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Targeting chimeras (TACs), such as PROTACs, LYTACs, AUTACs, and ATTECs, have emerged as promising
strategies for selectively degrading proteins, including undruggable targets. These approaches leverage
bifunctional molecules or molecular glues to selectively degrade specific proteins, offering new
therapeutic potential for the diseases that traditional small molecules cannot effectively address. The
linker of the TACs serving as a bridge, connecting the target protein ligand and effector protein ligand,
plays a critical role in determining the molecule’s spatial conformation and overall activity. Recent
advances in linker design strategies, such as photo-switchable, cleavable, and flexible linkers, have
enhanced the efficacy, selectivity, and spatiotemporal control of TACs. Despite these advances,
linker to balance and

challenges remain in optimizing

pharmacokinetics. In this review, we discuss recent advancements in TACs development and summarize

properties stability, bioavailability,
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the strategies of linkers' design, including traditional/non-traditional, and functionalized linkers of various

DOI: 10.1039/d55c04859a TACs. Finally, we highlight current challenges in linker design and explore future opportunities and
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1. Introduction

Targeted protein degradation (TPD) technology has evolved over
two decades from a proof-of-concept into a compelling direc-
tion in modern drug discovery.! Among the various TPD
approaches, chimeric molecule-based degradation strategies
have attracted considerable attention. Particularly, proteolysis-
targeting chimeras (PROTACs) have achieved significant prog-
ress, with over 20 candidates currently in clinical trials.”
Building on this foundation, researchers have expanded PRO-
TACs' design strategies to develop a broader range of TACs,
including lysosome-targeting chimeras (LYTACs), autophagy-
targeting chimeras (AUTACs), autophagosome-tethering
compounds (ATTECs), and molecular glue degraders.®> These
innovative approaches extend degradation pathways beyond the
traditional ubiquitin-proteasome system (UPS) to lysosomal
and autophagy-mediated mechanisms (Fig. 1), significantly
broadening the range of druggable targets, including
membrane proteins and non-enzymatic proteins.* Compared
with small-molecule inhibitors, TACs-based therapeutics offer
distinct advantages, such as enabling the degradation of
previously “undruggable” targets and overcoming resistance
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strategies, hoping to provide inspiration for the development of TACs in drug discovery.

arising from target mutations. These unique features make
TACs degraders a highly promising strategy for treating major
illnesses, including cancer, neurodegenerative disorders,’> and
autoimmune conditions.®

A typical TACs molecule consists of three main components:
a ligand for the target protein (Warhead), a ligand for the
effector protein, and a linker (Fig. 1).” Beyond serving as
a bridge, the linker plays a critical role in determining the
spatial arrangement of the TACs, stabilizing the ternary
complex, and determining degradation efficiency. Linker
properties, including length, flexibility, hydrophobicity/
hydrophilicity, and metabolic stability, are critical determi-
nants of the druggable and suitable pharmacokinetic properties
of TACs.®? For instance, an overly short linker may impair
effective binding, while an excessively long linker can reduce
degradation efficiency or cell permeability." Due to its pivotal
role in specificity, stability, and therapeutic efficacy, linker
design strategy remains a crucial area of improvement in the
development of TACs. Suboptimal linkers can weaken binding
affinity, destabilize the ternary complex, or lead to off-target
effects. Therefore, optimizing linker design requires balancing
several factors, such as length, flexibility, hydrophobicity/
hydrophilicity of the chemical structure, and biological
stability to maximize TACs' performance.

In recent years, significant efforts have been devoted to
optimizing TACs linkers, exploring a variety of novel design
strategies. In addition to conventional aliphatic and aromatic
linkers, researchers have also developed functionalized linkers,’
such as click chemistry-based, photo-switchable, cleavable, and
other non-traditional linkers, including self-assembling
linkers." Moreover, advanced design techniques, including
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Fig.1 Degradation mechanism of PROTACs, LYTAC, ATTEC, and AUTAC.

computer-aided drug designs (CADDs), structure-based
approaches, and Al-driven methods, have been increasingly
applied to the design of linkers in TACs."* These approaches
have been integrated into TACs' development, enhancing both
efficacy and versatility.

In this review, we classify linkers based on their chemical
and biological characteristics, summarize representative case
studies on linker optimization, and discuss emerging trends,
strategies, and challenges in this field. Providing a comprehen-
sive overview of linker chemistries used in various TAC designs,
emphasizing their roles in druggability, delivery strategies,
recent innovations, and therapeutic applications across disease
areas. Through selected case studies, we systematically assess
how different linker types affect TACs' performance. We hope
this review will serve as a valuable reference, clarifying current
challenges, highlighting future opportunities, and offering
insights into the development of TACs for drug discovery.

2. Linker types in TACs

The linker in TACs' design plays a pivotal role in influencing
efficacy, selectivity, solubility, metabolic stability, and cellular
uptake. Recently, various types of linkers have been developed
and can be broadly categorized into four classes: traditional
linkers, functional linkers, non-traditional linkers, and specific
TAC linkers.

