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Protease-targeted chimeras (PROTACs) have been employed as a novel therapeutic approach, utilizing
the ubiquitin-proteasome system for targeted protein degradation. PROTACs are heterobifunctional
molecules consisting of an E3 ligase ligand and a small-molecule inhibitor for recruiting a protein of
interest. After binding, PROTAC molecules recruit E3 ligase for ubiquitination of the protein of interest,
which is followed by its proteasome-mediated degradation. PROTAC molecules have several advantages
over traditional small-molecule inhibitors. A number of PROTAC molecules based on small-molecule
inhibitors have been developed against various diseases, among which cereblon-based PROTAC molecules
have received the greatest interest due to their promising clinical use. This article highlights the current
trends in the discovery of cereblon-based PROTAC molecules along with their medicinal chemistry, clinical
progression and future outlook in cancers, cardiovascular diseases and neurodegenerative disorders.
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The landscape of drug discovery has changed significantly in the last decade. The traditional approach to inhibiting
various enzymes or proteins, such as kinases and G-protein-coupled receptors, has been moving toward the
novel and more challenging approach: targeted protein degradation. Owing to its potential, targeted protein
degradation has attracted substantial interest in therapeutically modulating biological proteins or receptors that
are difficult to target with traditional approaches or small molecules (i.e., undruggable targets). Some undruggable
proteins have been intractable because of their broad or shallow active sites, which are difficult to block with
small molecules [1]. Many of these proteins play key roles in various complex diseases like inflammatory diseases,
cancer, cardiovascular and neurodegenerative disorders and therefore, have been considered as the important targets
for these disease conditions. Molecules that can act on these undruggable proteins or receptors are identified as
protease-targeted chimera (PROTAC) protein degraders, which are structurally heterobifunctional compounds.
PROTAC molecules consist of two functionalities (moieties) clubbed together with an appropriately sized linker:
one moiety binds to E3 ubiquitin ligase while the other binds to the protein of interest (POI). The simultaneous
binding of the POI and E3 ubiquitin ligase through a PROTAC begins the ubiquitylation of the POI. After
forming a ternary complex with the POI and E3 ligase, PROTACs induce a degradation process. Immediately after
forming the complex, ubiquitination occurs followed by the development of a chain of ubiquitin molecules on the
POI. These ubiquitylated proteins are then recognized by the specific proteasome and degradation of the POI is
begun by the ubiquitin-proteasome system (UPS), even if the POI is not a physiological substrate of E3 ubiquitin
ligase (Figure 1) [2–4].

PROTAC molecules are potentially advantageous compared with traditional small molecule inhibitors. The
most critical advantage is the ability of PROTACs to capture undruggable proteins or receptors like transcription
factors, proteins involved in protein–protein interactions or rat sarcoma virus proteins. Additionally, even a small
concentration of PROTACs can initiate the catalysis and degradation of the POI in a unique, driven manner that
could protect from the toxicity associated with the use of higher concentrations of drugs [5]. Since the PROTAC
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Figure 1. The mechanism of proteasome degradation mediated by protease-targeted chimera molecules:
heterobifunctional protease-targeted chimera molecule brings ubiquitylated ligase and protein of interest in closer
proximity and induces formation of ubiquitin chains on protein of interest; these ubiquitylated proteins can be
recognized by the specific proteasome. The proteasomal complex then initiates degradation of POI into small
peptides.
POI: Protein of interest; PROTAC: Protease-targeted chimera.

technology initiates the degradation of the POI, it can thus inhibit drug-resistant mutations or overexpression.
A significant number of reports show that PROTAC molecules can induce the degradation of mutated forms of
proteins, such as BCR-ABL [6], EGFR [7] and Bruton’s tyrosine kinase (BTK) [8]. Furthermore, the selectivity of
the targeted protein when using small molecule inhibitors is a major problem for medicinal chemists that can be
overcome with the use of PROTACs that are potentially capable of achieving selectivity toward the proteins. For
example, some CDKs are difficult to target due to their highly homologous nature. Recently, however, Santanu
et al. [9] developed a PROTAC that can specifically degrade CDK2 for the treatment of cancer. Similarly, IL-
1 receptor-associated kinases (IRAKs) are membrane-proximal, putative serine-threonine kinases that aid the
protective response against pathogens by inducing acute inflammation followed by adaptive immune response
through the adaptor protein (MyD88) in the human body [10]. Similarly, cancerous cells containing adaptor
proteins activate IRAKs and promote inflammation and growth of the cancerous cells [10]. Therefore, IRAKs are
also the therapeutic targets of anti-inflammatory drugs. Some kinases, like IRAK4, not only consist of a catalytic
domain that can be targeted by small molecules but also have nonkinase functionality responsible for their signaling
pathways [11]. PROTAC molecules could have the ability to target nonfunctional domains of IRAKs [12].

