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ABSTRACT: Targeted protein degradation (TPD) is a promising
therapeutic modality to modulate protein levels and its application
promises to reduce the “undruggable” proteome. Among TPD
strategies, Proteolysis TArgeting Chimera (PROTAC) technology
has shown a tremendous potential with attractive advantages when
compared to the inhibition of the same target. While PROTAC
technology has had a significant impact in scientific research, its
application to degrade integral membrane proteins (IMPs) is still
in its beginnings. Among the 15 compounds having entered clinical
trials by the end of 2021, only two targets are membrane-associated proteins. In this review we are discussing the potential reasons
which may underlie this, and we are presenting new tools that have been recently developed to solve these limitations and to
empower the use of PROTACs to target IMPs.
KEYWORDS: PROTAC, integral membrane proteins, targeted degradation, LYTAC, AbTAC, molecular glues

Targeted protein degradation (TPD) is a promising
therapeutic strategy to modulate abundance of disease-

linked proteins. The attractive aspects of this strategy are the
ability to address targets previously considered to be
“undruggable” due to the lack of a therapeutically amenable
active site, and the ability to overcome resistance to
conventional therapy emerging from acquired mutations or
compensatory feedback pathways.1−3 Degradation of ther-
apeutically interesting proteins allows instead a longer and
more complete inactivation of the target(s), and by doing so it
attenuates not only their enzymatic function but also any
scaffolding roles they may have and the possibility of kinome
rewiring.4,5

Among TPD strategies, proteolysis targeting chimera
(PROTAC) technology has seen the most prominent
development. Described already 20 years ago,6 PROTACs
are heterobifunctional molecules consisting of two ligands�
also called warheads�jointed by a flexible chemical linker,
thereby enabling them to simultaneously bind an E3 ubiquitin
ligase and a protein of interest (POI). Target engagement of
both warheads induces spatial proximity of the targets, leading
to polyubiquitination of exposed lysines on the target protein
by the E3 ubiquitin ligase complex, and the subsequent
degradation of the POI by the ubiquitin−proteasome system
(UPS) (Figure 1A).
A great advantage of using PROTACs is their inherent

recycling: after dissociation from the target, the chimera can

bind an additional free POI and proceed to stimulate its
degradation in an iterative manner (Figure 2). This event-
driven mechanism allows the degradation of the target in
substoichiometric quantities, as long as target engagement is
noncovalent.7 Hence, PROTACs operate as catalytic molecules
enabling the use of lower doses compared to the parent
inhibitor (i.e., POI-specific warhead). This has the potential
therefore to reduce undesired side effects and to allow a wider
therapeutic window.8

Another important advance of PROTACs over conventional
drugs is their ability to effectively degrade a target
independently of an active site, as the mechanism of action
relies on spatial proximity of the E3 and the POI.9 This feature
dramatically increases the druggable proteome. Furthermore,
many studies highlighted how chimeras with low-affinity
ligands to their cognate POI can still achieve potent
degradation due to the positive cooperative interaction
between the E3 and the target.10,11 Thus, PROTACs lead to
a stronger and longer lasting effect when compared to the
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parent molecule inhibition, with a major impact on the
downstream signal(s) and the scaffolding function of the
target.5,8

Another decisive point of strength that marks PROTACs is
selectivity. Compared to the parent inhibitor, PROTACs often
present a higher selectivity for their target, and this is achieved
through linker optimization and ternary complex stabilization.
Linker length and composition in fact impact on the binding,
which is often not single but involves new positive cooperative
protein−protein interactions between the E3 and the POI.12
This is translated in the possibility of compensation for low
binary affinity, allowing the formation of a stable ternary
complex even in the presence of a low-affinity ligand for the
POI.13 In pharmacological optics, selectivity is a central
characteristics for TPD compounds to avoid adverse side
effects.
These features, together with a favorable absorption,

distribution, metabolism, and excretion (ADME) profile,8,14

have contributed to a profound interest in the therapeutic use
of PROTACs for a broad array of diseases. This has already
resulted in 15 PROTACs (Table 1) having entered clinical
trials by the end of 2021.15 It is noteworthy that the list is
strongly biased toward kinases and nuclear factors, while only
two integral membrane proteins (IMPs) are being pursued,
despite the large availability of ligands16 and the validated
PROTAC development chemistry.17 This clearly indicates that

there is a challenge in targeting integral membrane proteins
with PROTACs, largely inherent to their cellular localization,18

and further research is required to overcome this. While
publications showcasing the successful degradation of IMPs are
limited, this Review will highlight those successful cases and
discuss future perspectives.

■ PROTACs AGAINST INTEGRAL MEMBRANE
PROTEINS

PROTAC technology has gained rapid traction since its
development, but its application to IMP-targeted degradation
is still in its infancy. IMP overexpression or mutation is
frequently linked to malignancies [e.g., epidermal growth factor
receptor, EGFR19−21], providing the cells nutrients and all the
needs for an uncontrolled growth.14,22−29 The use of
conventional IMP-targeting drugs to contrast this has proven
beneficial in treating many diseases, yet often their long-term
administration can lead to drug resistance. A prime example for
this is the EGFR, which is implicated in the pathogenesis of
nonsmall cell lung cancer (NSCLC).19 Three generations of
selective inhibitors have been approved by the FDA, each of
which were developed to target specific receptor mutations
attempting to overcome the resistance to the previous
generation drug.30

PROTACs offer the opportunity to circumvent the
complication of drug resistance as they promote degradation

Figure 1. Integral membrane protein-targeted degradation technologies. (A) PROTAC technology brings polyubiquitination of the target and its
proteasomal degradation. (B) CI-M6PR or ASGPR in LYTAC technology leads to the IMP degradation through the lysosomal system.25,51 (C)
Bispecific IgG of the AbTAC tool recruits RNF43 E3 ligase to polyubiquitinate PD-L1 and to induce its lysosomal degradation.23 (D)
Lenalidomide as a molecular glue binds the degron tag of CAR19 recalling the CRL4CRBN E3 ligase and inducing target polyubiquitination.
Proteasomal degradation follows.75
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of pathology-driving targets, instead of long-term use of
conventional drugs. They are more effective and have a wider
impact on the downstream signal(s);5,8 therefore, a shorter
application is needed without the risk of developing new
mutations. Successful compounds have been reported (Table
2), and their observed effects on tumor growth and
downstream signaling indicate a good prospect of membrane
proteins being targetable with PROTACs. Multiple studies
have used mass spectrometry assays as an efficient approach to
estimate PROTAC selectivity, confirmed by a low number of
off targets that are downregulated with lower fold change,31−33

in some cases due to the E3.34 These studies reporting IMP-
targeting employ the E3 ligases cereblon (CRBN) or von