As shown in Fig. 2, traditional linkers encompass both flex-
ible and relatively rigid types. Flexible linkers mainly include
alkyl-based, polyethylene glycol (PEG)-based, and amide-based
structures, while rigid linkers consist of cycloalkane-based,
spiro-based, and aryl-based components. These linkers affect
molecular properties such as molecular weight (MW), pK,, log S,
log D, and log P, thereby impacting TACs' overall druggability.

17596 | Chem. Sci., 2025, 16, 17595-17610

Functional linkers include cleavable, photocaged, photo-
switchable, and click-based linkers (Fig. 2, top right). Unlike
traditional linkers, functional linkers can facilitate cellular
uptake and permeability, control TACs activation, and reduce
off-target binding and toxicity. In addition, non-traditional
linkers such as gold nanoparticle-based linkers, split-and-mix
systems, and self-assembly-based linkers have also been inves-
tigated (Fig. 2, bottom left). These linkers often improve
permeability and enable tissue- or organ-specific targeting.
Finally, several specific TAC linkers have been reported,
including aptamer-based linkers, short single-stranded DNA
linkers, and multivalent aptamer constructs (Fig. 2, bottom
right). Notably, the linkers used in ATTECs and AUTACs are
primarily adapted from traditional linker frameworks.

2.1 Traditional linker

2.1.1 Traditional aliphatic and aromatic linkers. In recent
years, a wide array of PROTACs has been reported, with
researchers designing structurally diverse linkers tailored to the
unique physicochemical and biological requirements of specific
targets (e.g., BCL-Xy,"” AR,* Tau,"* BRD2/3/4,'> HPK1,'*'” ALK"®)
and a broadened range of E3 ligases (e.g., CRBN," VHL,*
MDM2,*?2) (Fig. 3). The primary goal of these designs is to
enhance degradation selectivity and improve the overall efficacy
of TAC-based therapeutics. The most commonly used linkers
include PEG-based,*?® alkyl-based,””** cycloalkane-based,***°
spiro-based,***** and aryl-based linkers.*® These linkers are
typically conjugated to the ligands through functional groups
such as amines, amides, single or multiple C-C bonds, among
others. Traditional linkers often feature a combination of
hydrophobic segments (e.g., linear or cyclic alkanes) and
hydrophilic components (e.g., PEGs, piperidines, piperazines,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04859a

Open Access Article. Published on 22 September 2025. Downloaded on 4/3/2026 9:01:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Traditional Linker

***** % @ O

NANL //\ﬁ,\/ pKa LogS
< \, — ' +
N Impact A :@:
i LogD LogP
R=0,S, NH, CH, g -
llmpact

View Article Online

Chemical Science

Functional Linker

Clevable Linker Photo-caged Linker

Photo cage
o9 ’
X-ray :

‘Aptamer

HSP90 O\-O c
8 Traviolet - O )
HsPoo B
Ligand |Z Linca)Ld Y% rays
o0 Photo-switchable Linker
| =5
3
: OFF ~ ®
HS| M Dlﬂerentwaverlegmh
HSP90
Ligand Ligand Click-formed Llnker
: \"O Click reactio
—_—
) o \_{)
w N
(o
Y Froteescy Aptamer-based LYTACs Linker
I ASGPR
Proteasomal \Y
degradaion A Ganac —— ﬁ

gy Compounds Cell
f\’r\N o o) . < Permeability
=
=1 A el ) 7
t . )
and et al. ; &P
; PROTAC
& 0@
Gold nanoparticle based Linker Target
ol g POIG —. E3 ligase protein
9 s BT 4 comples
QAuNPsn | $.s ‘ o:‘“m,_} E3
dié'b - ofewe
Spilt-and-Mix Linker _@®™\ &
Y € @ W
2 ok T ;
)j; o > b ' Slek
4 A% )'Pol ligand ,'2' @ /'( A5k s Proteasome Protein degradation
gan

Self-assembly based Linker

> _ Selt-assemble ::

Non-traditional Linker
Fig. 2 Different types of TAC linkers.
and amides), aiming to balance key drug-like properties such as

PKa, log S, log D, log P, and overall druggability. Moreover, aryl-

based linkers, including phenyl derivatives and triazoles,*”

PROTACs POls

PROTACSs Linkers

Linker
Short single-stranded DNA LYTACs Linker
3. i T4 Linker
Q()Oow\f;"’ e oo ) —> 3 YoooR000
ITGA3B1 Ligand POI Ligand

Multivalent aptamer based LYTACs Linker

Aptamer Ap(amer

A LB

@7 ‘ — .\f‘ Eﬁw fzb/piasp """"’2/~ Biotin °°BCN

\j"\ bpMéP Por % = Streptavidin
CI-M6PR

ATTECs/AUTACSs Linker usually based on traditionary Linker

Specific TACs Linker

could offer notable advantages such as increased chemical
stability, enhanced rigidity, and improved cell permeability.
Overall, the successful design of potent PROTACs heavily relies

