vivo following oral dosing in a lymphoma xenograft mouse model. 113 

 

Table 9. B-cell lymphoma 6 protein degraders 

Molecular 

Glue name 

CAS REG 

number 

Structure Ubiquitin 

Ligase 

subunit 

Target 

Proteins 

Disease 
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BI-3802 114 2166387-

65-9  

SIAH1 
 

BCL6  diffuse large B cell 

lymphoma  

CCT369260 113 2253878-

44-1 

 

na BCL6 diffuse large B cell 

lymphoma  

 

 

Figure 10 summarizes the major E3 ligase recruiting TPDs as reflected in the number of documents 

in the CAS Content Collection. 

E3 ligase / subunit Number of records 

CRBN 309 

VHL 207 

MDM2 189 

SCF 86 

RNF 63 

SKP 55 

cIAP 50 

DDB1 47 

KEAP1 31 

FBXO 23 

UBR2 19 

β-TRCP 9 

DCAF 8 

SIAH1 4 

STUB1 4 

ASB6 2 

CDC34A 1 

UBE4A 1 

 

Figure 10. Number of documents in the CAS Content Collection related to E3 ligase recruiters exploited 

for targeted protein degradation 
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Natural molecular glue degraders 

While molecular glues are mostly designed and synthesized in the lab, there are also some natural 

compounds that were found to function as molecular glues. Cyclosporin A (CsA, Table 10) is binding 

partner of cyclophilin 18 (Cyp18)-CsA complex. The Cyp18-CsA complex recruits calcium/calmodulin 

dependent serine-threonine protein phosphatase calcineurin (CN) resulting in blocking the transcription 

of cytokine genes in activated T cells. CsA is a highly specific inhibitor of T cell activation. 115  Voclosporin 

(Lupkynis, Table 10) was approved by the U.S. FDA to treat adults with lupus nephritis. Voclosporin is a 

novel immunomodulatory drug inhibiting the calcineurin enzyme with the same mechanism of action as 

CsA. 116 Sanglifehrin A (SfA, Table 10) has antiproliferative and immunosuppressive activity through 

inhibiting both T-cell and B-cell proliferation. 117  SfA is a binding partner for the SfA-Cyp18 complex and 

inosine-5'-monophosphate dehydrogenase 2 (IMPDH2).   The ternary complex formation modulates cell 

growth through interaction with the cystathionine-β-synthase (CBS) domain of IMPDH2. 118  Plant 

hormones Auxin (AUX, indole-3-acetic acid, IAA, Table 10) and Jasmonate (JA, Table 10) are simply 

structured natural molecular glues. Auxin binds directly to the Skp1-cullin 1-F-box (SCF) E3 ubiquitin 

protein ligase TIR1 and attracts AUX proteins for degradation. 119  Jasmonate also utilizes the E3 ubiquitin 

ligase SCFTIR1 to attract and degrade Jasmonate-ZIM (JAZ) domain proteins.  AUX/IAA and JAZ represent 

families of transcriptional repressors, which upon degradation lead to the expression of Auxin- and JA-

inducible genes. 28, 120 

Table 10. Natural molecular glue degraders 

Molecular 

Glue name 

CAS REG 

number 

Structure Ubiquitin 

ligase subunit 

Target 

Proteins 

Disease 

Cyclosporin 
A 115 

59865-13-

3 

 

PPIL2 

 

Cyclophilin-1 
receptor 

 

Lupkynis 116 515814-

01-4 

 

Cyclophilin Calcineurin lupus 

nephritis 
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Sanglifehrin 

A 118 

187148-
13-6 
 

 

Cyp18 IMPDH2 cancer 

Auxin 121 87-51-4 

 

 

TIR1 AUX/IAA 

transcriptional 

regulators 

 

Jasmonate 
120 

6894-38-8 

 

SCFCOL1 Jasmonate-

zim domain 

protein 

 

 

 

Companies and research organizations developing molecular glues and the 
diseases they treat   

While many potential molecular glue compounds may come from drug discovery methods, few 

have progressed to the clinic to examine their disease treating efficacy (Supplemental Information Table 

1). Regulatory approved molecular glue treatments that have progressed to the market are even fewer. 

A snapshot of promising companies and research organizations are examined and highlighted within to 

show the top players in the molecular glue drug discovery pipeline. 

Companies and research organizations with a focus on molecular glue drug discovery are creating 

pipelines of therapeutics that are progressing to the clinic (Table 11).  One of these companies, Ronok, 

has a promising drug candidate, RNK0507. Its investigational new drug application was cleared by the U.S. 

FDA in Jan 2022.  Phase I/II studies will begin enrollment in the first half of 2022 for the treatment of 

advanced solid tumors and lymphomas.  122  

Ambagon Therapeutics, another molecular glue drug discovery company, applies a new approach 

to a challenging target class – the intrinsically disordered proteins. It involves forcing disordered proteins 

to acquire a druggable interface using molecular glues to stabilize their interaction with 14-3-3 adaptor 

proteins, a signaling hub for critical cell processes. It recently announced an ambitious program to 

augment its drug discovery platform and to advance its pipeline of molecular glues. 123  Their pipeline 

currently focuses on oncology, offering many opportunities to engage currently undruggable targets.  The 
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company expects to announce at least one development candidate in 2023 and enter the clinic in 2024. 

124 

Several other companies highlighted in Figure 11 all have molecular glue compounds in various 

stages of clinical development (Supplemental Information Table 1), treating many different solid and 

liquid tumors along with inflammatory conditions and autoimmune disease such as systemic lupus 

erythematosus.   

Bristol Myers Squibb (New York, NY) is a company developing molecular glue compounds that 

have progressed to the market.  Molecular glue therapeutics, Pomalyst (pomalidomide) which is indicated 

in the treatment of multiple myeloma 125, along with Revlimid (lenalidomide) for the treatment of multiple 

myeloma, myelodysplastic syndrome, and mantle cell lymphoma 126, were approved by the U.S. FDA in 

2013 and 2017, respectively. Novartis (Basel, Switzerland) is another company with an approved 

molecular glue. Mekinist (trametinib), currently on the market for the treatment of melanoma, was 

approved by the U.S. FDA in 2017.  

 

Table 11. Preclinical molecular glue companies 

Organization Highlights 

Ranok (Hangzhou, China) Drug candidate RNK05047 entering clinical trials first half of 
2022 for treatment of solid tumors and lymphomas. 122  

Monte Rosa Therapeutics (Boston, 
MA, USA) 

Initiated IND-enabling activities for its lead program targeting 
GSPT1 for oncology treatment and beyond.  IND application 
to be submitted to the FDA mid-2022.  Drug discovery phase 
for other molecular glues targeting solid/liquid tumors, 
autoimmune diseases, and blood diseases.  127 

Plexium/Partnered with Amgen (San 
Diego, CA, USA) 

Lead Optimization phase for a cereblon molecular glue 
targeting IKZF2 for the treatment of immune disease and 
cancer.  Drug discovery phase for a disclosed novel E3 ligase 
molecular glue and also undisclosed partnered molecular 
glue programs. 128 

Frontier Medicines/Partnered with 
AbbVie (San Francisco, CA, USA) 

Drug discovery phase to develop small molecule covalent 
drugs against intractable immunology and oncology targets 
129 

f5 Therapeutics (San Diego, CA, USA) Pipeline of molecular candidates for hepatocellular 
carcinoma, breast cancer, lung cancer, head and neck cancer, 
colorectal cancer, gastric cancer, multiple sclerosis, 
rheumatoid arthritis, nonalcoholic steatohepatitis, and liver 
fibrosis. 130 
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Ambagon Therapeutics/Partnered 
with BMS and Merck (San Carlos, CA, 
USA) 

Drug discovery phase with five early discovery oncology 
treatment compounds.  Focusing on targeting gene signaling 
and expression, disrupting the cell cycle, along with other 
cancer-causing dysregulations, Ambagon expects to have at 
least one development candidate by second quarter 2023. 131  

Captor (Wrocław, Poland) Drug candidates for hepatocellular carcinoma and 
autoimmune liquid tumors 132 

Amphista Therapeutics (London, UK) Aims to move beyond use of Ubiquitin E3 ligase cereblon. 
They will initially focus on cancer treatments, with the 
possibility of branching out to treat neurological, 
neurodegenerative, and immunological disease along with 
other areas of high unmet medical need in the future. 133  

Dunad Therapeutics (Cambridge, UK ) Drug discovery phase utilizing central nervous system 
accessible therapeutics 134 

Proxygen/Partnered with Boehringer 
Ingelheim (Vienna, Austria) 

Drug discovery phase treating lung and gastrointestinal 
cancers 135 

Neomorph/Partnered with Dana 
Farber Cancer Institute (San Diego, 
CA, USA) 

Drug discovery phase to advance their molecular glue 
development pipeline against undruggable targets 136 

Seed Therapeutics/Partnered with 
Lilly (New York, NY, USA) 

Drug discovery phase with molecular glue pipeline candidates 
treating cancers, neurodegenerative diseases, and infectious 
diseases. Their lead compound targets the KRAS oncogene. 
137 

Pin Therapeutics (Seoul, South Korea) Drug discovery phase 138  

Venquis Therapeutics, (San Diego, 
CA, USA) 

Drug discovery phase for cancer and degenerative diseases 
139 

IRB Barcelona/Partnered with 
Almirall (Barcelona, Spain) 

Drug discovery phase for skin disease treatment 140 

Shanghai Dage Biomedical 
Technology Co., Ltd. (Shanghai, 
China) 

Pipeline of molecular glues addressing targets for cancers, 
inflammatory disease, and metabolic disease.  Lead 
optimization phase for oncology molecular glue candidates. 
141 

Triana Biomedicines (Waltham, MA, 
USA) 

Launched recently in April 2022 to establish a rationally 
designed molecular glue pipeline to treat inadequately 
addressed diseases. 142 

Evotec/Partnered with BMS 
(Hamburg, Germany) 

Drug discovery phase to develop pipeline of molecular glue 
degraders 143 
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Figure 11. Companies and research organizations with discovered molecular glues in the clinical 

developmental pipeline and the diseases they treat (Supplemental Information Table 1.) 