Discovery & development of PROTACs
The concept of PROTACs was first proposed in 2001 by Sakamoto and coworkers [13], specifically in hijacking the
cancer-related protein machinery (kinases). They developed the peptide-based PROTAC-1 (Figure 2) to ubiquitinate
the protein methionine aminopeptidase (MetAP2) and initiate its degradation. Specifically, PROTAC-1 helps to
recruit MetAP2 and β-TRCP, which enables the E3 ligase to ubiquitylate MetAP2 from the unfertilized eggs of
Xenopus laevis. In principle, these types of PROTACs have been considered ‘bioPROTACs’ as they contain long
peptide-based E3 ligase ligands and are not fully small-molecule structures. Therefore, further advancement in the
PROTAC approach employed the ligase ligands having a small molecular structure, leading to the discovery of
low-molecular-weight HIF1α peptides [14,15]. The first small-molecule-based PROTAC (MZ1) was designed by
incorporating the bromodomain protein inhibitor JQ1 recruit von Hippel–Lindau (VHL; a substrate recognition
component of E3 ligase) tumor suppressor to degrade bromodomain-containing protein 4 (BRD4; Figure 2) [16,17].
This research opened the door for the PROTAC approach that produced methods different from the traditional
approach to developing small molecule inhibitors.
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Figure 2. Chemical structures of the first reported peptide-based protease-targeted chimera-1 against MetAP2 and
small inhibitor-based protease-targeted chimera (MZ1) against BRD4.
PROTAC: Protease-targeted chimera.

Over the past two decades, the approach has successfully moved from cellular (in vitro) studies toward the animal
models of various disease conditions (in vivo) and has progressed fully to clinical trials. Before 2020, it was a general
belief in the field of PROTACs that these compounds work safely, have druglike properties and work on the targeted
protein as expected. In 2020, the clinical potential of PROTACs was strengthened by the positive results of phase I
trials of two PROTAC molecules, ARV-110 (androgen receptor [AR] gene degrader) and ARV-471 (Table 1). The
AR degrader PROTAC molecule ARV-110 was clinically tested to treat prostate cancer in humans [18]. The results of
a phase I trial demonstrated that PROTAC molecules could be a better option to treat metastatic castration-resistant
prostate cancer compared with the insensitive and resistant traditional androgenic therapies. These clinical trials also
revealed a safer and tolerable dose of ARV-110 (420 mg). This was the first evidence for the PROTAC approach in
humans to elicit significant antitumor activity by degrading the associated proteins, as measured by the reduction in
prostate-specific antigen. ARV-110 is currently being assessed in a phase II trial that began in late 2020 with the safer
dose of 420 mg [18]. The second PROTAC molecule, ARV-471, is an endoplasmic reticulum protein degrader that
entered clinical trials for the treatment of breast cancer. The ARV-471-treated population achieved better results
than patients treated with other selective ER degraders at the same stage of development. Currently, ARV-471
is being tested in a phase II clinical trial for the treatment of metastatic breast cancer [19]. After the success of
these two PROTAC small molecules and 20 years after the theoretical proposition of this approach, approximately
14 PROTAC molecules had entered into clinical trials by the end of 2021 for the treatment of various disease
conditions. The PROTAC molecules currently being tested in clinical trials are summarized in Table 1 [18–29].