E3 Ligases

~XyY¥e XY = -0, S, -NH, -CO, -NHCO

BCL-XL, BET, GSPT1,
AR, PLK1/4, SOS1, GR,
Tau, ERa, BRD2/3/4,
TDP-43, HPK1, FLT3,
BTK, FAK, P53, ALK,
FKBP51, HDAC6, PARP1,
p38, Sirt2, MAFF, SHP2,
CDK9/12, LCK, c-Src,
PIPK2, PTP1B, (PCAF,
GCN5), FGFR1, EGFR,
MLKL, SMARCA2, NSPs,
BCR-ABL, AURORA-A,
TBK1, CaMKlla, EZH2,

Including Alkyi-base, and
PEG-based linker

b= NN B ) O
N f\CN-; NN O N

HN_ X ¥ w"dmfx Nk@*f
& S 0, o@t

VHL,
CRBN,
clAP1,
MDM2,
Keapl,

AhR,

FEMI1B,
RNF4,
RNF114,
L3MBTL3,
DCAF1,
DCAF11/15/16,
KLHL20

and et al.

Fig. 3 The various PROTACs with traditional linkers for targeting different proteins and E3 ligases.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 17595-17610 | 17597


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04859a

Open Access Article. Published on 22 September 2025. Downloaded on 4/3/2026 9:01:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

on optimizing the linker's length, polarity, and attachment
chemistry, which collectively dictate the degrader's efficacy and
selectivity.*®

Although numerous types of traditional TAC linkers have
been designed, their ability to balance druggability and degra-
dation efficiency remains limited. To enable the rational design
of linkers and PROTACs, Weng et al. collected and analyzed
structural information on PROTACs from the literature and
databases, and subsequently developed the freely accessible
PROTAC database (PROTAC-DB: https://cadd.zju.edu.cn/
protacdb/).* Based on PROTAC-DB, they later upgraded the
database, releasing PROTAC-DB 2.0 (ref. 50) and PROTAC-DB
3.0.51

2.1.2 Trivalent Y-type linker PROTAC. Conventional PRO-
TACs are bivalent molecules designed to simultaneously engage
an E3 ligase and a POI through two distinct ligands. To enhance
degradation efficiency, researchers have adopted a convergent
strategy by incorporating trifunctional Y-type core linkers that
connect independent inhibitors and E3 ligands.

Imaide et al. hypothesized that increasing binding valency
within a PROTAC could improve degradation efficiency. They
designed trivalent PROTACs (compound 1-1), composed of
a bivalent bromodomain (BRD) proteins inhibitor and an E3
ligase ligand linked through a Y-type linker (Fig. 4a).*
Compared to conventional bivalent PROTACs, compound 1-1
exhibited more potent and sustained degradation activity,
translating to enhanced anticancer efficacy. Mechanistically, 1-1
simultaneously engages both BRDs intramolecularly with high
avidity and forms a 1:1:1 ternary complex with von hippel-
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lindau (VHL). This configuration shows positive cooperativity,
increased cellular stability, and prolonged residence time.

Zheng et al. employed a different strategy to construct Y-type
linker PROTACsS, synthesizing dual-targeting molecules capable
of degrading two distinct proteins simultaneously.”® By
combining gefitinib, olaparib, and a cereblon (CRBN) ligand,
while using trifunctional natural amino acids as the core linker,
they developed dual PROTACs (compound 1-2, Fig. 4b). These
compounds successfully induced the simultaneous degradation
of both the epidermal growth factor receptor (EGFR) and poly
(ADP-ribose) polymerase (PARP) in cancer cells.

Precise tissue-selective degradation is crucial for minimizing
off-target toxicity in PROTAC development. Folate receptor
o (FOLR1) has been extensively validated as a target for cancer-
specific drug delivery, characterized by its overexpression in
various malignancies and limited or absent expression in
normal tissues.* Liu et al. introduced a cancer cell-selective
delivery approach by conjugating a folate group to a VHL
ligand, yielding a trivalent PROTAC (compound 1-3, Fig. 4c).*®
This molecule selectively degraded BRD family proteins in
folate receptor-expressing cancer cells, sparing normal tissues.

In addition, trivalent PROTACs have demonstrated dual-
target degradation capabilities. Recruiting two different E3
ligases within a single molecule offers a promising alternative
strategy. Bond et al designed hetero-trivalent PROTACs
(compounds 1-4, Fig. 4d), incorporating ligands for CRBN, VHL,
and bromodomain and extraterminal (BET) proteins via
a branched trifunctional linker.>® Experiments in wild-type,
single-ligase knockout, and double-ligase knockout cell lines
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revealed that degradation induced by 1-4 was mediated addi-
tively by both CRBN and VHL, validating the dual-ligase
recruitment approach.

2.2 Functionalization linker

2.2.1 Click chemistry-based linkers. Click chemistry refers
to a class of highly efficient, selective, and bioorthogonal reac-
tions first introduced by K. Barry Sharpless in 2001.>” These
reactions have transformed chemical biology and medicinal
chemistry, enabling rapid and reliable molecular assembly for
applications in drug discovery, biomolecule labeling, and tar-
geted therapeutics.®® Owing to their high efficiency and
biocompatibility, several in vitro and in vivo click chemistry-
based PROTACs have recently been developed.