Hippel−Lindau (VHL), which are well characterized and have
a suitable druglike physicochemical profile.
Several of the reported PROTACs efficiently promote IMP

degradation and consequently inhibit downstream signaling
pathways. Zhang et al. reported a PROTAC that achieves more
than 90% reduction in abundance of the ALK fusion protein,
resulting in >90% reduction in ALK and STAT3 phosphor-
ylation.35 Another important receptor tyrosine kinase (RTK)
that is being pursued using this methodology is the EGFR. In
2020 Zhao et al. synthesized PROTACs 3 and 4, which are
capable of reducing the levels of the NSCLC oncogenic driver
EGFRL858R/T790M36 in the H1975 cell line by 90.3% and 80.3%,
respectively. Phosphorylations of EGFR itself and its down-
stream effector Akt were also dramatically reduced in the same
cell line, in the absence of changes in Akt levels. The same
compounds tested in A431, a cell line expressing high levels of
wild-type EGFR, registered no alterations in the levels of the
receptor.37 Next to receptor tyrosine kinases such as ALK, G
protein-coupled receptors (GPCR) are another large class of
potential targets. Compound 9c is the first reported PROTAC
directed against a GPCR, specifically against the α1 adrenergic
receptor, and achieves a maximal degradation of 94% of the
receptor.27 Bensimon et al. also demonstrated the feasibility of
targeted degradation via the proteasome of solute carriers
(SLCs), multipass transmembrane proteins located in different
compartments of the cell. This study showed successful
degradation of SLCs located at the plasma membrane,
lysosomes, Golgi, and endoplasmic reticulum. Furthermore,
they showed that SLC amenability to degradation is not related
to the topology.38 This study used the dTAG system to tag the
SLCs with an engineered variant of FKBP12 (the 12-kDa
FK506-binding protein) that presents a cavity that can be
selectively recognized by a synthetic FKBP12F36V-directed
ligand, AP1867.39 Hence, this demonstrates that it is possible
to synthesize a PROTAC that induces SLC degradation linking
AP1867 to an E3 ligase warhead. These examples demonstrate
that PROTACs may be able to target a wide variety of integral
membrane proteins belonging to distinct families of receptors.
The primary readout with any PROTAC is a reduction in

the cellular levels of its target. Next to this, many different
cellular assays are used to test the effect of PROTACs on
cellular physiology and health. Proliferation and cytotoxicity

Figure 2. Inherent recycling of a PROTAC. Once a PROTAC
molecule has engaged with both the target and the E3 ligase in a
ternary complex, the target protein becomes ubiquitinated and
degraded by the proteasome while the PROTAC molecule dissociates
from the target and can be used for a new cycle of degradation.

Table 1. PROTACs in Clinical Trials by the End of 2021
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assays are particularly used with PROTACs developed for
treating malignancies as they allow the study of the
consequences of compounds on cell replication and
growth.27,40−43 Some compounds have been demonstrated to
induce apoptosis,29,37,42,44 whereas others stop the cell cycle in
the G0/G1 phase.

37,42,44 In the case of cancer-associated
targets, evaluating the effect of the PROTAC on cell invasion
and migration capacity is another important measure.22,42 Of
note, it is not rare for PROTACs to be less potent against their
cognate IMP as compared to the parent inhibitor in
biochemical assays. However, this usually reverses in cellular
assays, where the PROTACs exhibit a much stronger effect,
thereby demonstrating that degradation of the target has a
stronger and wider impact on the cell than its inhibition.
Clearly, PROTACs not only inhibit the enzymatic activity due
to decreased abundance of the integral membrane protein but
also attenuate any scaffolding role the POI may have had and
prevent development of compensatory feedback path-
ways.29,35,38,45,46

A major gap exists between the development of PROTACs
and their testing in cell-based models and eventual evaluation
in vivo in animal models, which may be arduous due to possible
interspecies alterations in target sequence and structure.
Nevertheless, several pharmacokinetic studies reported high
plasma concentrations of the chimeras after intraperitoneal

administration with a half-life of up to 3−4 h in some
cases.14,29,34 In every reported case IMP PROTACs were well
tolerated by mice and did not result in weight loss or any
adverse clinical complications.14,27,29,31,32,35,41 Where eval-
uated, these PROTACs show an important inhibitory effect
on tumor growth,14,27,40,41 and immunohistochemical assays
confirm a remarkable degradation of the IMP of inter-
est.27,29,34,41 These limited studies indicate that PROTACs
appear efficient and nontoxic and are thus a promising venue
for novel treatments in humans.
Despite the reported successes listed in this Review (Table

2), the number of publications reporting PROTACs targeting
IMPs remains limited, and most of these studies do not report
on the in vivo data of the investigated PROTAC. As such, it
seems that targeting IMPs using PROTACs remains a
challenging task. Several potential reasons may underlie this.
The localization of the IMP within the membrane and the
presence of hydrophobic transmembrane domain(s) and
microenvironment may represent an obstacle for PROTAC-
induced target internalization, with a relevant impact on target
orientation and presentation. Furthermore, current reported
PROTACs recruit either VHL or CRBN. Both E3 ligases are
cytosolic, and the whole UPS machinery recruitment to the cell
membrane might be challenging. Hence, a large potential lies
in the large untapped pool of human E3 ligases, among which

Table 2. Published Integral Membrane Proteins (IMPs) Targeted for Degradation through Different Technologies
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those physiologically addressing integral membrane proteins
are potentially hijackable for IMP-targeted degradation.47−50

Finally, the IMP degradation mechanism is not fully clear. It
might require directing the target toward lysosomal degrada-
tion pathways, which represents a more substantial challenge
than directing proteins toward proteasomal degradation. To
solve these limitations and to empower the use of PROTACs
to target IMPs, new tools have been recently developed, which
we summarize in this Review (Table 2).