Current trends in the discovery & development of PROTACs
After the discovery of the imine-based ligand thalidomide for cereblon (CRBN) E3 ligase, a transformation in
the field of PROTACs occurred [15,30]. Surprisingly, among ∼600 E3 ligases, only 14 PROTAC molecules have
successfully reached clinical trials and are currently under investigation for different disease conditions, mainly based
on CRBN- and VHL-based PROTACs (Table 1). Indeed, CRBN- and VHL-based mechanisms dominate, likely
due to the availability of specific small-molecule binders that are structurally and biophysically well-established and
characterized and have suitable physicochemical properties. This molecular profile has so far been difficult to achieve
for binders of other E3 ligases [31–34]. CRBN-based PROTACs have been successfully employed in the degradation
of different target proteins associated with various diseases. Here, PROTAC molecules discovered based on CRBN
as their target E3 ligase published in the last two years (2021–2022) are systematically discussed. A number of
reports have recently been published summarizing PROTACs, including CRBN-based PROTAC molecules [35],
but may lack detailed clinical trial data as well as perspective on the future of the PROTAC approach. This review
describes the development of recently discovered PROTAC molecules as well as current trends and future directions
for molecules that have been shown to be active and are currently being tested in clinical trials.
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Figure 3. Small-molecule ligands of E3 ligase used for cereblon protease-targeted chimeras.

Cereblon-based therapeutic PROTAC molecules
CRBN, a component of a cullin-RING ubiquitin ligase complex, is the target of thalidomide [36]. Thalidomide
and its analogs directly bind to CRBN and recruit protein targets to the CRL4CRBN E3 ligase [37]. Structurally,
CRBN is comprised of 442 amino acid protein sequences that serve as a substrate of the cullin-RING ligase 4 E3
ubiquitin ligase complex that identifies substrates for ubiquitination and consequent proteasomal degradation [38].
CRBN can also directly bind to the cytosolic carboxy-terminus of large conductance Ca2+ and voltage-activated
K+ channel subunits [39]. These proteins also participate in glutamine regulation, the dysregulation of which is
associated with various disease conditions such as cancer and metabolic abnormalities [40,41]. Glutamine synthetase
is a crucial enzyme in the signaling pathway that regulates glutamine levels. This enzyme directly binds to CRBN,
leading to its ubiquitination by the E3 ubiquitin ligase complex and an ultimate decrease in glutamine [42].
Based on clinical trial data, CRBN ligands are the most frequently used E3 ligase ligands used in developing
new PROTACs [30,43–45]. The major advantages of CRBN ligands include suitable physicochemical properties like
molecular weight, lipophilicity, solubility and lack of metabolic sites; strong and specific binding affinities for their
E3 ligases and clear and well-characterized binding mechanisms. These characteristics made these ligands successful
candidates for the degradation of different types of proteins associated with disease conditions including cancer,
neurodegenerative disorders, cardiovascular diseases, immune disorders and various viral infections [46–49]. Figure 3
shows molecule ligands that are specific binders of E3 ligase and used for CRBN PROTACs.

Cereblon-based PROTACs for the treatment of cancer
Li et al. designed a series of ALK degraders [50] by conjugating the parent drug LDK378 and CRBN ligands
together. In vitro assays revealed that PROTAC molecule B3 (Figure 4) exhibited significant ALK inhibition as
well as reductions in cellular levels in the H3122 tumor cell line. The molecule showed promising and potent
anticancer effects in vitro as well as in vivo using a xenograft tumor model and PROTAC molecule B3 was better
than the parent drug molecule, LDK378. Taking together, the in vitro and in vivo profiles of B3 demonstrate the
clinical potential of these PROTACs and warrant further investigation.

Jiang et al. also reported a structure-based design, synthesis and evaluation of ALK-degrading PROTACs based
on alectinib as the ALK binder [51]. They obtained a series of PROTACs using different CRBN ligands among
which two PROTAC molecules, SIAIS091 and SIAIS001 (Figure 4), were found to induce effective degradation of
ALK. They also showed anticancer effects that mechanistically arrested the cell cycle in the G1/S phase. Of both
ALK degraders, SIAIS001 showed significantly better oral bioavailability and pharmacokinetic profile.

ARs are members of the nuclear hormone superfamily that plays a critical role in the maintenance of sexual
characteristics and development of the prostate gland in males. Disruption of this receptor may lead to prostate
cancer and long-term treatment with current drug therapies that are prone to produce resistance as well as toxicity.
To determine the PROTAC molecule with the lowest toxicity and better binding, Wang et al. synthesized AR
degraders consisting of CRBN/VHL E3 ligands and AR antagonists [52]. They found PROTAC molecule A031
(Figure 4) to be the best molecule, inhibiting 55.44% of AR-positive VCaP prostate cancer cells at a 1-μM
concentration. Similarly, a series of AR PROTACs having bicalutamide derivatives and thalidomide were designed
and synthesized [53]. The synthetic PROTAC molecules were evaluated to examine their primary ability to degrade
AR. Among them, 13b (Figure 4) was found to produce the best dose-dependent degradation of AR and could be
useful for future drug development and optimization for the treatment of prostate cancer.