Lebraud et al. reported the first in-cell click-formed prote-
olysis targeting chimeras (CLIPTACs), in which two fragments
are ligated via bioorthogonal click reactions (Fig. 5a).>® Specifi-
cally, they designed a tetrazine (TZ)-labeled thalidomide and
a trans-cyclooctene (TCO)-tagged ligand targeting BRD4 or
extracellular regulated protein kinases 1/2 (ERK1/2). The

N=N
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resulting CLIPTACs (2-1a and 2-1b) successfully degraded their
respective targets intracellularly. This modular approach offers
several advantages, such as overcoming the high molecular
weight limitations of conventional PROTACs and enhancing
solubility and cell permeability. However, this study was limited
to the in vitro experiments and did not evaluate in vivo efficacy.

More recently, Teng et al. introduced the ClickRNA-PROTAC
system (Figure 5b),*® which utilizes mRNA-directed expression
of SNAP-tag (2-2a) and HaloTag (2-2b) fusion proteins. These
tags are covalently linked via bioorthogonal click chemistry to
recruit and degrade target proteins. ClickRNA-PROTAC enabled
efficient degradation of various POIs, including BRD4, Kirsten
rat sarcoma viral (KRAS), and nuclear factor kappa-B (NF«B), by
simply exchanging the warhead ligands. Notably, a tumor-
specific mRNA-responsive translation strategy allowed selec-
tive degradation in cancer cells. In vivo, the system demon-
strated potent antitumor activity in a xenograft model of
adrenocortical carcinoma, highlighting its therapeutic
potential.

Xie et al. developed Nano-Click-formed PROTACs (Nano-
CLIPTACsS) for both in vitro and in vivo applications (Fig. 5¢).*
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Unlike conventional PROTACs, Nano-CLIPTACs divide the
PROTAC molecule into two smaller fragments that can self-
assemble into a functional degrader through a bioorthogonal
click reaction between the TCO and TZ group. To achieve tumor-
targeted delivery and in situ self-assembly, the authors encap-
sulated the individual fragments (W4 and Z2) into cyclic RGDfC-
peptide-modified liposomes, resulting in the formation of
Nano-CLIPTAC 2-3. The targeting of echinoderm microtubule-
associated protein-like 4/anaplastic lymphoma kinase (EML4-
ALK) as the POI and recruiting CRBN as the E3 ligase demon-
strated effective degradation. This innovative approach of linker
design not only enhances tumor specificity but also addresses
limitations of traditional PROTACSs, such as off-target effects
and the “hook effect.”

Do et al. introduced a novel class of enzyme-derived clicking
PROTACSs (ENCTACS), which allow for orthogonal cross-linking
of two distinct small-molecule ligands targeting BRD4 and an

View Article Online
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E3 ligase exclusively in hypoxic tumor environments (Fig. 5d).%>
In this system, nitroreductase (NTR)-responsive moiety
undergoes self-immolation, releasing an amine group.
Concurrently, glutathione (GSH)-sensitive group is cleaved in
the tumor microenvironment to liberate a thiol group, gener-
ating the E3 ligase ligand (Thalidomide-NG). Finally, 2-cyano-
benzothiazole (CBT) substituted POI ligand (POI-CBT)
undergoes self-assembly click reaction in vitro or vivo to
generate the ENCTACs 2-4. This dual-responsive system
provides spatial and environmental control over PROTAC
assembly, offering a promising strategy for precise, tumor-
selective protein degradation.

2.2.2 Photo-switchable linkers. In recent years, increasing
attention has been directed towards the development of func-
tional linkers in PROTACs. Beyond conventional click-based
linkers, photo-switchable groups have emerged as powerful
tools for spatiotemporal control of protein degradation.®® One
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notable strategy involves incorporating azobenzene (Azo) photo-
switches into the linker region, yielding light-inducible PRO-
TACs, commonly referred to as PHOTACs. These can be toggled
between active and inactive forms using specific wavelengths
(Fig. 6).

Pfaff et al. introduced PHOTAC 3-1, which uses an Azo
linker.®* The cis-isomer of 3-1, due to its shorter linker length in
the three-dimensional structure, is inactive and prevents
ternary complex formation. In contrast, the t¢rans-isomer
enables proper engagement of both target and E3 ligase, trig-
gering degradation. Additionally, the inclusion of an ortho-F4-
substituted Azo moiety ensures a stable photo-stationary state,
eliminating the need for continuous irradiation.

Following this, Jin et al. reported PHOTAC 3-2,° which
demonstrated reversible protein degradation activity regulated
by light. By integrating a lenalidomide-Azo-dasatinib tri-
functional system, PHOTAC 3-2 enabled light-controlled
degradation of ABL and BCR-ABL proteins in intact cells
through trans—cis isomerization.

Reynders et al. further advanced the design PHOTAC 3-3,°° in
which the thalidomide phenyl ring of compound 3-3 was
directly integrated into the Azo linker. This construct targeted
BRD2/3/4 and exhibited minimal activity in the dark, but could
be reversibly activated by specific wavelengths, offering precise
optical control over protein levels. This approach represents
a promising strategy to reduce systemic toxicity and improve
therapeutic precision.