■ LYTAC
In 2020 Banik et al. developed a new strategy to specifically
target IMPs and more generally extracellular proteins for
degradation. This new method makes use of lysosome-
targeting chimeras (LYTACs), which are small molecule−
antibody conjugates that simultaneously bind a cell-surface
lysosome-shuttling receptor and the extracellular domain of a
target protein. The former is the cation-independent mannose-
6-phosphate receptor (CI-M6PR) which is engaged through an
agonist, whereas a small molecule or an antibody is applied as
the binding moiety for the POI.51 This strategy relies on the
ability of the CI-M6PR to bind proteins bearing N-glycans
capped with mannose-6-phosphate residues and to subse-
quently promote their endocytosis and lysosomal degradation,
while the receptor is recycled to the membrane (Figure 1B).52

Like PROTACs, LYTACs represent an event-driven system
that allows catalytic degradation of the POI through reiterative
CI-M6PR cycles (Banik et al. 2020). As a proof-of-concept,
Banik et al. tested three compounds directed against EGFR,
transferrin receptor-1 (CD71), and PD-L1, using specific
antibodies for each target as the POI-specific ligand.
Degradation of the POI was observed with all three
compounds, validating the LYTAC technology. Furthermore,
mass spectrometry approaches assessed the stability of CI-
M6PR levels in EGFR-LYTAC treated cells, confirming the
catalytic nature of the strategy.51

This same group developed a second generation of LYTACs
using the liver-specific asialoglycoprotein receptor (ASGPR) as
a lysosome-trafficking receptor. As ASGPR is exclusively
expressed in the liver, this targeting strategy allows liver-
specific IMP degradation.25 Accordingly, linking an ASGPR
agonist to specific antibodies, LYTACs that successfully
degrade EGFR, the human epidermal growth factor receptor
2 (HER2), or the integrins αvβ1, αvβ3, αvβ5, αvβ6, and α5β1
were reported. Assays conducted with CI-M6PR- and ASGPR-
mediated LYTACs directed against EGFR reveal a comparable
performance of the compounds in terms of target degradation
and effects on downstream signaling.25 On the other hand, the
kinetics of HER2 internalization induced by first and second
generation LYTACs were different, highlighting that two IMPs
will not necessarily behave the same way.25

Taken together these observations suggest that the success
of any developed LYTAC results from a combination of
factors, including the endogenous kinetics of protein trafficking
and turnover, the amount of the recycling receptors on the
surface, their susceptibility to induced endocytosis, and their
distinct sorting.25,51 Despite their promise, LYTACs have
several notable disadvantages. They have a higher molecular
weight compared to PROTACs, which may hamper delivery.
Moreover, using an antibody as the POI-specific ligand may
require humanization of the antibody and development of
antibodies that can break self-tolerance. On the other hand,
these molecules bind extracellular domains of receptors,

overcoming any cellular permeability problems. The possibility
of antibodies targeting neo-antigens represents a potential
venue for application as this may allow reduction of off-target
effects in healthy cells. LYTACs appear therefore to be a
promising new strategy for IMP-targeted degradation, and the
liver-specific second generation has opened the possibility of
synthesizing cell-type-specific LYTACs, that target organ-
specific IMPs.26

■ AbTAC
Recently, an alternative strategy has been developed by Cotton
et al. to target membrane-associated proteins. They used a
bispecific immunoglobulin G (IgG) to generate an antibody-
based version of PROTAC called AbTAC.23 Bispecific IgGs
are recombinant antibodies which are able to selectively
recognize two different antigens and colocalize them. The
advantage of these molecules lies in their long serum half-lives
and their rapid generation through phage display. Their
mechanism of action relies on the ability of the AbTAC to
simultaneously recognize the target protein that is to be
degraded and the membrane-resident E3 ligase that drives
target polyubiquitylation (Figure 1C).
In their work Cotton et al. used the single-pass trans-

membrane E3 ligase, RNF43, to provide the ubiquitylation
activity. Their hypothesis that RNF43’s structured ectodomain
could facilitate phage display antibody generation drove this
decision. Furthermore, this E3 is widely expressed in the
human body, allowing general use of this approach.53 The
AbTAC generated consisted of a recombinant antibody to
recruit RNF43 and the FDA-approved drug atezolizumab for
PD-L1 binding. PD-L1 degradation was assessed in different
cell lines, and no other cellular perturbations were detected
using global proteomics, confirming that the developed
AbTAC was highly selective.23 Inhibition assays confirmed
the RNF43 dependence for PD-L1 degradation and further
suggested that the lysosomal degradation pathway is involved.
However, the mechanism of action of this AbTAC remains
largely unknown, as it remains unclear how RNF43 interacts
and acts on the target, and how the trafficking of the target
toward the lysosomes proceeds. Further elucidation of the
process is needed to completely assess the potential advantages
of AbTAC in TPD.
In their initial report, a maximal PD-L1 degradation of 63%

was achieved with the RNF43 AbTAC.23 A similar result was
observed in a murine colon adenocarcinoma cell line after 48 h
of incubation with a PD-L1-directed PROTAC,41 while the CI-
M6PR-mediated LYTAC reduces PD-L1 levels to close to
45%.51 For these three different approaches, the maximal
degradation achieved represents the steady state between
synthesis and degradation rates. Multiple factors influence this
steady state, and the target turnover and its endogenous
trafficking kinetics are shared among these TPD strategies.
Furthermore, the three PD-L1 TPD approaches differ in the
E3 that is recruited, its turnover and its levels, in the E3:PD-L1
stoichiometry, and in the binding properties of the various
ligands. Direct comparison is further complicated by the fact
that the three strategies employ different modes of PD-L1
recruitment as well as degradation pathways and thus different
trafficking kinetics. The combination of these factors may
explain why the reported PROTAC, LYTAC, and AbTAC
strategies directed against the same target reach different
maximal degradation. It remains to be seen whether these
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differences also hold in the in vivo setting, where delivery and
targeting represent an additional layer of variability.