Using the click chemistry approach to synthesize triazole-based molecules, Jiang et al. [54] reported two PROTAC
molecules, SIAIS629050 and SIAIS629051, with the potential to inhibit the proliferation of K562 myelogenous
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Figure 4. Chemical structures of protease-targeted chimera molecules as degraders of ALK/AR/BCR-ABL for the
treatment of cancer (blue indicates the E3 ligase ligand cereblon; red indicates the target inhibitor).
ALK: Anaplastic lymphoma kinase; AR: Androgen receptor.

leukemia cells (Figure 4). Structurally, the PROTACs were designed to incorporate pomalidomide as a CRBN ligand
and dasatinib derivatives as BCR-ABL degraders. These molecules were found to degrade BCR-ABL in a dose-
dependent manner and could act as ‘hit’ molecules for further clinical development to treat BCR-ABL-associated
disease conditions.

Since the chromatin regulators, CBP and p300, play critical roles in driving enhancer-driven transcription
in cancer cells, these proteins became therapeutic targets in cancer treatment [55–57]. Several drug like molecules
that inhibit the functionality of these proteins have been developed to treat cancer. However, compounds that act on a
single active domain of a target cannot completely block the p300/CBP function in cancerous cells, since p300/CBP
consists of eight distinct active domains [58]. Therefore, to target p300/CBP, Vannam et al. [55] designed a series of
PROTAC molecules that were surprisingly potent against multiple myeloma cells. dCBP-1 (Figure 5) was the best
PROTAC molecule among the series and also abolished the activator of MYC oncogene expression. This molecule
could be useful to treat cancer, with its unique class of protein degradation of acetyltransferases.

Similarly, cyclin-dependent kinase (CDK) enzymes also play an important role in cancer cell division and their
non-selective inhibition lead to unwanted side effects with the current drug therapy associated to these enzymes.
However, there are currently no available selective inhibitors that can exhibit specific CDK isoform inhibition. The
inactivation of CDK2 is a promising approach to arresting acute myeloid leukemia (AML). Therefore, Rao et al.
developed first-in-class specific CDK2 degraders, conjugating a CRBN-based ligand with a nonspecific CDK2
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Figure 5. Chemical structures of protease-targeted chimera molecules as degraders of p300-CBP/CDK2/CDK4/CDK6 for the treatment
of cancer (blue indicates the E3 ligase ligand cereblon; red indicates the target inhibitor).
PROTAC: Protease-targeted chimera.

inhibitor, JNJ-7706621 [59]. Among the PROTAC molecules, CPS-2 (Figure 5) initiated rapid and selective
CDK2 degradation without affecting other CDK isoforms, inducing remarkable differentiation of AML cell
lines. These results exemplify the advantages of PROTAC molecules in specifically targeting sites associated with
disease conditions. Similarly, PROTAC6 (Figure 5) was designed to specifically degrade CDK6 without affecting
other CDK family proteins [60].

Bian et al. designed a series of CDK9 degraders from its well-known inhibitor, BAY-1143572 [61]. At a very low
nanomolar concentration ranging from 7.62 nM to 31.16 nM, they degraded CDK9 in AML cells. PROTAC
molecule B03 (Figure 5) demonstrated pronounced efficiency in breaking CDK9, specifically, with a degradation
concentration (DC50) value of 7.62 nM against the MV4-11 myelomonocytic leukemia cell line. In vivo experiments
also confirmed the degradation of CDK9 resulting from treatment with B03. Therefore, B03 represents a hit
molecule that could be valuable in the treatment of AML. Natrajan et al. [62] also reported an aminopyrazole-
based CDK9 degrader, PROTAC2, that showed efficiency in degrading CDK9 in the nanomolar range (150
nM). PROTAC2 is a selective CDK9 degrader which was effective against pancreatic cancer and is superior to
the BCL2-selective FDA-approved inhibitor, venetoclax. Therefore, PROTAC2 is another example justifying the
further development of PROTACs (Figure 5).