Ko et al. described a Ca”'/calmodulin-dependent protein
kinase II alpha (CaMKIla) targeting PHOTAC (3-4) featuring
a thalidomide-conjugated Azo linker.®” This construct demon-
strated reversible, light-regulated degradation of CaMKIla in
mouse brain tissue, marking the first successful application of
PHOTAC:S for optical protein control in neural systems.

Zhang et al. introduced PHOTACs 3-5a and 3-5b based on
a novel arylazopyrazole linker,”® which provided enhanced
photo-switching efficiency compared to traditional Azo-based
linkers. With BRD4 or multi-kinase inhibitors as warheads,
and CRBN recruiters (thalidomide or lenalidomide), these
PHOTACS reached a 75% trans-isomer ratio under 457 nm light
and 99% cis-isomer under 365 nm. This system exhibited

i Photo cleavable PROTAC

POI Ligand”"""g""‘"" E3 Ligand
POI

UVA Activation
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distinct and improved photochemical properties compared
with Azo-linker PHOTACsS.

Cheng et al. developed PHOTAC 3-6, the first chemical tool to
optically control nicotinamide adenine dinucleotide (NAD")
metabolism by targeting nicotinamide phosphoribosyl-
transferase (NAMPT) using an arylazopyrazole linker.*® This
construct allowed reversible regulation of NAMPT activity and
NAD + levels, with reduced toxicity compared to conventional
PROTACSs. Notably, under 620 nm light, PHOTAC 3-6 enabled in
vivo antitumor activity modulation, marking the first in vivo
therapeutic application of a PHOTAC.

Most recently, Zhang et al. reported the first photo-
switchable molecular glues (MGs) for light-controlled protein
dimerization and degradation.” These MGs consist of a cova-
lent protein ligand, an eDHFR-binding moiety, and a photo-
switchable core. Uniquely, they replaced the commonly used
Azo switch with a diazocine linker, leading to MG 3-7. This
system responded to 405 nm and 530 nm light for cis-trans
interconversion, enabling repeated cycles of protein stabiliza-
tion or degradation with high spatiotemporal precision.

2.2.3 Photo-caged linkers. In addition to photo-switchable
linkers, researchers have also developed photo-caged PRO-
TACs (pc-PROTACs), which incorporate light-sensitive groups
that undergo irreversible photo-cleavage upon exposure to
specific wavelengths.” This light-triggered removal of the
protective group activates the PROTAC, enabling targeted
protein degradation. Such designs offer spatiotemporal control
and help mitigate off-target toxicity (Fig. 7). Xue et al. reported
a representative pc-PROTAC,” in which a photo-removable
caging group was introduced into a BRD4-targeting degrader
to generate compound pc-PROTAC 4-1a. Upon light irradiation,
the caging group was cleaved, releasing the active degrader 4-
1b. This compound demonstrated efficient BRD4 degradation
in live cells exclusively after light activation. Moreover, pc-
PROTAC 4-1a also effectively degraded BRD4 in zebrafish
models and induced the expected phenotypic responses.

2.2.4 Cleavable linkers. Recently, our group introduced
a novel N-acyl-N-alkyl sulfonamide (NASA) linker into PROTACs,
enabling covalent labeling of the POL.”® Chen et al. from our
group developed a strategy to engineer platelets capable of
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Fig. 7 Representative of the pc-PHOTACs.
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degrading both intracellular and extracellular POIs in vivo. This
approach relies on covalently linking a POI ligand to heat shock
protein 90 (HSP90) within platelets. As shown in Fig. 8, this
platelet-based TPD method involves functionalizing heat shock
protein 90 (HSP90) with the POI ligand, generating degrader
platelets (DePLTs). These DePLTs selectively accumulate in
hemorrhagic areas and exploit HSP90's protein processing role
to facilitate POI degradation. In this system, cleavable NASA
linker-based PROTACs 5-1a and 5-1b are designed to covalently
modify HSP90 in platelets. Through the endogenous transport
pathway of HSP90, these modified PROTACs generate DePLTs.
Upon activation, DePLTs enable efficient degradation of POIs
either via the ubiquitin proteasome pathway for intracellular
targets or through lysosomal mechanisms for extracellular
ones.

2.3 Non-traditional linker

2.3.1 Split-and-mix linkers. Compared to traditional PRO-
TAC linkers, split-and-mix PROTACs (SM-PROTACS) represent
a non-traditional strategy that separates the POI-binding moiety
and the E3 ligase ligand (split), allowing for their self-assembly
(mix) into functional degraders both in vitro and in vivo, rather
than relying on direct conjugation into a single molecule. SM-
PROTACs act as a special nanoplatform for facile screening
and self-optimized biomolecular regulation.” Specifically, this
system consists of independently modified POI and E3 ligase
ligands, each equipped with self-assembling segments (Fig. 9).
Due to the nature of this system, SM-PROTACs can generate
multivalent PROTACs with tunable ratios of E3 recruiters and
POI binders.