 

Noteworthy patents  

There is a growing number of patents related to molecular glues in the CAS Content Collection.  

Most of them provide large libraries of compounds along with their synthesis routes, as well as in vivo and 

in vitro testing results.  Listed below are some noteworthy molecular glue-related patents (Table 12). 

 

Table 12.  Notable molecular glue-related patents 

Patent 

Number 
Title Organization Highlights 
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WO 

2021/053555 

Glue degraders and methods of 

use thereof 

Novartis AG  Glue degrader compounds binding to and 

altering specificity of a cereblon (CRBN) 

complex to induce ubiquitination and 

degradation of a protein; binders to tris-

tryptophan pocket of cereblon E3 ligase; 

18 compounds synthesized and tested. 

WO 

2021/249517 

A molecular glue regulating 

CDK12-DDB1 interaction to 

trigger Cyclin K degradation 

National Institute 

of Biological 

Sciences, Beijing 

Molecular glues for triggering 

polyubiquitination and degradation of 

CCNK (cyclin K); creating a modified 

CDK12 protein binding DDB1 of DDB1-

CUL4-RBX1; 31 compounds synthesized 

and tested. 

WO 

2020/006264 

Ligands to cereblon (CRBN) Dana-Farber 

Cancer Institute 

Compounds with immunomodulatory 

activity, methods of making them, and 

pharmaceutical compositions; 61 

compounds synthesized and tested; ~70 

potential targeted proteins listed 

WO 

2008/115516 

4’-O-Substituted isoindoline 

derivatives and compositions 

comprising and methods of using 

the same 

Celgene 

Corporation 

Seventy-four 4’-O-substituted isoindoline 

derivative compounds synthesized and 

tested, pharmaceutical compositions of 

these compounds disclosed. 

WO 

2021/126805 

Modulation of protein 

degradation 

Orionis 

Biosciences  

Agent in treating a disease by recruitment 

and/or ubiquitination and/or degradation 

of proteins such as argininosuccinate 

synthetase. 

WO 

2021/178920 

Compounds for targeted 

degradation of BRD9  

C4 Therapeutics BRD9 protein degradation compounds 

provided for treatment of disorders 

mediated by BRD9, including abnormal 

cellular proliferation 

WO 

2021/127080 

Detection of novel degradation-

related interactions 

Orionis 

Biosciences 

Method for detecting and identifying 

protein-protein or protein-small mol. 

interactions using a MAPPITT assay with 

CRBN, IKZF1, DDB1, PROTAC, FKBP1A, and 

VHL. 
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WO 

2014/094138 

Screening methods to identify 

inhibitors of E2 enzymes by 

stabilization of non-covalent 

ubiquitin-E2 complexes for use in 

cancer therapy and other 

disorders 

Univ. Montreal Stabilization of non-covalent donor 

ubiquitin interaction with E2 enzymes, 

including CDC34-ubiquitin interaction and 

therapeutic methods for inhibiting 

enzymes involved in the cell ubiquitin-

proteasome system (UPS). 

WO 

2015/200795 

WO 

2017/117118 

Compositions and methods for 

inducing conformational changes 

in cereblon other E3 ubiquitin 

ligases 

Celgene 

Corporation 

Screening methods, computational 

methods and biomarkers based upon the 

elucidation of the interaction among 

cereblon, its substrates and certain 

compounds or agents, including small 

mols., peptides, and proteins. 

WO 

2020/079103 

Method for identifying a chemical 

compound or agent inducing 

ubiquitination of a protein of 

interest 

CEMM Research 

Center for 

Molecular 

Medicine 

Method for identifying compounds or 

agents able to induce ubiquitination of a 

protein of interest, for treating cancer or 

other diseases. 

 

Summary and Outlook  

Proximity-induced protein degradation using targeted degraders has emerged recently as a 

favorable approach in drug discovery and development. In one of the approaches, E3 ligases are being 

reprogrammed by monovalent small molecules, referred to as molecular glues.  Ligand binding to the E3 

ligase modifies protein interface properties, leading to dimerization with a neosubstrate. It has become 

clear lately that molecular glue type of binding can be considered as a new modality option, specifically 

for otherwise poorly druggable protein targets. This way, inducing protein degradation via small 

molecules has become a favorable therapeutic paradigm.   

Altogether only ~16% of the disease-related proteins have been targeted by a drug (small 

molecule or biologic) nowadays. 144 Estimates show that ~2% of the rest have been successfully knocked 

down by TPD in the recent years. 145     Considering the relatively new and rapid emergence of TPD as a 

protein knock-down strategy,  the percentage of successfully degraded targets seems rather impressive 

and expected to further increase.   

Although the human genome encodes over 600 E3 ligases, very few of them ((VHL, CRBN, IAP, 

MDM2) have been used to trigger small-molecule-induced degradation. Since different ligases show 

specificity for recruitment and degradation of unique target proteins, it is believed possible to expand the 
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reach of molecular glue degraders and eliminate so far undruggable proteins by accurately selecting new 

E3 ligases as targets for drug discovery.  Moving beyond the most widely employed cereblon E3 ligase will 

therefore significantly expand the therapeutic capacity of induced protein degradation. 

Despite the favorable pharmacokinetic properties of molecular glues, currently well-characterized 

molecular glues are limited. The understanding of their mode of action and design principles is still 

deficient, thus advanced research in the area is highly desirable.  Advancement of the proximity-based 

platforms will be highly impactful for drug discovery. For instance, many disease-relevant undruggable 

proteins are known for having regions of intrinsic disorder 146 that cannot be targeted by conventional 

small molecule drugs,  whereas molecular glues can make a significant impact. In binding to a disordered 

protein region, molecular glues induce order, thus conferring druggability. Therefore, careful screening 

using innovative approaches, may lead to a discovery of ligandable pockets in a variety of undruggable 

targets and could open the possibility to targeting intrinsically disordered regions of proteins, particularly 

such with a high degree of disorder, including transcription factors, adaptor/scaffolding proteins, and RNA 

binding proteins. 53, 123 

Since the initial serendipitous findings of molecular glues, a bottleneck setback has been how to 

efficiently approach a molecular glue discovery and design. The currently applied methods mostly rely on 

intensive high-throughput chemical screening, followed by systematic validation and lead optimization. 

The emerging development of efficient rational discovery strategies and structure-based drug 

development pipelines is enhancing the efficiency and applicability of molecular glue discovery.  Despite 

the progress in protein science, profound understanding of such compound-mediated protein-protein 

binding events is broadly insufficient.  Detailed knowledge of the interfaces involved, as in the example of 

IMiDs binding to CRBN, are necessary to design novel molecular glues and develop them into a powerful 

new medicine.   

The development of new computational tools, such as molecular docking tools, that model and 

foretell the binding mode of molecular glue-induced PPI complexes, is proving to be a valuable 

advancement for identifying novel compatible E3 ligase-target protein partners through virtual screening  

and in the  structure-based rational design of new optimized molecular glues. However, the application 

of these tools depends on a thorough structural understanding of the chemistry at the dimer interface 

and how a molecular glue stabilizes dimerization with the target protein, while reducing off-target 

binding. Moreover, better understanding of the minimal degrons necessary for PPI and small molecule 
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protein interactions at the interface can inform the development of artificial intelligence technologies 

beneficial for upgrading the efficiency of data mining and molecular design. 

As small molecule drugs, one of the hurdles in molecular glue advancement is their progression 

into clinical therapeutics.   Although some progress in understanding their mechanisms of action has been 

achieved, the pharmacokinetic and pharmacodynamic profiles of newly developed molecular glues are 

still largely unknown, which obstructs their further development into drug candidates.  Comprehensive 

studies into the detailed pathways of the pathogenic protein degradation via the ubiquitin-proteasome 

system enabled by each specific molecular glue is of key importance for their optimization and perfection 

into successful drugs. Despite these hurdles, molecular glue companies and research organizations are 

taking on the challenge to progress discovered molecular glues not only to the clinic but ultimately to 

market. From established companies and research organizations to 2022 start-up companies, they all have 

the same mission to treat diseases with high unmet needs and transform how disease treatment is 

approached.   