Instead of specific degradation, PROTACs can also target multiproteins. Compound 3 (Figure 5), designed
by using ribociclib and a CRBN ligand, can simultaneously act on CDK2, CDK4 and CDK6, rapidly halt the
progression of the cell cycle and induce apoptosis of cancerous cells [63]. These three CDK isoforms have been con-
sidered promising therapeutic targets for solid tumors. PROTAC molecule 3 showed low oral bioavailability, which
was improved by designing PROTAC molecule 11 (Figure 5) with the intact efficiency to degrade CDK2/4/6.
Oral bioavailability of 68% was found in a mouse model [63].
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for treatment of cardiovascular/immune and neurodegenerative diseases (blue indicates the E3 ligase ligand CRBN;
red indicates the target inhibitor).
GSK-3β: Glycogen synthase kinase-3β; HMGCR: HMG-CoA reductase; H-PGDS: Hematopoietic prostaglandin-D
synthase; IRAK4: IL receptor-associated kinase 4.

Cereblon-based PROTACs for the treatment of cardiovascular diseases
HMG-CoA reductase (or HMGCR) is the rate-limiting, eight-pass transmembrane protein for cholesterol syn-
thesis [64]. HMGCR is the main target of statins (antidyslipidemic agents), which have been widely used to treat
cardiovascular diseases. Unfortunately, statins are associated with various side effects, including skeletal muscle
damage and are not effective in patients with statin intolerance [65]. Therefore, PROTAC molecules could be
beneficial for those patients suffering from statin intolerance. To our knowledge, Rao et al. [66] first reported
a PROTAC molecule, P22A (Figure 6), that could be useful in cardiovascular diseases. They tethered atorvastatin
(a well-known antidyslipidemic agent) to a CRBN ligand using the click chemistry approach. P22A showed potent
degradation of HMGCR when tested in Chinese hamster ovary cells, with a DC50 value of 100 nM. The effect
on HMGCR by P22A was far better than atorvastatin, indicating that P22A can replace statin therapy in patients
with statin intolerance. Interestingly, P22A also activated the sterol regulatory element-binding protein pathway to
block the biosynthesis of cholesterol. This first-time targeting of HMGCR by a PROTAC molecule is a potential
strategy for the treatment of cardiovascular diseases.

future science group www.future-science.com 1411



Review Singh & Agrawal

Cereblon-based PROTACs for the treatment of immune diseases
Prostaglandin-D2 (PGD2) binds to its receptor and activates downstream signaling pathways to perform its function.
This is a major component produced by mast cells in response to allergic reactions. Human prostaglandin synthase
(hPGDS) is an enzyme that induces PGD2 synthesis and has been viewed as a therapeutic target for diseases like
Duchenne muscular dystrophy, physiological sleep and allergic reactions. There are a number of hPGDS inhibitors
described in the published literature, but none are effective for the treatment of these diseases [67]. A chimeric
small molecule that can degrade hPGDS via a UPS was recently discovered by Demizu et al. [68] Pamolidomide
was used as a CRBN ligand and TFC-007 was used as an hPGDS binder incorporated into a single molecular
architecture to produce PROTAC(H-PGDS)-1. Biological results revealed that PROTAC(H-PGDS)-1 effectively
and persistently induced the degradation of hPGDS and sustained the suppression of PGD2 production for a longer
period than TFC-007. Similarly, Duan et al. [11] also designed and synthesized a series of PROTAC molecules by
conjugating an IRAK4 inhibitor with CRBN ligand pomalidomide, with the potential to degrade IRAK4. Of the
molecules tested, compound 9 (Figure 6) showed excellent degradation of IRAK4 in lymphoma cell lines (TMD8
and OCILY10). This further blocks the downstream signaling pathway of immune inflammation, including NF-κB
signaling. These results suggest a substantial advantage in using PROTAC molecules to inhibit the MYD88 L265P
mutant compared with the parent IRAK4 inhibitor.