■ MOLECULAR GLUES
Molecular glues are monomeric small molecules that either
induce or reinforce interactions between two proteins that
typically do not interact directly or strongly. These “glues”
were discovered by Schreiber’s group in 1991,54 but deeper
knowledge has been achieved only in the past decade.55,56

Generally, molecular glues target an E3 ligase, altering its
surface to recruit in a ternary complex a neosubstrate which is
then polyubiquitinated and degraded through the proteasome
(Figure 1D). Similar to PROTACs, molecular glues allow the
targeting of proteins considered not-druggable and also work
in a catalytic and substoichiometric manner.57 Compared to
PROTACs, which are bivalent degraders, molecular glues are
single low-molecular-weight molecules with enhanced pharma-
cokinetics and pharmacodynamic properties.58 Their develop-
ment is also different. PROTACs require a rational design and
precise modeling approaches and in fact can use molecular
glues as warheads.59 On the other hand, molecular glue
discovery is mainly serendipitous or a consequence of unbiased
screening approaches. Thalidomide,60 indisulam,61 auxin,62

and jasmonate63 are all examples of molecules for which the
capability of inducing interactions between the E3 and its
target has been discovered “accidentally” as secondary
properties during their characterization.
Despite their efficacy in degrading specific proteins, e.g.,

Ikaros and Aiolos degradation mediated by thalidomide and its
derivatives, molecular glues provide a binding platform on E3
ligases for a wider variety of neosubstrates64−67 whose
mechanism of action is often not clear, making them less
controllable than PROTACs. Equally, this increases the
difficulty in designing molecular glues using conventional
medicinal chemistry approaches, as neosubstrates can rarely be
identified a priori. Thalidomide analogues, for instance, has
successfully been applied in clinics as antitumor agents for
years before their molecular mechanism was elucidated.67−70

For molecular glues to achieve widespread adaptation, the
serendipitous mode of compound discovery requires a shift
toward a more rational design approach. Accordingly, major
improvements have recently been achieved in the discovery of
molecular glues through phenotypic screens, facilitating their
development toward therapeutic strategies.56,71

Among the available degraders, immunomodulatory drug
(IMiD)-derivatives of thalidomide are known to act on CRBN
as molecular glues.72 These compounds “reshape” the E3 and
induce the recruitment and subsequent polyubiquitination of
neosubstrates, including the two zinc finger transcription
factors IKZF1 and IKZF3.73 IKFZ3 is recognized by CRBN
through a specific sequence in its N-terminus,74 which has
been used for the development of an IMiD-induced system
that leads to the degradation of chimeric antigen receptor
(CAR) proteins. This was made possible by appending the 6-
kDa IKZF3-based degron to the C-terminus of the targets
through a linker that guaranteed the flexibility and accessibility
needed for the molecular glue mechanism.75

Building on this development, Hild’s group proved that an
IKZF3-based degron successfully allows for the control of CAR
levels, leading to the reversible degradation of type I
transmembrane proteins with different characteristics including
size, length of cytosolic tail, and number of cytosolic lysine
residues. Using this approach, promising results were achieved

in controlling CAR expression and activity dosing IMiDs in
vivo, with a consistent antitumor response preserved also after
discontinuation of drug administration.75 Although this system
relies on an FDA-approved IMiD drug, and translation into the
clinic should be more straightforward, this strategy requires a
heterologous degron to be present on the targeted protein
which will limit usage and bring an extra layer of complexity to
TPD.

■ CONCLUSIONS
Selective degradation of disease-causing proteins brings
undoubtable advantages compared to their inhibition and
promises to minimize the undruggable genome. A longer
lasting target inactivation is reached through target elimination,
with a more significant impact on its enzymatic function and
any scaffolding roles.29,35,38,45,46 This approach may also
circumvent drug-induced target mutation and acquired drug
resistance following long-term drug use,1−3 which mandates a
constant development of new molecules to target emerging
target variants.
Among TPD techniques, PROTACs have seen rapid

development, with an established design strategy and a
small-molecule nature that facilitates an appropriate ADME
profile.8,14 Their synthesis often involves an inhibitor as
binding moiety to target the POI. The resulting chimera
typically presents different properties from the parent
molecule, with a higher selectivity for the target reached
through the optimization of the linker and the positive
cooperative interaction between the E3 and the POI.12

Despite recent advances in rational use of PROTACs, their
great potential, and evident success in degrading kinases and
transcription factors, this technology does not address
membrane-associated proteins with the same efficiency.
Notwithstanding, IMP dysregulation and mutation are
established key factors that promote and drive many disease
indications; thus, their targeted degradation still remains an
auspicious objective. It is unclear if this lack of success is due to
limited testing, or an inherent difficulty associated with TPD of
membrane-associated proteins. IMPs establish strong inter-
actions with the membrane, and the E3 ligases usually involved
are cytosolic and physiologically target proteins belonging to
different families. Investigating the human proteome for IMP-
targeting E3s can be a successful outset to broaden TPD
technologies.
The success of PROTACs has inspired the rise of the other

approaches discussed in this Review, each with their
(dis)advantages. Technologies that employ antibodies, like
LYTAC and AbTAC, avoid any cellular permeability issues and
have the potential to also target a specifically mutated POI
(e.g., neo-POI). The possibility to recruit tissue-specific E3s for
AbTAC and tissue-specific lysosome trafficking receptors for
LYTAC represents another attractive, enhancing feature.
Molecular glues are instead monomeric degraders, with a low
molecular weight which benefits their ADME profile. The
recent progress achieved in their rational design encourages the
development of specific degraders with major therapeutic
advantages.
Another contribution to improve IMP-targeted degradation

could come from understanding the mechanisms that lead to
the actual degradation of the POI in more detail. Many reports
have demonstrated the involvement of the proteasome in the
degradation of IMPs,27,28,38,41,43,44 while others have shown
that the endolysosomal system is required.23,25,46 Others have
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instead suggested that TPD involves the cooperation of the
autophagic-lysosomal system and the UPS together,37,42

though this could be induced by the inhibition of the
proteasome, which can switch from a proteasome-dependent
pathway to a lysosomal-dependent protein degradation
pathway.76,77