In addition to proteasomes, lysosomes provide another independent pathway for the eukaryotic 

cells to degrade disease-related proteins. Recently, targeted protein degradation strategies via the 

lysosomal pathway have been explored that as well could degrade membrane proteins, extracellular 

proteins, and protein aggregates, thus greatly expanding the range of substrates for TPD. 147 As a result of 

intensive research in the area, a number of new strategies via the lysosomal pathway, such as LYTAC, 

AbTAC, ATTEC, AUTAC, bispecific aptamer chimeras, and AUTOTAC have recently emerged. 148 

In the long run, structure-based rational optimization approaches for perfection of the targeted 

protein degraders are highly needed. Altogether, advanced knowledge of the precise mechanisms of the 

molecular glues operation, their structural biology, and medicinal chemistry features would be of utmost 

importance in transforming and progressing the targeted protein degradation strategy into favorable 

practical application in the clinic. 
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Abbreviations: AR, androgen receptor; ASB6, Ankyrin Repeat and SOCS Box Containing 6; ATTEC, 

autophagosome-tethering compound; AUX, auxin; BCL6, B-cell lymphoma 6; CDC34, Ubiquitin-

conjugating enzyme E2 R1; CELMoD, cereblon E3 ligase modulating drug; CEP250, centrosomal protein 

250; cIAP, cellular inhibitor of apoptosis protein 1; CNS, central nervous system; CRBN, cereblon; CsA, 

Cyclosporin A;  DCAF, DDB1 and CUL4 associated factor;  DDB1, DNA damage binding protein 1; DLBCL, 

diffuse large B-cell lymphoma; ER, estrogen receptor; FBXO, F-box only protein; FKBP, FK506-binding 

protein; IKZF1, Ikaros; IKZF2, Helios; IKZF3, Aiolos; HDAC, histone deacetylase; IMiDs, immunomodulatory 

imide drugs; JA, Jasmonate; JAZ, Jasmonate-ZIM; KEAP1, Kelch-like ECH-associated protein 1; MAX, Myc-

associated factor X; MDM2, mouse double minute 2 homologue; mHTT, mutated huntingtin; mTOR, 

mammalian target of rapamycin; NSCLC, non-small cell lung cancer; PI3K, phosphoinositide; POI, proteins 

of interest; polyQ, polyglutamine; PPI, protein-protein interaction; PROTAC, proteolysis targeting chimera;  

RBM39, RNA-blinding motif protein 39; RNF, RING finger protein; SALL4, Sal-like protein 4; SBDD, 

Structure based drug design; SCF, Skp1-Cullin 1-F-box; SfA, sanflifehrin A;  SIAH1, seven in absentia 

homolog 1;  SKP, S-phase kinase associated protein;  STUB1, STIP-1 homology and U-Box containing 

protein 1; TPD, targeted protein degrader; β-TRCP, β-transducin repeats-containing proteins;  UBE4A, 

E3/E4 ubiquitin ligase; UPS, ubiquitin-proteasome system;  URB2, Unhealthy ribosome biogenesis protein 

2; VHL, von Hippel–Lindau; WIPO, World Intellectual Property Organization. 

 

Supplemental Information: 

Figure S1.  ChemScape map of compounds within 90% similarity limit to thalidomide used as protein 

degraders  according to SciFindern.  

Figure S2.   Bioactivity Indicators of the 310 compounds within the 85% - 99%  chemical structure 

similarity range to the molecular glue CC-885 as estimated using SciFindern. 

Figure S3. Bioactivity Indicators of 715 Compounds with an α,α-Difluorobenzeneacetamide CC-885 

analog chemical substructure as estimated using SciFindern. 

 

Supplemental Table 1. E3 ligase and non-E3 ligase based molecular glue degraders.   



39 
 

References 

 

1. Schapira, M., Calabrese, M. F., Bullock, A. N.,Crews, C. M., Targeted protein degradation: 
expanding the toolbox. Nat. Rev. Drug Discovery 2019, 18, 949-963. 
2. Chamberlain, P. P.,Hamann, L. G., Development of targeted protein degradation therapeutics. 
Nature Chemical Biology 2019, 15, 937-944. 
3. Jarvis, L. M., Targeted protein degraders are redefining how small molecules look and act. 
Chemical & Engineering News 2018, 96, N/A. 
4. Li, H., Dong, J., Cai, M., Xu, Z., Cheng, X.-D.,Qin, J.-J., Protein degradation technology: a 
strategic paradigm shift in drug discovery. Journal of Hematology & Oncology 2021, 14, 138. 
5. Zhong, Y., Chi, F., Wu, H., Liu, Y., Xie, Z., Huang, W., Shi, W.,Qian, H., Emerging targeted protein 
degradation tools for innovative drug discovery: From classical PROTACs to the novel and beyond. 
European Journal of Medicinal Chemistry 2022, 231, 114142. 
6. Chen, Y. J., Wu, H.,Shen, X. Z., The ubiquitin-proteasome system and its potential application in 
hepatocellular carcinoma therapy. Cancer Lett 2016, 379, 245-52. 
7. Luh, L. M., Scheib, U., Juenemann, K., Wortmann, L., Brands, M.,Cromm, P. M., Prey for the 
Proteasome: Targeted Protein Degradation—A Medicinal Chemist's Perspective. Angewandte Chemie 
International Edition 2020, 59, 15448-15466. 
8. Békés, M., Langley, D. R.,Crews, C. M., PROTAC targeted protein degraders: the past is prologue. 
Nature Reviews Drug Discovery 2022, 21, 181-200. 
9. Paiva, S.-L.,Crews, C. M., Targeted protein degradation: elements of PROTAC design. Curr Opin 
Chem Biol 2019, 50, 111-119. 
10. Belcher, B. P., Ward, C. C.,Nomura, D. K., Ligandability of E3 Ligases for Targeted Protein 
Degradation Applications. Biochemistry 2021. 
11. Jevtić, P., Haakonsen, D. L.,Rapé, M., An E3 ligase guide to the galaxy of small-molecule-induced 
protein degradation. Cell Chemical Biology 2021, 28, 1000-1013. 
12. Scheepstra, M., Hekking, K. F. W., van Hijfte, L.,Folmer, R. H. A., Bivalent Ligands for Protein 
Degradation in Drug Discovery. Comput Struct Biotechnol J 2019, 17, 160-176. 
13. Burslem, G. M., Smith, B. E., Lai, A. C., Jaime-Figueroa, S., McQuaid, D. C., Bondeson, D. P., 
Toure, M., Dong, H., Qian, Y., Wang, J., Crew, A. P., Hines, J.,Crews, C. M., The Advantages of Targeted 
Protein Degradation Over Inhibition: An RTK Case Study. Cell chemical biology 2018, 25, 67-77.e3. 
14. Mullard, A., Targeted protein degraders crowd into the clinic. Nat Rev Drug Discov 2021, 20, 
247-250. 
15. He, M., Lv, W.,Rao, Y., Opportunities and Challenges of Small Molecule Induced Targeted Protein 
Degradation. Frontiers in Cell and Developmental Biology 2021, 9. 
16. Kenten, J. H.,Roberts, S. F. Controlling protein levels in eucaryotic organisms. US6306663, 1999. 
17. Sakamoto, K. M., Kim, K. B., Kumagai, A., Mercurio, F., Crews, C. M.,Deshaies, R. J., Protacs: 
Chimeric molecules that target proteins to the Skp1–Cullin–F box complex for ubiquitination and 
degradation. Proceedings of the National Academy of Sciences 2001, 98, 8554-8559. 
18. Schneekloth, J. S., Fonseca, F. N., Koldobskiy, M., Mandal, A., Deshaies, R., Sakamoto, K.,Crews, 
C. M., Chemical Genetic Control of Protein Levels:  Selective in Vivo Targeted Degradation. Journal of the 
American Chemical Society 2004, 126, 3748-3754. 
19. Schneekloth, A. R., Pucheault, M., Tae, H. S.,Crews, C. M., Targeted intracellular protein 
degradation induced by a small molecule: En route to chemical proteomics. Bioorg Med Chem Lett 2008, 
18, 5904-8. 



