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a b s t r a c t

In the eukaryotic cellular milieu, proteins are continuously synthesized and degraded effectively via
endogenous protein degradation machineries such as the ubiquitin–proteasome and lysosome pathways.
By reengineering and repurposing these natural protein regulatory mechanisms, the targeted protein
degradation (TPD) strategies are presenting biologists with powerful tools to manipulate the abundance
of proteins of interest directly, precisely, and reversibly at the post-translational level. In recent years,
TPD is gaining massive attention and is recognized as a paradigm shift both in basic research,
application-oriented synthetic biology, and pioneering clinical work. In this review, we summarize the
updated information, especially the engineering efforts and developmental route, of current state-of-
the-art TPD technology such as Trim-Away, LYTACs, and AUTACs. Besides, the general design principle,
benefits, problems, and opportunities to be addressed were further analyzed, with the aim of providing
guidelines for exploration, discovery, and further application of novel TPD tools in the future.
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1. Introduction

The expression of genes is precisely regulated in mammalian
cells so that the timing, location, and abundance of protein meet
the needs of growth, development, and reproduction of cells,
which is of great significance for living cells to sense and process
surrounding signals and adapt to the environment with high preci-
sion [1,2]. Gene expression regulation techniques, including loss-
of-function methods and gain-of-function methods, enable scien-
tists to manipulate gene networks that control cellular functions
and or physiological states, which open possibilities for uncovering
the complex landscape of living cells and engineering artificial cell
functionalities. Loss-of-function gene expression regulation tech-
niques that interrupted gene expression and corresponding cellu-
lar functions can act at particular levels (DNA, RNA, and protein
level) [3]. Gene knockout techniques based on homologous recom-
bination have been widely used to disrupt protein functions at the
DNA level by inactivating genes that are responsible for a protein
product [4]. In recent years, gene editing techniques, as exempli-
fied by the zinc finger nuclease, TALE nuclease, and CRISPR/Cas9,
have emerged as powerful tools for gene expression regulation
due to their simplicity, convenience, and high efficiency [5–7].
Techniques that act at the RNA level, such as RNA interference
(RNAi) techniques, can be utilized to manipulate the expression
of the target gene by affecting the stability of the target mRNA or
interfering with its translation process [8]. Additionally, engi-
neered site-specific transcriptional regulators and synthetic pro-
moters, e.g. The TetON/OFF system, provide tools for controllable,
reversible transcriptional initialization or repression of the target
gene [9]. However, these techniques described above focus on pre-
venting the synthesis of protein, the reduction of the protein abun-
dance of target genes in cells largely depends on the turnover of
existing protein products, which provides cells with enough time
to initiate compensatory adaptation and secondary side effects that
could mask or alter corresponding loss-of-function phenotypes of
the gene of interest. Furthermore, these techniques that indirectly
manipulate the protein cannot effectively change the abundance of
the long-lived proteins [10].

Recently, the reengineering and repurposing of natural protein
regulatory mechanisms have bred a new area of what is termed

targeted protein degradation (TPD), which is rapidly gaining
massive attention. The TPD techniques harness the power of natu-
ral protein degradation systems such as ubiquitin–proteasome sys-
tem (UPS) and lysosomal system and re-orient them to directly
degrade the protein of interest (POI), enabling the direct depletion
and removal of the target protein with high selectivity and effi-
ciency. These emerging techniques, such as well-known UPS-
based PROTACs, molecular glues, and Trim-Away, and most
recently, lysosomal system-based LYTACs, AbTAC, AUTAC, and
ATTEC techniques offer biologists with powerful tools to manipu-
late the abundance of POI directly, accurately, and reversibly at a
post-translational level.

TPD techniques are recognized as a paradigm shift not only in
basic research but also in pioneering clinical work. Compared to
traditional small-molecule drugs (small-molecule inhibitors) that
based on the ‘‘occupation-driven” pharmacological principles, the
TPD techniques represent a brand-new ‘‘event-driven” mode that
degrades protein directly with fewer restrictions, e.g. requiring
clear active sites or necessary ligand-binding pocket on pathologi-
cal protein targets, allowing precise depletion of many targets that
previously recognized as the ‘‘undruggable”. Additionally, the TPD
technique can rapidly deplete the target protein using high-
efficiency endogenous protein degradation machinery within min-
utes to hours, instead of the days or weeks that are required for the
manipulation of mRNA or genomic DNA in nucleic-acid therapeu-
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tics such as CRISPR/Cas9 and RNAi techniques. For those patho-
genic proteins that have similar spatial structure as the normal
protein, TPD-based drugs can selectively bind and induce the pre-
cise degradation of pathogenic variants without affecting normal
proteins expression and function, while CRISPR and RNAi tech-
niques might affect the functioning of all variants of target proteins
simultaneously, leading to unexpected side effects or cytotoxicity
[11].