In 2023, Yang et al. introduced a SM-PROTAC platform based
on diphenylglycine peptides (33RR) capable of self-assembly.”
By modifying estrogen receptor alpha (Era), cyclin-dependent
kinase 4/6 (CDK4/6), androgen receptor (AR), mitogen-
activated protein kinase 1/2 (MEK1/2), BRD2/4, and BCR-ABL
ligands with 30RR, and similarly modifying CRBN and VHL
ligands generated split moieties, a library of SM-PROTACs was
constructed through modular mixing (Fig. 9a). These SM-
PROTACs demonstrated effective POI degradation in vitro,

17602 | Chem. Sci,, 2025, 16, 177595-17610

validating both the efficacy and general applicability of the
platform for proximity-induced degradation.

In the same year, Song et al. developed another split-and-mix
nanoplatform based on liposome self-assembly for multifunc-
tional applications.” Using ERa as the model POI, they incor-
porated folic acid (FA) to improve tumor targeting. FA,
tamoxifen (Tam), and a VHL ligand were individually modified
with DSPE-PEG2000 and then combined using the split-and-mix
strategy to form a trivalent SM-PROTAC (Fig. 9b). The resulting
construct exhibited efficient and selective uptake in folate
receptor-positive (FR") cells and successfully degraded ERa. at
significantly reduced concentrations.

In a follow-up study, Song et al. further expanded the SM-
PROTAC platform to target MEK and ALK.”” DSPE-PEG2000
was used to modify mirdametinib (MEK inhibitor), ceritinib
(ALK inhibitor), and a VHL ligand, creating the split moieties.
These moieties were then mixed to generate two SM-PROTACs
(Fig. 9c), which effectively degraded MEK1/2 in A375 cells and
ALK in NCI-H2228 cells, respectively, showing marked tumor
inhibition. Notably, these SM-PROTACs exhibited excellent
biocompatibility, in vivo efficacy, and safety.

2.3.2 Self-assembly Nano-TACs linkers. Taking advantage
of the SM-PROTACs strategy, Zhang et al. developed an intra-
cellularly assembled Nano-PROTAC system featuring a center-
spoke E3 ligase-POI degradation network to achieve dose-
dependent and long-lasting degradation both in vitro and in
vivo.”® Specifically, the Nano-PROTAC system comprises two
hydrophilic self-assembling peptides functionalized with azido
or alkyne groups, each conjugated to either a POI ligand or an
E3 ligase ligand (Fig. 10a). In the presence of high glutathione
(GSH) levels, these two components undergo click chemistry to
form assembly-driving monomers. These monomers then
rapidly self-assemble into antiparallel B-sheet nanostructures
within the cytoplasm. The Nano-PROTACs exhibited potent
degradation activity against two representative targets, EGFR
and AR, both in vitro and in vivo.

Zhang et al. further introduced a smart Nano-PROTAC (SPN)
system designed to target cyclooxygenase-1/2 (COX-1/2) for
photoactivatable metabolic cancer immunotherapy (Fig. 10b).”
This SPN¢ox is built on a semi-conducting polymer backbone,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conjugated to a COX1/2-targeting PROTAC peptide (CPP) via
a cathepsin B (CatB)-cleavable linker. In the tumor microenvi-
ronment, overexpressed CatB cleaves the linker to release the
active CPP, which then recruits COX1/2 via an indomethacin
unit and engages the VHL E3 ligase via a VHL-targeting moiety.
This results in sustained degradation of COX1/2 through the
ubiquitin proteasome system. The study demonstrated that
SPNcox, upon photo-activation, effectively inhibits tumor
growth, metastasis, and recurrence in mouse models.

In 2024, Sun et al. reported a self-assembled nanoparticle-
based molecular glue system (nano-mGlu) using a newly iden-
tified Ber-Abl degrading molecular glue (H1-mGlu),* modified
with a PEG-based self-assembling segment (Fig. 10c). The nano-
H1-mGlu system responds to high intracellular concentrations
of GSH or H,0,, releasing the active H1-mGlu in vitro.
Furthermore, nano-H1-mGlu induced specific degradation of
endogenous Ber-Abl in K562 cells and demonstrated significant
antitumor efficacy in a K562 xenograft mouse model, leading to
pronounced tumor regression.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.3 Gold nanoparticle-based multi-headed linkers. In
addition to self-assembling PROTACs, Wang et al. developed
a novel gold nanoparticle (GNP)-based multi-headed PROTAC
platform targeting ALK for degradation.®* Ceritinib and poma-
lidomide were employed as the ALK-targeting ligand and the E3
ligase ligand, respectively. PEG chains were functionalized with
either ceritinib or pomalidomide at one end and a sulfthydryl
group at the other. These sulfhydryl-modified moieties were
then anchored onto the GNP surface, which served as a unique
multivalent linker (Fig. 11). The resulting GNP-PROTAC effi-
ciently reduced ALK fusion protein levels in a dose- and time-
dependent manner, and specifically suppressed the prolifera-
tion of NCI-H2228 cells. Compared with traditional PROTACsS,
this GNP-based PROTAC promotes the formation of coacervates
involving POIs, multi-headed PROTACs, and E3 ubiquitin
ligases, where the POI and E3 ligase interact through multidi-
rectional ligands and a flexible linker, thereby bypassing the
need for complex structural optimization.
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2.4 Linker design in specific TACs modalities