40 
 

20. Buckley, D. L., Van Molle, I., Gareiss, P. C., Tae, H. S., Michel, J., Noblin, D. J., Jorgensen, W. L., 
Ciulli, A.,Crews, C. M., Targeting the von Hippel–Lindau E3 Ubiquitin Ligase Using Small Molecules To 
Disrupt the VHL/HIF-1α Interaction. Journal of the American Chemical Society 2012, 134, 4465-4468. 
21. Bondeson, D. P., Mares, A., Smith, I. E., Ko, E., Campos, S., Miah, A. H., Mulholland, K. E., Routly, 
N., Buckley, D. L., Gustafson, J. L., Zinn, N., Grandi, P., Shimamura, S., Bergamini, G., Faelth-Savitski, M., 
Bantscheff, M., Cox, C., Gordon, D. A., Willard, R. R., Flanagan, J. J., Casillas, L. N., Votta, B. J., den 
Besten, W., Famm, K., Kruidenier, L., Carter, P. S., Harling, J. D., Churcher, I.,Crews, C. M., Catalytic in 
vivo protein knockdown by small-molecule PROTACs. Nat Chem Biol 2015, 11, 611-7. 
22. Zengerle, M., Chan, K.-H.,Ciulli, A., Selective Small Molecule Induced Degradation of the BET 
Bromodomain Protein BRD4. ACS Chemical Biology 2015, 10, 1770-1777. 
23. Itoh, Y., Ishikawa, M., Naito, M.,Hashimoto, Y., Protein Knockdown Using Methyl 
Bestatin−Ligand Hybrid Molecules: Design and Synthesis of Inducers of Ubiquitination-Mediated 
Degradation of Cellular Retinoic Acid-Binding Proteins. Journal of the American Chemical Society 2010, 
132, 5820-5826. 
24. Buckley, D. L., Gustafson, J. L., Van Molle, I., Roth, A. G., Tae, H. S., Gareiss, P. C., Jorgensen, W. 
L., Ciulli, A.,Crews, C. M., Small-Molecule Inhibitors of the Interaction between the E3 Ligase VHL and 
HIF1α. Angewandte Chemie International Edition 2012, 51, 11463-11467. 
25. Van Molle, I., Thomann, A., Buckley, D. L., So, E. C., Lang, S., Crews, C. M.,Ciulli, A., Dissecting 
fragment-based lead discovery at the von Hippel-Lindau protein:hypoxia inducible factor 1α protein-
protein interface. Chem Biol 2012, 19, 1300-12. 
26. Dong, G., Ding, Y., He, S.,Sheng, C., Molecular Glues for Targeted Protein Degradation: From 
Serendipity to Rational Discovery. Journal of Medicinal Chemistry 2021, 64, 10606-10620. 
27. den Besten, W.,Lipford, J. R., Prospecting for molecular glues. Nature Chemical Biology 2020, 16, 
1157-1158. 
28. Geiger, T. M., Schäfer, S. C., Dreizler, J. K., Walz, M.,Hausch, F., Clues to molecular glues. Current 
Research in Chemical Biology 2022, 2, 100018. 
29. Schreiber, S. L.,Crabtree, G. R., The mechanism of action of cyclosporin A and FK506. Immunol 
Today 1992, 13, 136-42. 
30. Ito, T., Ando, H., Suzuki, T., Ogura, T., Hotta, K., Imamura, Y., Yamaguchi, Y.,Handa, H., 
Identification of a Primary Target of Thalidomide Teratogenicity. Science 2010, 327, 1345-1350. 
31. Gadd, M. S., Testa, A., Lucas, X., Chan, K. H., Chen, W., Lamont, D. J., Zengerle, M.,Ciulli, A., 
Structural basis of PROTAC cooperative recognition for selective protein degradation. Nat Chem Biol 
2017, 13, 514-521. 
32. Cowan, A. D.,Ciulli, A., Driving E3 Ligase Substrate Specificity for Targeted Protein Degradation: 
Lessons from Nature and the Laboratory. Annual Review of Biochemistry 2022, 91, null. 
33. Yang, J., Li, Y., Aguilar, A., Liu, Z., Yang, C.-Y.,Wang, S., Simple Structural Modifications 
Converting a Bona fide MDM2 PROTAC Degrader into a Molecular Glue Molecule: A Cautionary Tale in 
the Design of PROTAC Degraders. Journal of Medicinal Chemistry 2019, 62, 9471-9487. 
34. Sakamoto, K. M., Kim, K. B., Verma, R., Ransick, A., Stein, B., Crews, C. M.,Deshaies, R. J., 
Development of Protacs to target cancer-promoting proteins for ubiquitination and degradation. Mol 
Cell Proteomics 2003, 2, 1350-8. 
35. Lee, H., Puppala, D., Choi, E. Y., Swanson, H.,Kim, K. B., Targeted degradation of the aryl 
hydrocarbon receptor by the PROTAC approach: a useful chemical genetic tool. Chembiochem 2007, 8, 
2058-62. 
36. Rodriguez-Gonzalez, A., Cyrus, K., Salcius, M., Kim, K., Crews, C. M., Deshaies, R. J.,Sakamoto, K. 
M., Targeting steroid hormone receptors for ubiquitination and degradation in breast and prostate 
cancer. Oncogene 2008, 27, 7201-11. 



41 
 

37. Hines, J., Gough, J. D., Corson, T. W.,Crews, C. M., Posttranslational protein knockdown coupled 
to receptor tyrosine kinase activation with phosphoPROTACs. Proc Natl Acad Sci U S A 2013, 110, 8942-
7. 
38. Itoh, Y., Kitaguchi, R., Ishikawa, M., Naito, M.,Hashimoto, Y., Design, synthesis and biological 
evaluation of nuclear receptor-degradation inducers. Bioorg Med Chem 2011, 19, 6768-78. 
39. Ohoka, N., Nagai, K., Hattori, T., Okuhira, K., Shibata, N., Cho, N.,Naito, M., Cancer cell death 
induced by novel small molecules degrading the TACC3 protein via the ubiquitin–proteasome pathway. 
Cell Death & Disease 2014, 5, e1513-e1513. 
40. Raina, K., Lu, J., Qian, Y., Altieri, M., Gordon, D., Rossi, A. M. K., Wang, J., Chen, X., Dong, H., Siu, 
K., Winkler, J. D., Crew, A. P., Crews, C. M.,Coleman, K. G., PROTAC-induced BET protein degradation as a 
therapy for castration-resistant prostate cancer. Proceedings of the National Academy of Sciences 2016, 
113, 7124-7129. 
41. Winter, G. E., Buckley, D. L., Paulk, J., Roberts, J. M., Souza, A., Dhe-Paganon, S.,Bradner, J. E., 
DRUG DEVELOPMENT. Phthalimide conjugation as a strategy for in vivo target protein degradation. 
Science 2015, 348, 1376-81. 
42. Lu, J., Qian, Y., Altieri, M., Dong, H., Wang, J., Raina, K., Hines, J., Winkler, J. D., Crew, A. P., 
Coleman, K.,Crews, C. M., Hijacking the E3 Ubiquitin Ligase Cereblon to Efficiently Target BRD4. Chem 
Biol 2015, 22, 755-63. 
43. Henning, R. K., Varghese, J. O., Das, S., Nag, A., Tang, G., Tang, K., Sutherland, A. M.,Heath, J. R., 
Degradation of Akt using protein-catalyzed capture agents. J Pept Sci 2016, 22, 196-200. 
44. Lai, A. C., Toure, M., Hellerschmied, D., Salami, J., Jaime-Figueroa, S., Ko, E., Hines, J.,Crews, C. 
M., Modular PROTAC Design for the Degradation of Oncogenic BCR-ABL. Angew Chem Int Ed Engl 2016, 
55, 807-10. 
45. Chu, T. T., Gao, N., Li, Q. Q., Chen, P. G., Yang, X. F., Chen, Y. X., Zhao, Y. F.,Li, Y. M., Specific 
Knockdown of Endogenous Tau Protein by Peptide-Directed Ubiquitin-Proteasome Degradation. Cell 
Chem Biol 2016, 23, 453-61. 
46. Hagner, P. R., Man, H. W., Fontanillo, C., Wang, M., Couto, S., Breider, M., Bjorklund, C., Havens, 
C. G., Lu, G., Rychak, E., Raymon, H., Narla, R. K., Barnes, L., Khambatta, G., Chiu, H., Kosek, J., Kang, J., 
Amantangelo, M. D., Waldman, M., Lopez-Girona, A., Cai, T., Pourdehnad, M., Trotter, M., Daniel, T. O., 
Schafer, P. H., Klippel, A., Thakurta, A., Chopra, R.,Gandhi, A. K., CC-122, a pleiotropic pathway modifier, 
mimics an interferon response and has antitumor activity in DLBCL. Blood 2015, 126, 779-89. 
47. Uehara, T., Minoshima, Y., Sagane, K., Sugi, N. H., Mitsuhashi, K. O., Yamamoto, N., Kamiyama, 
H., Takahashi, K., Kotake, Y., Uesugi, M., Yokoi, A., Inoue, A., Yoshida, T., Mabuchi, M., Tanaka, A.,Owa, 
T., Selective degradation of splicing factor CAPERα by anticancer sulfonamides. Nature Chemical Biology 
2017, 13, 675-680. 
48. Ting, T. C., Goralski, M., Klein, K., Wang, B., Kim, J., Xie, Y.,Nijhawan, D., Aryl Sulfonamides 
Degrade RBM39 and RBM23 by Recruitment to CRL4-DCAF15. Cell Reports 2019, 29, 1499-1510.e6. 
49. de Vink, P. J., Andrei, S. A., Higuchi, Y., Ottmann, C., Milroy, L.-G.,Brunsveld, L., Cooperativity 
basis for small-molecule stabilization of protein–protein interactions. Chemical Science 2019, 10, 2869-
2874. 
50. Grigglestone, C. E.,Yeung, K.-S., Degradation of Protein Kinases: Ternary Complex, Cooperativity, 
and Selectivity. ACS Med Chem Lett 2021, 12, 1629-1632. 
51. Cao, S., Kang, S., Mao, H., Yao, J., Gu, L.,Zheng, N., Defining molecular glues with a dual-
nanobody cannabidiol sensor. Nature Communications 2022, 13, 815. 
52. Simonetta, K. R., Taygerly, J., Boyle, K., Basham, S. E., Padovani, C., Lou, Y., Cummins, T. J., Yung, 
S. L., von Soly, S. K., Kayser, F., Kuriyan, J., Rape, M., Cardozo, M., Gallop, M. A., Bence, N. F., Barsanti, P. 
A.,Saha, A., Prospective discovery of small molecule enhancers of an E3 ligase-substrate interaction. 
Nature Communications 2019, 10, 1402. 