As targets, each membrane-associated protein presents
unique properties, such as its endogenous turnover and
trafficking kinetics, and its susceptibility to be internalized,
which do not hinge on the technology applied. On the other
hand, TPD strategies differ in the E3 employed, its endogenous
levels, turnover, and stoichiometry with the target. This entails
different ways of recruiting and sorting the POI, different
trafficking kinetics, and different degradation pathways. All
these variables combined together define the maximal target
degradation achieved, which is the result of the steady state
between synthesis and degradation rates.
For these reasons, further elucidations of the molecular

mechanism induced by TPD tools could represent a first step
toward the development of new successful strategies. Efficient
and more precise technologies to target membrane-associated
proteins for degradation keep standing as an important turning
point for many diseases, and investigating the human proteome
for new “hijackable” E3s can contribute to this cause, making a
decisive impact in therapeutic intervention.
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Negraõ, M v.; Reis, L. F. L.; Katz, A.; Camargo, A. A. Sequential liquid
biopsies reveal dynamic alterations of EGFR driver mutations and
indicate EGFR amplification as a new mechanism of resistance to
osimertinib in NSCLC. Lung Cancer 2017, 108, 238−241.
(2) Iragavarapu, C.; Mustafa, M.; Akinleye, A.; Furqan, M.; Mittal,
V.; Cang, S.; Liu, D. Novel ALK inhibitors in clinical use and
development. J. Hematol Oncol 2015, 8 (1), 17.
(3) Salami, J.; Alabi, S.; Willard, R. R.; Vitale, N. J.; Wang, J.; Dong,
H.; Jin, M.; McDonnell, D. P.; Crew, A. P.; Neklesa, T. K.; Crews, C.
M. Androgen receptor degradation by the proteolysis-targeting
chimera ARCC-4 outperforms enzalutamide in cellular models of
prostate cancer drug resistance. Communications Biology 2018, 1 (1),
1−9.
(4) Kurimchak, A. M.; Shelton, C.; Duncan, K. E.; Johnson, K. J.;
Brown, J.; O’Brien, S.; Gabbasov, R.; Fink, L. S.; Li, Y.; Lounsbury,
N.; Abou-Gharbia, M.; Childers, W. E.; Connolly, D. C.; Chernoff, J.;
Peterson, J. R.; Duncan, J. S. Resistance to BET Bromodomain
Inhibitors Is Mediated by Kinome Reprogramming in Ovarian
Cancer. Cell Reports 2016, 16 (5), 1273−1286.
(5) 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 (1), 67−77.e3.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Review

https://doi.org/10.1021/acsptsci.2c00142
ACS Pharmacol. Transl. Sci. 2022, 5, 849−858

855

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+Moreau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3688-3998
https://orcid.org/0000-0002-3688-3998
mailto:kevin.moreau@astrazeneca.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camilla+Ruffilli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sascha+Roth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7273-6701
https://orcid.org/0000-0001-7273-6701
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monica+Rodrigo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helen+Boyd"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noam+Zelcer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6935-7532
https://orcid.org/0000-0001-6935-7532
https://pubs.acs.org/doi/10.1021/acsptsci.2c00142?ref=pdf
https://doi.org/10.1016/j.lungcan.2017.04.004
https://doi.org/10.1016/j.lungcan.2017.04.004
https://doi.org/10.1016/j.lungcan.2017.04.004
https://doi.org/10.1016/j.lungcan.2017.04.004
https://doi.org/10.1186/s13045-015-0122-8
https://doi.org/10.1186/s13045-015-0122-8
https://doi.org/10.1038/s42003-018-0105-8
https://doi.org/10.1038/s42003-018-0105-8
https://doi.org/10.1038/s42003-018-0105-8
https://doi.org/10.1016/j.celrep.2016.06.091
https://doi.org/10.1016/j.celrep.2016.06.091
https://doi.org/10.1016/j.celrep.2016.06.091
https://doi.org/10.1016/j.chembiol.2017.09.009
https://doi.org/10.1016/j.chembiol.2017.09.009
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(6) 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.
Proc. Natl. Acad. Sci. U.S.A. 2001, 98 (15), 8554−8559.
(7) Lai, A. C.; Crews, C. M. Induced protein degradation: an
emerging drug discovery paradigm. Nat. Rev. Drug Discovery 2017, 16
(2), 101−114.
(8) Mares, A.; Miah, A. H.; Smith, I. E. D.; Rackham, M.; Thawani,
A. R.; Cryan, J.; Haile, P. A.; Votta, B. J.; Beal, A. M.; Capriotti, C.;
Reilly, M. A.; Fisher, D. T.; Zinn, N.; Bantscheff, M.; MacDonald, T.
T.; Vossenkamper, A.; Dace, P.; Churcher, I.; Benowitz, A. B.; Watt,
G.; Denyer, J.; Scott-Stevens, P.; Harling, J. D. Extended
pharmacodynamic responses observed upon PROTAC-mediated
degradation of RIPK2. Communications Biology 2020, 3 (1), 1−13.
(9) Guo, J.; Liu, J.; Wei, W. Degrading proteins in animals:
“PROTAC”tion goes in vivo. Cell Research 2019, 29 (3), 179−180.
(10) Han, X.; Wang, C.; Qin, C.; Xiang, W.; Fernandez-Salas, E.;
Yang, C. Y.; Wang, M.; Zhao, L.; Xu, T.; Chinnaswamy, K.;
Delproposto, J.; Stuckey, J.; Wang, S. Discovery of ARD-69 as a
Highly Potent Proteolysis Targeting Chimera (PROTAC) Degrader
of Androgen Receptor (AR) for the Treatment of Prostate Cancer. J.
Med. Chem. 2019, 62 (2), 941−964.
(11) Bondeson, D. P.; Smith, B. E.; Burslem, G. M.; Buhimschi, A.
D.; Hines, J.; Jaime-Figueroa, S.; Wang, J.; Hamman, B. D.;
Ishchenko, A.; Crews, C. M. Lessons in PROTAC Design from
Selective Degradation with a Promiscuous Warhead. Cell Chemical
Biology 2018, 25 (1), 78−87.e5.
(12) Bondeson, D. P.; Mares, A.; Smith, I. E. D.; 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 (8), 611−617.
(13) Hu, Z.; Crews, C. M. Recent Developments in PROTAC-
Mediated Protein Degradation: From Bench to Clinic. ChemBioChem.
2022, 23 (2), No. e202100270.
(14) Yan, G.; Zhong, X.; Yue, L.; Pu, C.; Shan, H.; Lan, S.; Zhou,
M.; Hou, X.; Yang, J.; Li, R. Discovery of a PROTAC targeting ALK
with in vivo activity. Eur. J. Med. Chem. 2021, 212, 113150.
(15) Békés, M.; Langley, D. R.; Crews, C. M. PROTAC targeted
protein degraders: the past is prologue. Nat. Rev. Drug Discovery 2022,
21 (3), 181−200.
(16) Parker, C. G.; Galmozzi, A.; Wang, Y.; Correia, B. E.; Sasaki, K.;
Joslyn, C. M.; Kim, A. S.; Cavallaro, C. L.; Lawrence, R. M.; Johnson,
S. R.; Narvaiza, I.; Saez, E.; Cravatt, B. F. Ligand and Target
Discovery by Fragment-Based Screening in Human Cells. Cell 2017,
168 (3), 527−541.e29.
(17) Burslem, G. M.; Crews, C. M. Proteolysis-Targeting Chimeras
as Therapeutics and Tools for Biological Discovery. Cell 2020, 181
(1), 102−114.
(18) Schneider, M.; Radoux, C. J.; Hercules, A.; Ochoa, D.;
Dunham, I.; Zalmas, L. P.; Hessler, G.; Ruf, S.; Shanmugasundaram,
V.; Hann, M. M.; Thomas, P. J.; Queisser, M. A.; Benowitz, A. B.;
Brown, K.; Leach, A. R. The PROTACtable genome. Nat. Rev. Drug
Discovery 2021, 20 (10), 789−797.
(19) Kawada, I.; Soejima, K. Screening of epidermal growth factor
receptor mutation in lung cancer. Respiration and Circulation 2008, 56
(6), 617−622.
(20) Lee, H. J.; Seo, A. N.; Kim, E. J.; Jang, M. H.; Kim, Y. J.; Kim, J.
H.; Kim, S. W.; Ryu, H. S.; Park, I. A.; Im, S. A.; Gong, G.; Jung, K.
H.; Kim, H. J.; Park, S. Y. Prognostic and predictive values of EGFR
overexpression and EGFR copy number alteration in HER2-positive
breast cancer. Br. J. Cancer 2015, 112 (1), 103−111.
(21) Hanawa, M.; Suzuki, S.; Dobashi, Y.; Yamane, T.; Kono, K.;
Enomoto, N.; Ooi, A. EGFR protein overexpression and gene
amplification in squamous cell carcinomas of the esophagus. Int. J.
Cancer 2006, 118 (5), 1173−1180.