In this review, we summarize the updated information, partic-
ularly the functional parts, engineering efforts, and developmental
route, of current cutting-edge TPD technology such as Trim-Away,
LYTACs, and AUTACs. Besides, the general design principle, bene-
fits, problems, and opportunities to be addressed were further ana-
lyzed, with the aim of providing guidelines for future discovery and
further application of novel TPD tools.

1.1. Natural protein regulation machinery - ubiquitin–proteasome
system and lysosomal pathway

There are two main ways of intracellular protein degradation in

eukaryotic cells: the Ubiquitin-Proteasome System (UPS), and the
lysosomal pathway [12,13] (Fig. 1). The ubiquitin–proteasome sys-
tem is the major proteolytic pathway responsible for about 80 %
selective degradation of endogenous protein in eukaryotic cells
[14]. In the UPS process, misplaced folded proteins, denatured pro-
teins, and mutant proteins were recognized, ubiquitinated, and
sent to degradation by 26 s proteasome [15–17] (Fig. 1A). The
detailed mechanisms and functions of different types of ubiquiti-
nation signals have been discussed in several reviews [18,19],
which we won’t discuss further in this review. In general, K11/
K48-linked polyubiquitination chains serve as the degradation sig-
nal in the second step that ubiquitinated proteins are recognized
and rapidly degraded by 26 s proteasome [14,20] (Fig. 1A). Notably,
the specificity of UPS is largely dependent on the selectivity recog-
nition between the E3 ligase and the corresponding target protein.
There are over 600 encoded E3 ligases in human genomes and can
be divided into three main families according to the functional
domain and the ubiquitin-transferring manner: RING family, HECT
family, and RBR family [21].

The RING (Really interesting new genes)-finger family is charac-
terized by a canonical E2-binding RING domain, which can act as a
bridge to directly transfer activated ubiquitin from E2 to the target
protein, while the E3s themselves do not interact with ubiquitin
directly. The RING-finger family E3s contains cIAP, TRIM5a, APC/
C, etc. [22]. Among them, Cullin-RING ligase (CRL, shown in
Fig. 1A is the Skp, Cullin, F-box-containing complex, or SCF com-
plex for short, a representative number of CRL) is the largest class
of multi-subunit RING finger E3 ligases.

The HECT (homologous to E6-AP C-terminus) E3s have a con-
served HECT domain, and its cysteine (Cys) residue can form a
thioester bond with E2-bound ubiquitin molecules, thus transfer-
ring ubiquitin molecules from E2 to E3s, and then HECT E3s itself
presents ubiquitin to the substrates (Fig. 1A).

The RBR (RING-in-between RING) E3 ligase is a newly discov-
ered ubiquitin ligase in recent years, and some of its members have
special ubiquitin transfer activity. As a quick example, RBR E3
ligase consists of the RING1 domain, BRcat (benign-catalytic)
domain, and C-terminal Rcat (required for catalysis) domain [23].
The detailed ubiquitin-transfer mechanism is regarded as the
hybrid of RING and HECT [24].

In recent years, another intracellular protein degradation path-
way, the lysosomal pathway, which is independent of the protea-
some, has gradually become the focus of novel TPD techniques.
The lysosome is a kind of acidic organelle, which receives,
degrades, and recycles substances from the plasma membrane or



Fig. 1. Two main protein quality control machinery in mammalian cells: the ubiquitin–proteasome system and the Lysosomal system. A) Schematic representation of the
ubiquitin–proteasome system. The ubiquitin–proteasome pathway is a multi-enzyme cascade process. Firstly, E1 ubiquitin-activating enzyme activates ubiquitin molecules
via consuming ATP. The ubiquitin is then transferred from E1 to E2 ubiquitin-conjugating enzyme. With target protein specifically recognized by the E3 ligase, E3s recruit the
E2 and therefore transfers the ubiquitin to the protein or ubiquitin-tagged protein in the following rounds. The polyubiquitin chain-labeled target protein is then degraded by
the 26 s proteasome. B) Schematic representation of the lysosomal system. The lysosomal system includes the endosome-lysosomal pathway and autophagy-lysosome
pathway. The autophagy pathway begins with an isolated membrane structure called the phagophore. This phagophore expands, and swallows up substrates in cells,
including proteins and other bio-/macro-molecules, then isolates them in autophagosomes. The loaded autophagosome will mature and fuse with the lysosome, leading to
the final degradation of the cargoes. In the endosomal-lysosomal pathway, targets such as aggregates and proteins are engulfed in the endosome via endocytosis, and the
endosome is formed. Then the early endosome is transformed into the late endosome and fused with the lysosome to form an endolysosome. The cargoes in the
endolysosome finally degrade by the acid environment and hydrolases that lysosome carries. Therefore, both the endosomal-lysosomal pathway and autophagy-lysosome
pathway can degrade target cargoes.
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cytoplasm through endocytosis, phagocytosis, and autophagy.
Additionally, the lysosomal pathway is capable of digesting the
local cytoplasm or organelles of the cell. Regulating the level of
intracellular substances through lysosomes is of great significance
to maintain normal metabolic activities. In mammalian cells, lyso-
somal pathways mainly include the endosomal-lysosomal path-
way and autophagy-lysosome pathway, aiming to eliminate
exogenous or endogenous targets, respectively (Fig. 1B). At pre-
sent, these two pathways have been used to degrade pathogenic
proteins associated with various diseases, such as cancer, Hunting-
ton’s disease, etc [25].