42 
 

53. Rudolph, J., Settleman, J.,Malek, S., Emerging Trends in Cancer Drug Discovery—From Drugging 
the “Undruggable” to Overcoming Resistance. Cancer Discovery 2021, 11, 815-821. 
54. Benet, L. Z., Hosey, C. M., Ursu, O.,Oprea, T. I., BDDCS, the Rule of 5 and drugability. Adv Drug 
Deliv Rev 2016, 101, 89-98. 
55. Yang, N. J.,Hinner, M. J., Getting across the cell membrane: an overview for small molecules, 
peptides, and proteins. Methods Mol Biol 2015, 1266, 29-53. 
56. PROTACs VS. Tranditional Small Molecule Inhibitors. 
https://www.biochempeg.com/article/233.html (accessed Apr 29, 2022). 
57. CAS Content Collection. https://www.cas.org/about/cas-content (accessed January 5, 2022). 
58. Hon, W.-C., Wilson, M. I., Harlos, K., Claridge, T. D. W., Schofield, C. J., Pugh, C. W., Maxwell, P. 
H., Ratcliffe, P. J., Stuart, D. I.,Jones, E. Y., Structural basis for the recognition of hydroxyproline in HIF-1α 
by pVHL. Nature 2002, 417, 975-978. 
59. Min, J.-H., Yang, H., Ivan, M., Gertler, F., Kaelin, W. G.,Pavletich, N. P., Structure of an HIF-
1alpha-pVHL Complex: Hydroxyproline Recognition in Signaling. Science 2002, 296, 1886-1889. 
60. Mayor-Ruiz, C., Bauer, S., Brand, M., Kozicka, Z., Siklos, M., Imrichova, H., Kaltheuner, I. H., 
Hahn, E., Seiler, K., Koren, A., Petzold, G., Fellner, M., Bock, C., Müller, A. C., Zuber, J., Geyer, M., Thomä, 
N. H., Kubicek, S.,Winter, G. E., Rational discovery of molecular glue degraders via scalable chemical 
profiling. Nature Chemical Biology 2020, 16, 1199-1207. 
61. Lv, L., Chen, P., Cao, L., Li, Y., Zeng, Z., Cui, Y., Wu, Q., Li, J., Wang, J.-H., Dong, M.-Q., Qi, X.,Han, 
T., Discovery of a molecular glue promoting CDK12-DDB1 interaction to trigger cyclin K degradation. 
eLife 2020, 9, e59994. 
62. Słabicki, M., Kozicka, Z., Petzold, G., Li, Y.-D., Manojkumar, M., Bunker, R. D., Donovan, K. A., 
Sievers, Q. L., Koeppel, J., Suchyta, D., Sperling, A. S., Fink, E. C., Gasser, J. A., Wang, L. R., Corsello, S. M., 
Sellar, R. S., Jan, M., Gillingham, D., Scholl, C., Fröhling, S., Golub, T. R., Fischer, E. S., Thomä, N. H.,Ebert, 
B. L., The CDK inhibitor CR8 acts as a molecular glue degrader that depletes cyclin K. Nature 2020, 585, 
293-297. 
63. Fischer, E. S., Böhm, K., Lydeard, J. R., Yang, H., Stadler, M. B., Cavadini, S., Nagel, J., Serluca, F., 
Acker, V., Lingaraju, G. M., Tichkule, R. B., Schebesta, M., Forrester, W. C., Schirle, M., Hassiepen, U., 
Ottl, J., Hild, M., Beckwith, R. E. J., Harper, J. W., Jenkins, J. L.,Thomä, N. H., Structure of the DDB1–CRBN 
E3 ubiquitin ligase in complex with thalidomide. Nature 2014, 512, 49-53. 
64. Chamberlain, P. P., Lopez-Girona, A., Miller, K., Carmel, G., Pagarigan, B., Chie-Leon, B., Rychak, 
E., Corral, L. G., Ren, Y. J., Wang, M., Riley, M., Delker, S. L., Ito, T., Ando, H., Mori, T., Hirano, Y., Handa, 
H., Hakoshima, T., Daniel, T. O.,Cathers, B. E., Structure of the human Cereblon–DDB1–lenalidomide 
complex reveals basis for responsiveness to thalidomide analogs. Nature Structural & Molecular Biology 
2014, 21, 803-809. 
65. Nowak, R. P., DeAngelo, S. L., Buckley, D., He, Z., Donovan, K. A., An, J., Safaee, N., Jedrychowski, 
M. P., Ponthier, C. M., Ishoey, M., Zhang, T., Mancias, J. D., Gray, N. S., Bradner, J. E.,Fischer, E. S., 
Plasticity in binding confers selectivity in ligand-induced protein degradation. Nature Chemical Biology 
2018, 14, 706-714. 
66. Nishiguchi, G., Keramatnia, F., Min, J., Chang, Y., Jonchere, B., Das, S., Actis, M., Price, J., 
Chepyala, D., Young, B., McGowan, K., Slavish, P. J., Mayasundari, A., Jarusiewicz, J. A., Yang, L., Li, Y., Fu, 
X., Garrett, S. H., Papizan, J. B., Kodali, K., Peng, J., Pruett Miller, S. M., Roussel, M. F., Mullighan, C., 
Fischer, M.,Rankovic, Z., Identification of Potent, Selective, and Orally Bioavailable Small-Molecule 
GSPT1/2 Degraders from a Focused Library of Cereblon Modulators. Journal of Medicinal Chemistry 
2021, 64, 7296-7311. 
67. Powell, C. E., Du, G., Che, J., He, Z., Donovan, K. A., Yue, H., Wang, E. S., Nowak, R. P., Zhang, T., 
Fischer, E. S.,Gray, N. S., Selective Degradation of GSPT1 by Cereblon Modulators Identified via a 
Focused Combinatorial Library. ACS Chemical Biology 2020, 15, 2722-2730. 

https://www.biochempeg.com/article/233.html
https://www.cas.org/about/cas-content