Cereblon-based PROTAC molecules for the treatment of neurodegenerative disorders
A multifunctional serine/threonine protein kinase, GSK-3, was found to be involved in the pathology of Alzheimer’s
disease. The proinflammatory action performed by GSK-3β can cause the loss of neuronal functions [69,70].
Therefore, GSK-3β is a major therapeutic target for various neurodegenerative disorders. In an effort to target
GSK-3β, Sun et al. [71] first reported a series of PROTACs based on E3 ubiquitin ligase CRBN to treat neuronal
abnormalities. They synthesized several PROTAC molecules and most displayed good inhibitory activity against
GSK-3β, with IC50 values in the nanomolar range and moderate protein degradation ability against GSK-3β. PG21
(Figure 6) effectively degraded GSK-3β (inducing 44.2% protein degradation at 2.8 mM), which was tested using
the western blot technique. Further pharmacological experiments confirmed that the degradation of GSK-3β by
PG21 is regulated by the UPS. As the first successful development of a PROTAC to degrade GSK-3β protein, their
research could provide candidates for further investigation to treat neurodegenerative disorders.

Conclusion
With the recent increased interest and investment in the development of PROTACs as degraders, this approach
could become a therapeutic modality. The first wave of clinical-stage protein degraders is fully aimed at drugged
targets. Success against these drugged targets advanced the promise of the approach and underscores the ability
of these molecules to become best-in-class drugs by degrading the target instead of its inhibition. In sum, the
targeted protein-degradation approach is well defined for novel therapeutic media based on medicinal chemistry
and biology, with vast potential in the treatment of various diseases. Therefore, we expect several PROTAC molecules
to constitute the next wave of therapeutic drug candidates against various diseases.

Future perspectives
Traditional small-molecule drug discovery for intracellular targets has been focused, thus far, on developing high-
affinity inhibitors of the active site or allosteric site binders that can ultimately shut down the function of the POI. No
doubt this was a highly effective approach, however, this has left many drug targets undrugged or underdrugged [72].
PROTAC molecules target a POI with existing ligands (available inhibitors). Published reports suggest that the
major advantage of PROTACs is having inhibitors as the ligands for POI in their molecular structures that act in an
iterative and pseudocatalytic fashion by binding and facilitating the binding of E3 ligase to its target. POIs can be
degraded without requiring a large amount of the PROTAC. Intriguingly, the ‘PROTACable’ POI do not require
an active site or small-molecule binding site that is approachable by an E3 ligase. Access to the phosphatidylinositol
surface in clear proximity to the binding site by a recruited ligase is necessary.

Despite these vast biological applications, the area remains lacking from the E3-ligase point of view. Only a
handful of E3 ligases (CRBN, VHL, MDM2, IAPs, DCAF15,16 and RNF114) can be employed to develop
POI degraders. Specific ligands for many other ligases remain unknown, thereby limiting extended applications of
this approach. Among the available ligands of E3 ligases, ligands of CRBN E3 ligase have been successfully and most
widely utilized in the development of PROTACs against several diseases. The majority of the PROTAC molecules
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currently under clinical translation were designed using CRBN-based E3 ligase ligands. There is a pressing need to
further develop new E3 ligases. Some PROTAC molecules examined did not degrade their targeted proteins and
the underlying reasons behind their inactivity are unknown. This could be improved by incorporating a computer-
aided drug design approach and performing computational modeling. More efforts are warranted to more deeply
examine the efficiency and safety profiles of PROTAC molecules based on their clinical utility.

Executive summary

• Protease-targeted chimeras (PROTACs) have been developed as a useful therapeutic approach for targeted
protein degradation and have a number of advantages over the traditional drug-discovery approach to small
molecule inhibitors.

• For the degradation of a protein of interest (POI), this approach mainly utilizes the ubiquitin-proteasome system.
• Recent literature has focused on the foremost advantage of PROTACs, having inhibitors as ligands for POIs in the

molecular skeleton of PROTACs. This allows them to act in an iterative and pseudocatalytic fashion by interacting
and facilitating the binding of E3 ligase to its target. A large amount of PROTACs is not required to degrade the
POI.

• Among the available ligands of E3 ligases, cereblon E3 ligase ligands have been successfully and widely utilized in
the development of PROTACs against several diseases. A majority of the PROTAC molecules currently under
clinical translation have been designed using cereblon-based E3 ligase ligands.

• Few papers employing computational modeling have been reported. More efforts are needed to deeply assess
the crystal structures of POIs and E3 ligases to determine exact binding relations and develop novel PROTAC
molecules through computer-aided drug design.
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