(22) Manda, S.; Lee, N. K.; Oh, D. C.; Lee, J. Design, synthesis, and
biological evaluation of proteolysis targeting chimeras (PRoTACS)
for the dual degradation of IGF-1R and SrC. Molecules 2020, 25 (8),
1948.
(23) Cotton, A. D.; Nguyen, D. P.; Gramespacher, J. A.; Seiple, I. B.;
Wells, J. A. Development of Antibody-Based PROTACs for the
Degradation of the Cell-Surface Immune Checkpoint Protein PD-L1.
J. Am. Chem. Soc. 2021, 143 (2), 593−598.
(24) Kargbo, R. B. PROTAC Compounds Targeting TRK for Use in
Cancer Therapeutics. ACS Med. Chem. Lett. 2020, 11 (6), 1090−
1091.
(25) Ahn, G.; Banik, S. M.; Miller, C. L.; Riley, N. M.; Cochran, J.
R.; Bertozzi, C. R. LYTACs that engage the asialoglycoprotein
receptor for targeted protein degradation. Nat. Chem. Biol. 2021, 17
(9), 937−946.
(26) Ramadas, B.; Kumar Pain, P; Manna, D. LYTACs: An
Emerging Tool for the Degradation of Non-Cytosolic Proteins.
ChemMedChem. 2021, 16 (19), 2951−2953.
(27) Li, Z.; Lin, Y.; Song, H.; Qin, X.; Yu, Z.; Zhang, Z.; Dong, G.;
Li, X.; Shi, X.; Du, L.; Zhao, W.; Li, M. First small-molecule
PROTACs for G protein-coupled receptors: inducing α1A-adrenergic
receptor degradation. Acta Pharmaceutica Sinica B 2020, 10 (9),
1669−1679.
(28) Zhang, X.; Xu, F.; Tong, L.; Zhang, T.; Xie, H.; Lu, X.; Ren, X.;
Ding, K. Design and synthesis of selective degraders of EGFRL858R/
T790M mutant. Eur. J. Med. Chem. 2020, 192, 112199.
(29) Burslem, G. M.; Song, J.; Chen, X.; Hines, J.; Crews, C. M.
Enhancing Antiproliferative Activity and Selectivity of a FLT-3
Inhibitor by Proteolysis Targeting Chimera Conversion. J. Am. Chem.
Soc. 2018, 140 (48), 16428−16432.
(30) Chong, C. R.; Jänne, P. A. The quest to overcome resistance to
EGFR-targeted therapies in cancer. Nature Medicine 2013, 19 (11),
1389−1400.
(31) Cheng, M.; Yu, X.; Lu, K.; Xie, L.; Wang, L.; Meng, F.; Han, X.;
Chen, X.; Liu, J.; Xiong, Y.; Jin, J. Discovery of Potent and Selective
Epidermal Growth Factor Receptor (EGFR) Bifunctional Small-
Molecule Degraders. J. Med. Chem. 2020, 63 (3), 1216−1232.
(32) Xiang, W.; Wang, S. Selectively Targeting Tropomyosin
Receptor Kinase A (TRKA) via PROTACs. J. Med. Chem. 2020, 63
(23), 14560−14561.
(33) Huang, H. T.; Seo, H. S.; Zhang, T.; Wang, Y.; Jiang, B.; Li, Q.;
Buckley, D. L.; Nabet, B.; Roberts, J. M.; Paulk, J.; Dastjerdi, S.;
Winter, G. E.; McLauchlan, H.; Moran, J.; Bradner, J. E.; Eck, M. J.;
Dhe-Paganon, S.; Zhao, J. J.; Gray, N. S. MELK is not necessary for
the proliferation of basal-like breast cancer cells. Elife 2017, 6, e26693.
(34) Du, G.; Jiang, J.; Wu, Q.; Henning, N. J.; Donovan, K. A.; Yue,
H.; Che, J.; Lu, W.; Fischer, E. S.; Bardeesy, N.; Zhang, T.; Gray, N. S.
Discovery of a Potent Degrader for Fibroblast Growth Factor
Receptor 1/2. Angew. Chem., Int. Ed. 2021, 60 (29), 15905−15911.
(35) Zhang, C.; Han, X. R.; Yang, X.; Jiang, B.; Liu, J.; Xiong, Y.; Jin,
J. Proteolysis Targeting Chimeras (PROTACs) of Anaplastic
Lymphoma Kinase (ALK). Eur. J. Med. Chem. 2018, 151, 304−314.
(36) Sharma, S v.; Bell, D. W.; Settleman, J.; Haber, D. A. Epidermal
growth factor receptor mutations in lung cancer. Nature Reviews
Cancer 2007 7:3 2007, 7 (3), 169−181.
(37) Zhao, H. Y.; Yang, X. Y.; Lei, H.; Xi, X. X.; Lu, S. M.; Zhang, J.
J.; Xin, M.; Zhang, S. Q. Discovery of potent small molecule
PROTACs targeting mutant EGFR. Eur. J. Med. Chem. 2020, 208,
112781.
(38) Bensimon, A.; Pizzagalli, M. D.; Kartnig, F.; Dvorak, V.;
Essletzbichler, P.; Winter, G. E.; Superti-Furga, G. Targeted
Degradation of SLC Transporters Reveals Amenability of Multi-
Pass Transmembrane Proteins to Ligand-Induced Proteolysis. Cell
Chemical Biology 2020, 27 (6), 728−739.e9.
(39) Nabet, B.; Roberts, J. M.; Buckley, D. L.; Paulk, J.; Dastjerdi, S.;
Yang, A.; Leggett, A. L.; Erb, M. A.; Lawlor, M. A.; Souza, A.; Scott, T.
G.; Vittori, S.; Perry, J. A.; Qi, J.; Winter, G. E.; Wong, K. K.; Gray, N.
S.; Bradner, J. E. The dTAG system for immediate and target-specific
protein degradation. Nat. Chem. Biol. 2018, 14 (5), 431−441.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Review