43 
 

68. Hansen, J. D., Correa, M., Alexander, M., Nagy, M., Huang, D., Sapienza, J., Lu, G., LeBrun, L. A., 
Cathers, B. E., Zhang, W., Tang, Y., Ammirante, M., Narla, R. K., Piccotti, J. R., Pourdehnad, M.,Lopez-
Girona, A., CC-90009: A Cereblon E3 Ligase Modulating Drug That Promotes Selective Degradation of 
GSPT1 for the Treatment of Acute Myeloid Leukemia. Journal of Medicinal Chemistry 2021, 64, 1835-
1843. 
69. Matyskiela, M. E., Lu, G., Ito, T., Pagarigan, B., Lu, C.-C., Miller, K., Fang, W., Wang, N.-Y., 
Nguyen, D., Houston, J., Carmel, G., Tran, T., Riley, M., Nosaka, L. A., Lander, G. C., Gaidarova, S., Xu, S., 
Ruchelman, A. L., Handa, H., Carmichael, J., Daniel, T. O., Cathers, B. E., Lopez-Girona, A.,Chamberlain, P. 
P., A novel cereblon modulator recruits GSPT1 to the CRL4CRBN ubiquitin ligase. Nature 2016, 535, 252-
257. 
70. Matyskiela, M. E., Zhang, W., Man, H.-W., Muller, G., Khambatta, G., Baculi, F., Hickman, M., 
LeBrun, L., Pagarigan, B., Carmel, G., Lu, C.-C., Lu, G., Riley, M., Satoh, Y., Schafer, P., Daniel, T. O., 
Carmichael, J., Cathers, B. E.,Chamberlain, P. P., A Cereblon Modulator (CC-220) with Improved 
Degradation of Ikaros and Aiolos. Journal of Medicinal Chemistry 2018, 61, 535-542. 
71. Matyskiela, M. E., Clayton, T., Zheng, X., Mayne, C., Tran, E., Carpenter, A., Pagarigan, B., 
McDonald, J., Rolfe, M., Hamann, L. G., Lu, G.,Chamberlain, P. P., Crystal structure of the SALL4–
pomalidomide–cereblon–DDB1 complex. Nature Structural & Molecular Biology 2020, 27, 319-322. 
72. Hansen, J. D., Correa, M., Nagy, M. A., Alexander, M., Plantevin, V., Grant, V., Whitefield, B., 
Huang, D., Kercher, T., Harris, R., Narla, R. K., Leisten, J., Tang, Y., Moghaddam, M., Ebinger, K., Piccotti, 
J., Havens, C. G., Cathers, B., Carmichael, J., Daniel, T., Vessey, R., Hamann, L. G., Leftheris, K., Mendy, D., 
Baculi, F., LeBrun, L. A., Khambatta, G.,Lopez-Girona, A., Discovery of CRBN E3 Ligase Modulator CC-
92480 for the Treatment of Relapsed and Refractory Multiple Myeloma. Journal of Medicinal Chemistry 
2020, 63, 6648-6676. 
73. SciFinder-n. https://scifinder-n.cas.org/ (accessed Apr 14, 2022). 
74. MULLER, G., W.,MAN, H.-W. 5-Substituted quinazolinone derivatives as antitumor agents. 
WO/2008/039489, 2008. 
75. Man, H.-W., Muller, G. W., Ruchelman, A. L., Khalil, E. M., Chen, R. S.-C.,Zhang, W. Arylmethoxy 
Isoindoline Derivatives and Compositions Comprising and Methods of Using the Same. US 2011-
0196150, 2011. 
76. MULLER, G., W., CHEN, R., S.C.,RUCHELMAN, A., L. 5-Substituted isoindoline compounds. 
WO2008027542, 2008. 
77. Guharoy, M., Bhowmick, P., Sallam, M.,Tompa, P., Tripartite degrons confer diversity and 
specificity on regulated protein degradation in the ubiquitin-proteasome system. Nat Commun 2016, 7, 
10239. 
78. Sievers, Q. L., Petzold, G., Bunker, R. D., Renneville, A., Słabicki, M., Liddicoat, B. J., 
Abdulrahman, W., Mikkelsen, T., Ebert, B. L.,Thomä, N. H., Defining the human C2H2 zinc finger 
degrome targeted by thalidomide analogs through CRBN. Science 2018, 362, eaat0572. 
79. Wang, J.-H., Avitahl, N., Cariappa, A., Friedrich, C., Ikeda, T., Renold, A., Andrikopoulos, K., Liang, 
L., Pillai, S., Morgan, B. A.,Georgopoulos, K., Aiolos Regulates B Cell Activation and Maturation to 
Effector State. Immunity 1998, 9, 543-553. 
80. Georgopoulos, K., Bigby, M., Wang, J.-H., Molnar, A., Wu, P., Winandy, S.,Sharpe, A., The ikaros 
gene is required for the development of all lymphoid lineages. Cell 1994, 79, 143-156. 
81. Krönke, J., Udeshi, N. D., Narla, A., Grauman, P., Hurst, S. N., McConkey, M., Svinkina, T., Heckl, 
D., Comer, E., Li, X., Ciarlo, C., Hartman, E., Munshi, N., Schenone, M., Schreiber, S. L., Carr, S. A.,Ebert, B. 
L., Lenalidomide causes selective degradation of IKZF1 and IKZF3 in multiple myeloma cells. Science 
2014, 343, 301-5. 
82. Lopez-Girona, A., Mendy, D., Ito, T., Miller, K., Gandhi, A. K., Kang, J., Karasawa, S., Carmel, G., 
Jackson, P., Abbasian, M., Mahmoudi, A., Cathers, B., Rychak, E., Gaidarova, S., Chen, R., Schafer, P. H., 

https://scifinder-n.cas.org/


44 
 

Handa, H., Daniel, T. O., Evans, J. F.,Chopra, R., Cereblon is a direct protein target for 
immunomodulatory and antiproliferative activities of lenalidomide and pomalidomide. Leukemia 2012, 
26, 2326-2335. 
83. Zhu, Y. X., Braggio, E., Shi, C.-X., Bruins, L. A., Schmidt, J. E., Van Wier, S., Chang, X.-B., Bjorklund, 
C. C., Fonseca, R., Bergsagel, P. L., Orlowski, R. Z.,Stewart, A. K., Cereblon expression is required for the 
antimyeloma activity of lenalidomide and pomalidomide. Blood 2011, 118, 4771-4779. 
84. Lu, G., Middleton, R. E., Sun, H., Naniong, M., Ott, C. J., Mitsiades, C. S., Wong, K. K., Bradner, J. 
E.,Kaelin, W. G., Jr., The myeloma drug lenalidomide promotes the cereblon-dependent destruction of 
Ikaros proteins. Science 2014, 343, 305-9. 
85. Schafer, P. H., Ye, Y., Wu, L., Kosek, J., Ringheim, G., Yang, Z., Liu, L., Thomas, M., Palmisano, 
M.,Chopra, R., Cereblon modulator iberdomide induces degradation of the transcription factors Ikaros 
and Aiolos: immunomodulation in healthy volunteers and relevance to systemic lupus erythematosus. 
Annals of the Rheumatic Diseases 2018, 77, 1516-1523. 
86. St-Cyr, D., Ceccarelli, D. F., Orlicky, S., Sloot, A. M. v. d., Tang, X., Kelso, S., Moore, S., James, C., 
Posternak, G., Coulombe-Huntington, J., Bertomeu, T., Marinier, A., Sicheri, F.,Tyers, M., Identification 
and optimization of molecular glue compounds that inhibit a noncovalent E2 enzyme-ubiquitin complex. 
Science Advances 2021, 7, eabi5797. 
87. Bjorklund, C. C., Kang, J., Amatangelo, M., Polonskaia, A., Katz, M., Chiu, H., Couto, S., Wang, M., 
Ren, Y., Ortiz, M., Towfic, F., Flynt, J. E., Pierceall, W.,Thakurta, A., Iberdomide (CC-220) is a potent 
cereblon E3 ligase modulator with antitumor and immunostimulatory activities in lenalidomide- and 
pomalidomide-resistant multiple myeloma cells with dysregulated CRBN. Leukemia 2020, 34, 1197-
1201. 
88. Study to Assess the Safety and Tolerability of CFT7455 in Relapsed/Refractory Non-Hodgkin's 
Lymphoma or Multiple Myeloma. 
https://clinicaltrials.gov/ct2/show/NCT04756726?term=CFT7455&draw=2&rank=1 (accessed Apr 12, 
2022). 
89. Study of Safety and Efficacy of DKY709 Alone or in Combination With PDR001 in Patients With 
Advanced Solid Tumors. 
https://clinicaltrials.gov/ct2/show/NCT03891953?term=Spartalizumab&recrs=ae&cond=melanoma&dra
w=2&rank=3 (accessed Мар 20, 2022). 
90. Steins, M. B., Bieker, R., Padró, T., Kessler, T., Kienast, J., Berdel, W. E.,Mesters, R. M., 
Thalidomide for the Treatment of Acute Myeloid Leukemia. Leukemia & Lymphoma 2003, 44, 1489-
1493. 
91. Lei, T., Zhang, P., Zhang, X., Xiao, X., Zhang, J., Qiu, T., Dai, Q., Zhang, Y., Min, L., Li, Q., Yin, R., 
Ding, P., Li, N., Qu, Y., Mu, D., Qin, J., Zhu, X., Xiao, Z.-X.,Li, Q., Cyclin K regulates prereplicative complex 
assembly to promote mammalian cell proliferation. Nature Communications 2018, 9, 1876. 
92. Bettayeb, K., Oumata, N., Echalier, A., Ferandin, Y., Endicott, J. A., Galons, H.,Meijer, L., CR8, a 
potent and selective, roscovitine-derived inhibitor of cyclin-dependent kinases. Oncogene 2008, 27, 
5797-5807. 
93. Kabadi, S. V., Stoica, B. A., Loane, D. J., Luo, T.,Faden, A. I., CR8, a Novel Inhibitor of CDK, Limits 
Microglial Activation, Astrocytosis, Neuronal Loss, and Neurologic Dysfunction after Experimental 
Traumatic Brain Injury. Journal of Cerebral Blood Flow & Metabolism 2014, 34, 502-513. 
94. Teng, M., Lu, W., Donovan, K. A., Sun, J., Krupnick, N. M., Nowak, R. P., Li, Y.-D., Sperling, A. S., 
Zhang, T., Ebert, B. L., Fischer, E. S.,Gray, N. S., Development of PDE6D and CK1α Degraders through 
Chemical Derivatization of FPFT-2216. Journal of Medicinal Chemistry 2022, 65, 747-756. 
95. QI, X., HAN, T., CHEN, P., LV, L., LI, Y., CAO, L., WU, Q.,LI, J. A molecular glue regulating CDK12-
DDB1 interaction to trigger cyclin K degradation. WO2021249517, 2021. 

https://clinicaltrials.gov/ct2/show/NCT04756726?term=CFT7455&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03891953?term=Spartalizumab&recrs=ae&cond=melanoma&draw=2&rank=3
https://clinicaltrials.gov/ct2/show/NCT03891953?term=Spartalizumab&recrs=ae&cond=melanoma&draw=2&rank=3