The fundamental principle of TACs-based degraders is their
dependence on recruiting target proteins to intracellular
degradation pathways via small molecules or chimeric
constructs. For instance, LYTACs mediate ligand-dependent

17604 | Chem. Sci., 2025, 16, 17595-17610

endocytosis by binding to transmembrane receptors such as
cation-independent mannose-6-phosphate receptor (CI-M6PR)
or asialoglycoprotein receptor (ASGPR), thereby directing
target proteins to lysosomes for degradation.**** In contrast,
AUTACs and ATTECs go through ubiquitination or autophagy-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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related mechanisms to eliminate specific proteins or aggre-
gates.®* Compared with traditional PROTACs, these TAC-based
degraders offer unique advantages in target selectivity, intra-
cellular kinetics, and degradation mechanisms. They hold great
promise for targeting extracellular proteins, protein aggregates,
and previously “undruggable” targets. Notably, the choice of
linker plays a critical role in determining the in vivo efficacy of
these specialized TACs.

2.4.1 LYTACs linkers. Xu et al. developed a semiconducting
polymer nano-LYTAC (SPNly) for combinatorial sonodynamic
immunotherapy (Fig. 12).** This SPNly comprises a semi-
conducting polymer backbone (PCPDTODBT) functionalized
with IL-4 receptor (IL-4R)-targeting peptides (IL4Rp) and
lysosome-sorting peptides (LSP), linked via PEG chains. Upon

R R

RZ: pe-g-Léﬁ
PCPDTODBT-R

ASGPR

SO A

T GalNAc ——>
Linker

i UepGRLytac

i The Sequence of Aptp;cr :

! AGGGCGCGTTCTTCGTG |

! | GTTACTTTTAGTCCCG | GalNAC

i | PTK7-LYTAC H
! The Sequence of Aptpry- :
| ATCTAACTGCTGCGCC |
| GCCGGGAAAATACTG

GalNAC

-

Aptamer-SA bpM¢P

Aptamer
AVAN

bpMeP

Fig. 13

© 2025 The Author(s). Published by the Royal Society of Chemistry

bpm‘:;z,f A o
Botr  ©“BCN

View Article Online

Chemical Science

ultrasound irradiation, SPNly generates singlet oxygen to
induce immunogenic cell death and enhance tumor immuno-
genicity. Simultaneously, SPNly also promotes IL-4R internali-
zation and lysosomal degradation, effectively suppressing
tumor growth, metastasis, and recurrence in vivo.

Aptamers are short single-stranded DNA or RNA molecules
with complex 3D structures,®* which exhibit high target affinity
and low immunogenicity, making them attractive alternatives
to antibodies. In 2023, Wu et al. introduced the first aptamer-
based LYTAC (Apt-LYTAC),*” which enabled liver cell-specific
degradation of extracellular and membrane proteins via
conjugation of aptamers to tri-GalNAc (Fig. 13a). These Apt-
LYTACs effectively mediated the lysosomal degradation of
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platelet-derived growth factor (PDGF) and the membrane
protein tyrosine kinase 7 (PTK7).

Building on this concept, Sun et al. reported bispecific
aptamer chimeras (ITGBACs) targeting integrin a3p1 (ITGA3B1)
in 2024 (Fig. 13b).*® ITGBACs are composed of two aptamers:
one that targets ITGA3B1 and another that binds to the
membrane-associated POI, enabling efficient lysosomal degra-
dation of the POI. Experimental results demonstrated that
ITGBACs successfully eliminated pathological membrane
proteins such as transferrin receptor protein 1 (CD71) and
PTK7, leading to pronounced cell cycle arrest, increased
apoptosis, and significant inhibition of tumor growth in mouse
tumor models.

Subsequently, Duan et al., from the same research group,
developed a modular multivalent Apt-LYTAC platform to
investigate the effect of aptamer valency on degradation effi-
ciency (Fig. 13c).* The platform utilizes biotin-streptavidin
assembly, with streptavidin (SA) conjugated to aptamers at
specific molar ratios and biotin-modified polymannose-6-
phosphate (bpM6P) polymers targeting CI-M6PRs. The results
showed that multivalent Apt-LYTACs significantly enhanced the
degradation of surface proteins such as PTK7 and Met
compared to their monovalent counterparts, with optimal effi-
cacy observed within a defined aptamer-to-SA stoichiometric
range.