https://doi.org/10.1021/acsptsci.2c00142
ACS Pharmacol. Transl. Sci. 2022, 5, 849−858

856

https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1073/pnas.141230798
https://doi.org/10.1038/nrd.2016.211
https://doi.org/10.1038/nrd.2016.211
https://doi.org/10.1038/s42003-020-0868-6
https://doi.org/10.1038/s42003-020-0868-6
https://doi.org/10.1038/s42003-020-0868-6
https://doi.org/10.1038/s41422-019-0144-9
https://doi.org/10.1038/s41422-019-0144-9
https://doi.org/10.1021/acs.jmedchem.8b01631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2017.09.010
https://doi.org/10.1016/j.chembiol.2017.09.010
https://doi.org/10.1038/nchembio.1858
https://doi.org/10.1002/cbic.202100270
https://doi.org/10.1002/cbic.202100270
https://doi.org/10.1016/j.ejmech.2020.113150
https://doi.org/10.1016/j.ejmech.2020.113150
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1038/s41573-021-00371-6
https://doi.org/10.1016/j.cell.2016.12.029
https://doi.org/10.1016/j.cell.2016.12.029
https://doi.org/10.1016/j.cell.2019.11.031
https://doi.org/10.1016/j.cell.2019.11.031
https://doi.org/10.1038/s41573-021-00245-x
https://doi.org/10.1038/bjc.2014.556
https://doi.org/10.1038/bjc.2014.556
https://doi.org/10.1038/bjc.2014.556
https://doi.org/10.1002/ijc.21454
https://doi.org/10.1002/ijc.21454
https://doi.org/10.3390/molecules25081948
https://doi.org/10.3390/molecules25081948
https://doi.org/10.3390/molecules25081948
https://doi.org/10.1021/jacs.0c10008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.0c00235?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41589-021-00770-1
https://doi.org/10.1038/s41589-021-00770-1
https://doi.org/10.1002/cmdc.202100393
https://doi.org/10.1002/cmdc.202100393
https://doi.org/10.1016/j.apsb.2020.01.014
https://doi.org/10.1016/j.apsb.2020.01.014
https://doi.org/10.1016/j.apsb.2020.01.014
https://doi.org/10.1016/j.ejmech.2020.112199
https://doi.org/10.1016/j.ejmech.2020.112199
https://doi.org/10.1021/jacs.8b10320?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b10320?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nm.3388
https://doi.org/10.1038/nm.3388
https://doi.org/10.1021/acs.jmedchem.9b01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c01947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c01947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.7554/eLife.26693
https://doi.org/10.7554/eLife.26693
https://doi.org/10.1002/anie.202101328
https://doi.org/10.1002/anie.202101328
https://doi.org/10.1016/j.ejmech.2018.03.071
https://doi.org/10.1016/j.ejmech.2018.03.071
https://doi.org/10.1038/nrc2088
https://doi.org/10.1038/nrc2088
https://doi.org/10.1016/j.ejmech.2020.112781
https://doi.org/10.1016/j.ejmech.2020.112781
https://doi.org/10.1016/j.chembiol.2020.04.003
https://doi.org/10.1016/j.chembiol.2020.04.003
https://doi.org/10.1016/j.chembiol.2020.04.003
https://doi.org/10.1038/s41589-018-0021-8
https://doi.org/10.1038/s41589-018-0021-8
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Chen, Y.; Yuan, X.; Tang, M.; Shi, M.; Yang, T.; Liu, K.; Deng,
D.; Chen, L. Degrading FLT3-ITD protein by proteolysis targeting
chimera (PROTAC). Bioorganic Chemistry 2022, 119, 105508.
(41) Wang, Y.; Zhou, Y.; Cao, S.; Sun, Y.; Dong, Z.; Li, C.; Wang,
H.; Yao, Y.; Yu, H.; Song, X.; Li, M.; Wang, J.; Wei, M.; Yang, G.;
Yang, C. In vitro and in vivo degradation of programmed cell death
ligand 1 (PD-L1) by a proteolysis targeting chimera (PROTAC).
Bioorganic Chemistry 2021, 111, 104833.
(42) Qu, X.; Liu, H.; Song, X.; Sun, N.; Zhong, H.; Qiu, X.; Yang,
X.; Jiang, B. Effective degradation of EGFRL858R+T790M mutant
proteins by CRBN-based PROTACs through both proteosome and
autophagy/lysosome degradation systems. Eur. J. Med. Chem. 2021,