45 
 

96. Kozicka, Z.,Thomä, N. H., Haven't got a glue: Protein surface variation for the design of 
molecular glue degraders. Cell Chemical Biology 2021, 28, 1032-1047. 
97. Wu, T., Yoon, H., Xiong, Y., Dixon-Clarke, S. E., Nowak, R. P.,Fischer, E. S., Targeted protein 
degradation as a powerful research tool in basic biology and drug target discovery. Nature Structural & 
Molecular Biology 2020, 27, 605-614. 
98. Malta-Vacas, J., Ferreira, P., Monteiro, C.,Brito, M., Differential expression of GSPT1 GGCn 
alleles in cancer. Cancer Genet Cytogenet 2009, 195, 132-42. 
99. A Study of BTX-1188 in Subjects With Advanced Malignancies. 
https://clinicaltrials.gov/ct2/show/NCT05144334 (accessed Mar 20, 2022). 
100. BioTheryX Doses First Patient in Phase 1 Study Investigating Lead Protein Degrader Candidate 
BTX-1188. https://biotheryx.com/biotheryx-doses-first-patient-in-phase-1-study-investigating-lead-
protein-degrader-candidate-btx-1188/ (accessed Mar 21, 2022). 
101. Williamson, R., Degrading proteins, creating life-saving medicines. Nature 2021, B18, 1-2. 
102. Koshiba-Takeuchi, K., Takeuchi, J. K., Arruda, E. P., Kathiriya, I. S., Mo, R., Hui, C.-c., Srivastava, 
D.,Bruneau, B. G., Cooperative and antagonistic interactions between Sall4 and Tbx5 pattern the mouse 
limb and heart. Nature Genetics 2006, 38, 175-183. 
103. Donovan, K. A., An, J., Nowak, R. P., Yuan, J. C., Fink, E. C., Berry, B. C., Ebert, B. L.,Fischer, E. S., 
Thalidomide promotes degradation of SALL4, a transcription factor implicated in Duane Radial Ray 
syndrome. eLife 2018, 7, e38430. 
104. Xu, Y., Nijhuis, A.,Keun, H. C., RNA-binding motif protein 39 (RBM39): An emerging cancer 
target. British Journal of Pharmacology n/a. 
105. Han, T., Goralski, M., Gaskill, N., Capota, E., Kim, J., Ting, T. C., Xie, Y., Williams, N. S.,Nijhawan, 
D., Anticancer sulfonamides target splicing by inducing RBM39 degradation via recruitment to DCAF15. 
Science 2017, 356, eaal3755. 
106. Rana, S., Mallareddy, J. R., Singh, S., Boghean, L.,Natarajan, A., Inhibitors, PROTACs and 
Molecular Glues as Diverse Therapeutic Modalities to Target Cyclin-Dependent Kinase. Cancers 2021, 13, 
5506. 
107. Nusse, R.,Clevers, H., Wnt/β-Catenin Signaling, Disease, and Emerging Therapeutic Modalities. 
Cell 2017, 169, 985-999. 
108. Mona, A., Raymond, L.,Pascal, G., β-catenin is constitutively active and increases STAT3 
expression/activation in anaplastic lymphoma kinase-positive anaplastic large cell lymphoma. 
Haematologica 2011, 96, 253-261. 
109. Chen, W., Iida, S., Louie, D. C., Dalla-Favera, R.,Chaganti, R. S. K., Heterologous Promoters Fused 
to BCL6 by Chromosomal Translocations Affecting Band 3q27 Cause Its Deregulated Expression During B-
Cell Differentiation. Blood 1998, 91, 603-607. 
110. Basso, K.,Dalla-Favera, R., Roles of BCL6 in normal and transformed germinal center B cells. 
Immunological Reviews 2012, 247, 172-183. 
111. Słabicki, M., Yoon, H., Koeppel, J., Nitsch, L., Roy Burman, S. S., Di Genua, C., Donovan, K. A., 
Sperling, A. S., Hunkeler, M., Tsai, J. M., Sharma, R., Guirguis, A., Zou, C., Chudasama, P., Gasser, J. A., 
Miller, P. G., Scholl, C., Fröhling, S., Nowak, R. P., Fischer, E. S.,Ebert, B. L., Small-molecule-induced 
polymerization triggers degradation of BCL6. Nature 2020, 588, 164-168. 
112. Kerres, N., Steurer, S., Schlager, S., Bader, G., Berger, H., Caligiuri, M., Dank, C., Engen, J. R., 
Ettmayer, P., Fischerauer, B., Flotzinger, G., Gerlach, D., Gerstberger, T., Gmaschitz, T., Greb, P., Han, B., 
Heyes, E., Iacob, R. E., Kessler, D., Kölle, H., Lamarre, L., Lancia, D. R., Lucas, S., Mayer, M., Mayr, K., 
Mischerikow, N., Mück, K., Peinsipp, C., Petermann, O., Reiser, U., Rudolph, D., Rumpel, K., Salomon, C., 
Scharn, D., Schnitzer, R., Schrenk, A., Schweifer, N., Thompson, D., Traxler, E., Varecka, R., Voss, T., 
Weiss-Puxbaum, A., Winkler, S., Zheng, X., Zoephel, A., Kraut, N., McConnell, D., Pearson, M.,Koegl, M., 

https://clinicaltrials.gov/ct2/show/NCT05144334
https://biotheryx.com/biotheryx-doses-first-patient-in-phase-1-study-investigating-lead-protein-degrader-candidate-btx-1188/
https://biotheryx.com/biotheryx-doses-first-patient-in-phase-1-study-investigating-lead-protein-degrader-candidate-btx-1188/


46 
 

Chemically Induced Degradation of the Oncogenic Transcription Factor BCL6. Cell Reports 2017, 20, 
2860-2875. 
113. Bellenie, B. R., Cheung, K.-M. J., Varela, A., Pierrat, O. A., Collie, G. W., Box, G. M., Bright, M. D., 
Gowan, S., Hayes, A., Rodrigues, M. J., Shetty, K. N., Carter, M., Davis, O. A., Henley, A. T., Innocenti, P., 
Johnson, L. D., Liu, M., de Klerk, S., Le Bihan, Y.-V., Lloyd, M. G., McAndrew, P. C., Shehu, E., Talbot, R., 
Woodward, H. L., Burke, R., Kirkin, V., van Montfort, R. L. M., Raynaud, F. I., Rossanese, O. W.,Hoelder, 
S., Achieving In Vivo Target Depletion through the Discovery and Optimization of Benzimidazolone BCL6 
Degraders. Journal of Medicinal Chemistry 2020, 63, 4047-4068. 
114. Rana, S.,Natarajan, A., Small molecule induced polymerization of BCL6 facilitates SIAH1 
mediated degradation. Signal Transduction and Targeted Therapy 2021, 6, 142. 
115. Matsuda, S.,Koyasu, S., Mechanisms of action of cyclosporine. Immunopharmacology 2000, 47, 
119-25. 
116. Guo, Z., Hong, S. Y., Wang, J., Rehan, S., Liu, W., Peng, H., Das, M., Li, W., Bhat, S., Peiffer, B., 
Ullman, B. R., Tse, C.-M., Tarmakova, Z., Schiene-Fischer, C., Fischer, G., Coe, I., Paavilainen, V. O., Sun, 
Z.,Liu, J. O., Rapamycin-inspired macrocycles with new target specificity. Nature Chemistry 2019, 11, 
254-263. 
117. Sanglier, J. J., Quesniaux, V., Fehr, T., Hofmann, H., Mahnke, M., Memmert, K., Schuler, W., 
Zenke, G., Gschwind, L., Maurer, C.,Schilling, W., Sanglifehrins A, B, C and D, novel cyclophilin-binding 
compounds isolated from Streptomyces sp. A92-308110. I. Taxonomy, fermentation, isolation and 
biological activity. J Antibiot (Tokyo) 1999, 52, 466-73. 
118. Pua, K. H., Stiles, D. T., Sowa, M. E.,Verdine, G. L., IMPDH2 Is an Intracellular Target of the 
Cyclophilin A and Sanglifehrin A Complex. Cell Reports 2017, 18, 432-442. 
119. Calderon-Villalobos, L. I., Tan, X., Zheng, N.,Estelle, M., Auxin perception--structural insights. 
Cold Spring Harb Perspect Biol 2010, 2, a005546-a005546. 
120. Chini, A., Fonseca, S., Fernández, G., Adie, B., Chico, J. M., Lorenzo, O., García-Casado, G., López-
Vidriero, I., Lozano, F. M., Ponce, M. R., Micol, J. L.,Solano, R., The JAZ family of repressors is the missing 
link in jasmonate signalling. Nature 2007, 448, 666-671. 
121. Mayor-Ruiz, C.,Winter, G. E., Identification and characterization of cancer vulnerabilities via 
targeted protein degradation. Drug Discovery Today: Technologies 2019, 31, 81-90. 
122. Ranok Therapeutics Announces U.S. FDA Clearance to proceed with its first-in-human trial of 
RNK05047 in patients with advanced solid tumor cancers and lymphomas (CHAMP-1). 
https://www.ranoktherapeutics.com/newsdetail.html?aid=37 (accessed Mar 24, 2022). 
123. Golovin, D. Ambagon: creating molecular glues for disordered proteins. 
https://www.ambagontx.com/wp-content/uploads/2022/03/020122_ECP_Ambagon.pdf (accessed Mar 
28, 2022). 
124. Ambagon Therapeutics Launches With $85 Million Series A to Advance Pioneering Molecular 
Glue Platform and Progress Pipeline. 
https://www.businesswire.com/news/home/20220106005237/en/Ambagon-Therapeutics-Launches-
With-85-Million-Series-A-to-Advance-Pioneering-Molecular-Glue-Platform-and-Progress-Pipeline 
(accessed Mar 28, 2022). 
125. Pomalyst. https://www.accessdata.fda.gov/drugsatfda_docs/label/2013/204026lbl.pdf 
(accessed Mar 24, 2022). 
126. Revlimid. https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/021880s057lbl.pdf 
(accessed Mar 24, 2022). 
127. QuEEN: The crown of drug discovery. https://www.monterosatx.com/queen/ (accessed Jun 6, 
2022). 
128. A Limitless Pipeline. We Have a Diverse and Broad Portfolio. 
https://www.plexium.com/therapeutic-areas-plexium-e3-ligase-drugs/ (accessed Apr 11, 2022). 