2.4.2 AUTACs and ATTECs linkers. AUTACs and ATTECs
are emerging small-molecule approaches that harness the
autophagy lysosome pathway for selective protein degrada-
tion.”* AUTACs are bifunctional molecules that consist of
a target-binding ligand, a guanine-based degradation tag, and
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a linker, collectively marking proteins for selective autophagic
degradation. In contrast, ATTECs function as molecular glues
that directly link target proteins to light chain 3 (LC3) on
autophagosomes, facilitating their degradation via autophagy
without requiring a distinct degradation tag or even a linker
(Fig. 14).°* Compared to LYTACs, both AUTACs and ATTECs
typically utilize conventional linkers. However, due to the glue-
like mechanism of ATTECs, the presence of the linker is not
strictly necessary for their activity.

Pei et al. designed a novel class of AUTACs to target BRD4 by
leveraging LC3 as the autophagy mediator.”” Among them,
compound 6-1, featuring a PEG linker, demonstrated potent
BRD4 degradation and strong anti-proliferative activity in
various tumor cell lines.

Takahashi et al. reported a second-generation AUTACSs
strategy utilizing alkylguanine as the degradation tag, inspired
by autophagic pathogen clearance mechanisms. The repre-
sented AUTAC 6-2 effectively degraded FK506-binding protein
12 (FKBP12) in HeLa cells.

Dong et al. introduced an ATTEC that selectively degraded
NAMPT using a novel ispinesib-based LC3 warhead.”
Compound 6-3, combining a NAMPT inhibitor and an LC3
ligand via a flexible linker, significantly reduced NAMPT levels
and showed strong antitumor activity in cells.

Later, Bao et al. from the same research group developed the
phosphodiesterase & (PDEJ)-targeting ATTECs.”” The most
promising compound 6-4 showed potent PDEJ-binding affinity
and induced efficient degradation without altering PDE3 mRNA
expression. It outperformed traditional PDES inhibitors in
KRAS-mutant pancreatic cancer models.
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Ouyang et al. reported a series of proprotein convertase
subtilisin/kexin type-9 (PCSK9) directed ATTECs capable of
lowering PCSK9 levels via autophagy.”® Among them,
compound 6-5, equipped with a flexible PEG linker, out-
performed simvastatin in reducing low-density lipoprotein
cholesterol levels and improving atherosclerosis in vivo.

Zhu et al. developed EGFR-targeting ATTECs,*” which teth-
ered EGFR to LC3B using the LC3 ligand GW5074. Their
representative molecule 6-6 effectively induced EGFR degrada-
tion in HCC827 cells and exhibited promising in vivo antitumor
efficacy.

3. Challenges and future
opportunities

Although the development of TACs is progressing rapidly, the
design of optimal linkers that connect the target-binding
moiety to the recruiter (e.g., E3 ligase ligands or lysosome-
targeting ligands) remains a major challenge.”*® However,
linkers significantly influence the physicochemical properties,
biological activity, selectivity, and pharmacokinetics of TACs.*®
Achieving an optimal linker of the TACs that balances stability,
bioavailability, pharmacokinetics, and efficacy requires inno-
vative strategies and interdisciplinary collaboration. In addi-
tion, considerations such as balancing linker flexibility and
rigidity, enhancing metabolic stability, and optimizing phar-
macokinetics across different TAC platforms are also crucial.
Unlike traditional drug development, the design of linkers for
different TACs lacks systematic design principles, making it
difficult to predict linker properties. Furthermore, the multi-
step synthesis and diversification of linkers may be time-
consuming and costly, posing additional barriers to TACs
development.

Despite these challenges, there are clear opportunities for
optimization of linkers through innovative research. For
instance, rational linker design aided by computational
modeling, such as molecular dynamics simulations, Al-based
predictive models, and ternary complex docking, holds great
promise.” In addition, multifunctional linkers (e.g., clickable,
photo-switchable, or cleavable) warrant further investigation.
Finally, HTS of diverse linker libraries (e.g., through DNA-
encoded libraries or fragment-based approaches),’® combined
with machine learning techniques to identify optimal TAC
linkers, represents a promising future direction.

4. Conclusion and perspective

TPD technologies, including PROTACs, LYTACs, AUTACs, and
ATTECs, have revolutionized drug discovery by enabling the
selective degradation of disease-associated proteins, including
those previously considered “undruggable” targets.'** Advances
in linker design, such as the incorporation of click chemistry,
photo-switchable, cleavable, and self-assembling linkers, have
broadened the utility of these degraders, enhancing their
specificity and therapeutic efficacy.' The platforms also
introduce novel mechanisms to modulate biological pathways
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through controlled protein elimination. Nevertheless, several
challenges remain, particularly in optimizing linker design.
Achieving an optimal linker that balances flexibility, stability,
pharmacokinetics, and efficacy continues to be a major hurdle.
The absence of systematic design rules and the complexity of
multi-step linker synthesis further impede the rapid develop-
ment of TAC-based therapies.

Taken together, future efforts should focus on the develop-
ment of efficient and predictive linker design strategies by
integrating computational modeling, machine learning, and
HTS. Additionally, continued exploration of multifunctional
linkers such as those incorporating clickable or photo-
responsive functionalities will enhance the versatility and
precision of TAC platforms. With sustained research and
innovation, TPD technologies hold great promise for expanding
the therapeutic landscape and addressing a wider range of
diseases.
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