218, 113328.
(43) Huber, M. E.; Toy, L.; Schmidt, M. F.; Vogt, H.; Budzinski, J.;
Wiefhoff, M. F. J.; Merten, N.; Kostenis, E.; Weikert, D.; Schiedel, M.
A Chemical Biology Toolbox Targeting the Intracellular Binding Site
of CCR9: Fluorescent Ligands, New Drug Leads and PROTACs.
Angew. Chem., Int. Ed. 2022, 61 (12), No. e202116782.
(44) Zhang, H.; Zhao, H. Y.; Xi, X. X.; Liu, Y. J.; Xin, M.; Mao, S.;
Zhang, J. J.; Lu, A. X.; Zhang, S. Q. Discovery of potent epidermal
growth factor receptor (EGFR) degraders by proteolysis targeting
chimera (PROTAC). Eur. J. Med. Chem. 2020, 189, 112061.
(45) Jang, J.; To, C.; de Clercq, D. J. H.; Park, E.; Ponthier, C. M.;
Shin, B. H.; Mushajiang, M.; Nowak, R. P.; Fischer, E. S.; Eck, M. J.;
Jänne, P. A.; Gray, N. S. Mutant-Selective Allosteric EGFR Degraders
are Effective Against a Broad Range of Drug-Resistant Mutations.
Angew. Chem., Int. Ed. 2020, 59 (34), 14481−14489.
(46) Zhao, H. Y.; Wang, H. P.; Mao, Y. Z.; Zhang, H.; Xin, M.; Xi,
X. X.; Lei, H.; Mao, S.; Li, D. H.; Zhang, S. Q. Discovery of Potent
PROTACs Targeting EGFR Mutants through the Optimization of
Covalent EGFR Ligands. J. Med. Chem. 2022, 65 (6), 4709−4726.
(47) Bai, Y.; Ying, Y. The Post-translational Modifications of Smurf2
in TGF-β Signaling. Frontiers in Molecular Biosciences 2020, 7, 128.
(48) Aki, D.; Zhang, W.; Liu, Y. C. The E3 ligase Itch in immune
regulation and beyond. Immunological Reviews 2015, 266 (1), 6−26.
(49) Lin, H.; Li, S.; Shu, H. B. The Membrane-Associated MARCH
E3 Ligase Family: Emerging Roles in Immune Regulation. Frontiers in
Immunology 2019, 10, 1751.
(50) Lyle, C.; Richards, S.; Yasuda, K.; Napoleon, M. A.; Walker, J.;
Arinze, N.; Belghasem, M.; Vellard, I.; Yin, W.; Ravid, J. D.; Zavaro,
E.; Amraei, R.; Francis, J.; Phatak, U.; Rifkin, I. R.; Rahimi, N.;
Chitalia, V. C. c-Cbl targets PD-1 in immune cells for proteasomal
degradation and modulates colorectal tumor growth. Sci. Rep. 2019, 9
(1), 20257.
(51) Banik, S. M.; Pedram, K.; Wisnovsky, S.; Ahn, G.; Riley, N. M.;
Bertozzi, C. R. Lysosome-targeting chimaeras for degradation of
extracellular proteins. Nature 2020, 584 (7820), 291−297.
(52) Ghosh, P.; Dahms, N. M.; Kornfeld, S. Mannose 6-phosphate
receptors: new twists in the tale. Nat. Rev. Mol. Cell Biol. 2003, 4 (3),
202−213.
(53) Uhlén, M.; Fagerberg, L.; Hallström, B. M.; Lindskog, C.;
Oksvold, P.; Mardinoglu, A.; Sivertsson, Å; Kampf, C.; Sjöstedt, E.;
Asplund, A.; Olsson, I. M.; Edlund, K.; Lundberg, E.; Navani, S.;
Szigyarto, C. A. K.; Odeberg, J.; Djureinovic, D.; Takanen, J. O.;
Hober, S.; Alm, T.; Edqvist, P. H.; Berling, H.; Tegel, H.; Mulder, J.;
Rockberg, J.; Nilsson, P.; Schwenk, J. M.; Hamsten, M.; von Feilitzen,
K.; Forsberg, M.; Persson, L.; Johansson, F.; Zwahlen, M.; von Heijne,
G.; Nielsen, J.; Pontén, F. Proteomics. Tissue-based map of the
human proteome. Science 2015, 347 (6220), 1260419.
(54) Liu, J.; Farmer, J. D.; Lane, W. S.; Friedman, J.; Weissman, I.;
Schreiber, S. L. Calcineurin is a common target of cyclophilin-
cyclosporin A and FKBP-FK506 complexes. Cell 1991, 66 (4), 807−
815.
(55) Maniaci, C.; Ciulli, A. Bifunctional chemical probes inducing
protein−protein interactions. Curr. Opin. Chem. Biol. 2019, 52, 145−
156.
(56) 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. Nat. Commun. 2019,
10 (1), 1402.
(57) Schreiber, S. L. The Rise of Molecular Glues. Cell 2021, 184
(1), 3−9.
(58) Dong, G.; Ding, Y.; He, S.; Sheng, C. Molecular Glues for
Targeted Protein Degradation: From Serendipity to Rational
Discovery. J. Med. Chem. 2021, 64 (15), 10606−10620.
(59) Lindner, S.; Steinebach, C.; Kehm, H.; Mangold, M.;
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