https://www.ranoktherapeutics.com/newsdetail.html?aid=37
https://www.ambagontx.com/wp-content/uploads/2022/03/020122_ECP_Ambagon.pdf
https://www.businesswire.com/news/home/20220106005237/en/Ambagon-Therapeutics-Launches-With-85-Million-Series-A-to-Advance-Pioneering-Molecular-Glue-Platform-and-Progress-Pipeline
https://www.businesswire.com/news/home/20220106005237/en/Ambagon-Therapeutics-Launches-With-85-Million-Series-A-to-Advance-Pioneering-Molecular-Glue-Platform-and-Progress-Pipeline
https://www.accessdata.fda.gov/drugsatfda_docs/label/2013/204026lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/021880s057lbl.pdf
https://www.monterosatx.com/queen/
https://www.plexium.com/therapeutic-areas-plexium-e3-ligase-drugs/


47 
 

129. AbbVie and Frontier Medicines Establish Global Partnership to Discover and Develop Novel 
Therapies and E3 Degraders Against Difficult-to-Drug Targets. https://news.abbvie.com/news/press-
releases/news-type/corporate-news/abbvie-and-frontier-medicines-establish-global-partnership-to-
discover-and-develop-novel-therapies-and-e3-degraders-against-difficult-to-drug-targets.htm (accessed 
Jun 6, 2022). 
130. f5 Therapeutics. https://www.f5therapeutics.com/our-focus (accessed Mar 28, 2022). 
131. Ambagon Platform & Pipeline. https://www.ambagontx.com/platform-pipeline/ (accessed Mar 
28, 2022). 
132. Captor Therapeutics. https://www.captortherapeutics.com/ (accessed Mar 24, 2022). 
133. Amphista. https://amphista.com/ (accessed Mar 24, 2022). 
134. Dunad Therapeutics. https://www.dunad.co.uk/ (accessed Mar 24, 2022). 
135. Boehringer Ingelheim collaborates with Proxygen to explore molecular glue degraders – a novel 
approach to fight cancer. https://proxygen.com/news/07-december-2020/ (accessed Mar 24, 2022). 
136. Neomorph. https://neomorph.com/index.html#about (accessed Jun 6, 2022). 
137. Seed Therapeutics: A focus on molecular glue. 
https://www.seedtherapeutics.com/#:~:text=Seed%20Therapeutics%20is%20a%20global,believed%20t
o%20be%20%E2%80%9Dundruggable.%E2%80%9D (accessed Jun 6, 2022). 
138. PinGLUE. https://www.pintherapeutics.com/eng/platform/pin-glue.html (accessed Mar 24, 
2022). 
139. Venquis Therapeutics. https://venquistx.com/ (accessed Mar 24, 2022). 
140. Almirall and IRB Barcelona announce a research collaboration to discover novel molecular glue 
therapeutics for severe skin disease. https://www.almirall.com/newsroom/news/almirall-and-irb-
barcelona-announce-a-research-collaboration-to-discover-novel-molecular-glue-therapeutics-for-
severe-skin-diseases (accessed Mar 24, 2022). 
141. Degron Therapeutics. http://www.degrontx.com/index.php?c=category&id=9 (accessed Jun 6, 
2022). 
142. TRIANA Biomedicines Launches With $110M to Unlock the Full Potential of Molecular Glues. 
https://trianabio.com/press-release-4-6-2022 (accessed Apr 11, 2022). 
143. Evotec and Bristol Myers Squibb extend and expand strategic partnership in protein 
degradation. https://www.evotec.com/en/investor-relations/news/corporate-news/p/evotec-and-
bristol-myers-squibb-extend-and-expand-strategic-partnership-in-protein-degradation-6173 (accessed 
Jun 6, 2022). 
144. Santos, R., Ursu, O., Gaulton, A., Bento, A. P., Donadi, R. S., Bologa, C. G., Karlsson, A., Al-
Lazikani, B., Hersey, A., Oprea, T. I.,Overington, J. P., A comprehensive map of molecular drug targets. 
Nature Reviews Drug Discovery 2017, 16, 19-34. 
145. Maneiro, M., De Vita, E., Conole, D., Kounde, C. S., Zhang, Q.,Tate, E. W., PROTACs, molecular 
glues and bifunctionals from bench to bedside: Unlocking the clinical potential of catalytic drugs. Prog 
Med Chem 2021, 60, 67-190. 
146. Tenchov, R.,Zhou, Q. A., Intrinsically Disordered Proteins: Perspective on COVID-19 Infection and 
Drug Discovery. ACS Infectious Diseases 2022, 8, 422-432. 
147. Zhao, L., Zhao, J., Zhong, K., Tong, A.,Jia, D., Targeted protein degradation: mechanisms, 
strategies and application. Signal Transduction and Targeted Therapy 2022, 7, 113. 
148. Lin, J., Jin, J., Shen, Y., Zhang, L., Gong, G., Bian, H., Chen, H., Nagle, D. G., Wu, Y., Zhang, 
W.,Luan, X., Emerging protein degradation strategies: expanding the scope to extracellular and 
membrane proteins. Theranostics 2021, 11, 8337-8349. 

  

https://news.abbvie.com/news/press-releases/news-type/corporate-news/abbvie-and-frontier-medicines-establish-global-partnership-to-discover-and-develop-novel-therapies-and-e3-degraders-against-difficult-to-drug-targets.htm
https://news.abbvie.com/news/press-releases/news-type/corporate-news/abbvie-and-frontier-medicines-establish-global-partnership-to-discover-and-develop-novel-therapies-and-e3-degraders-against-difficult-to-drug-targets.htm
https://news.abbvie.com/news/press-releases/news-type/corporate-news/abbvie-and-frontier-medicines-establish-global-partnership-to-discover-and-develop-novel-therapies-and-e3-degraders-against-difficult-to-drug-targets.htm
https://www.f5therapeutics.com/our-focus
https://www.ambagontx.com/platform-pipeline/
https://www.captortherapeutics.com/
https://amphista.com/
https://www.dunad.co.uk/
https://proxygen.com/news/07-december-2020/
https://neomorph.com/index.html#about
https://www.seedtherapeutics.com/#:~:text=Seed%20Therapeutics%20is%20a%20global,believed%20to%20be%20%E2%80%9Dundruggable.%E2%80%9D
https://www.seedtherapeutics.com/#:~:text=Seed%20Therapeutics%20is%20a%20global,believed%20to%20be%20%E2%80%9Dundruggable.%E2%80%9D
https://www.pintherapeutics.com/eng/platform/pin-glue.html
https://venquistx.com/
https://www.almirall.com/newsroom/news/almirall-and-irb-barcelona-announce-a-research-collaboration-to-discover-novel-molecular-glue-therapeutics-for-severe-skin-diseases
https://www.almirall.com/newsroom/news/almirall-and-irb-barcelona-announce-a-research-collaboration-to-discover-novel-molecular-glue-therapeutics-for-severe-skin-diseases
https://www.almirall.com/newsroom/news/almirall-and-irb-barcelona-announce-a-research-collaboration-to-discover-novel-molecular-glue-therapeutics-for-severe-skin-diseases
http://www.degrontx.com/index.php?c=category&id=9
https://trianabio.com/press-release-4-6-2022
https://www.evotec.com/en/investor-relations/news/corporate-news/p/evotec-and-bristol-myers-squibb-extend-and-expand-strategic-partnership-in-protein-degradation-6173
https://www.evotec.com/en/investor-relations/news/corporate-news/p/evotec-and-bristol-myers-squibb-extend-and-expand-strategic-partnership-in-protein-degradation-6173


48 
 

TOC Figure.  Network cluster analysis of TPDs-diseases-ligases/subunits-targets delineating clusters of 

closely related terms based on CAS Content Collection data analysis, created by VOSviewer software. 

 