In mammalian cells, both UPS and lysosomal pathways are crit-
ical in the maintenance of cellular homeostasis while they differ
mechanically and functionally [12,13]. UPS effectively degrades
short-lived, soluble unfolded, or misfolded proteins and peptides,
while the autophagy-lysosome system is responsible for the elim-
ination of long-lived proteins, insoluble protein aggregates, and
dysfunctional organelles, such as degenerated mitochondria. Nev-
ertheless, owing to their unique but intrinsic capability of control-
ling protein abundance with high selectivity and efficiency, as a
‘‘lesson from nature”, re-purposing and re-engineering of these
two pathways to directly remove protein of interest bred the con-
cept of targeted protein degradation, which essentially open a new
chapter for both basic research and clinical applications.
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2. UPS-based protein degradation methods

2.1. Re-engineering of E3 ligase

Since E3 ubiquitin ligase provides the specificity and selectivity
for target protein ubiquitination, engineering of E3s, commonly by
modifying substrate-binding domain or fusing a targeting module
to E3, might re-orient the targeting specificity of E3 ligase, enabling
the selective and rapid degradation of protein of interest via ubiq-
uitin–proteasome systems.

In 2000, Zhou et al. re-directed E3 ligase to the target protein
pRB in yeast and human osteosarcoma cells by fusing Cdc4p, the
F-box protein in E3 ligase SCF complex which selectively binds to
targets, with pRB-binding E7N, and demonstrated that target pro-
tein was effectively degraded by the new E3 ligase. Their results
prove that the UPS in mammalian cells can be utilized and re-
directed for specific degradation of a given protein [26]. These
E3s engineering techniques that fuse different targeting modules
to modify SCF complex F-box protein b-TrCP to redirect UPS were
further applied to the degradation of various targets, such as b-
catenin [27–29], CyclinA/CDK2 [30], and many other functional
proteins. Additionally, the loss-of-function phenotypes mediated
by E3s were verified at the cellular level and in vivo compared with
classic gene knockdown techniques, e.g., siRNA.
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Moreover, the engineered E3s proposed by Cong et al. is capable
of degrading b-catenin in the cytoplasm while maintaining normal
b-catenin located on the membrane [31], indicating that this tech-
nique has the potential to distinguish proteins with different sub-
cellular localization. Engineered b-TrCP established by Su et al.
demonstrated the linker between the F-box and b-TrCP should
remain instead of directly fusing the targeting module(APCbc4),
otherwise, it would affect the interaction between F-box protein
and Skp1, indicating that this linker may be related to the normal
folding and function of E3 enzyme protein [28].

Notably, except for invalidated off-target concerns, these works
illustrate the power of the new mindset that E3s can be engi-
neered, functionally re-directed, and used as a gene expression
knockdown tool that functions specifically at the protein level in
basic research.

2.2. Degrons

Degron is a specific amino acid sequence that can be recognized
by intracellular proteases, leading to the degradation and clearance
of degron-tagged proteins [32]. Most of the degron exist in the
DNA sequence that encodes the target protein, and a few are added
to the target protein during or after translation. So far, there have
been many TPD techniques based on the mechanism of degron.
Apart from constitutional degron that is knocked into the gene of
interest to destabilize target protein, which has been discussed in
many reviews [33–35], other degrons, based on their controllable
manner, can be divided into four types: phospho-degron, small
molecule-induced degron, temperature-induced degron, and
light-induced degron.

Phospho-degron is a phosphorylated motif that can specifically
interact with appropriate F-box proteins. It is formed in protein
turnover processes where protein kinases mediated the phospho-
rylation of target protein [36,37]. So far, two crystal structures of
phosphor-degrons that bind to F-box protein have been reported:
b-catenin phospho-degrons (DpSGIHpS) bind to the surface of
WD40 repeats in WD40 through arginine residues [38]. Phosphate
degrader (LPpTPP) originated from cyclin E, and can specifically
interact with yeast protein CDC4, which is homologous with
human F-box protein Fbw7 [38,39].

Small molecule-induced degron is a class of inducible degrons
controlled by chemical molecules. At present, this widely-used
degron toolbox includes AID (auxin-inducible degron) [40], DD
(destabilization domain) [41], LID (ligand-induced degradation)
[42], TIPI (tobacco etch virus protease-induced protein inactiva-
tion) [43], deGradFP (degrade green fluorescent protein) [44],
SMASh (small molecule-assisted shutoff) [45], etc.

As a quick example, The key element of the AID technique is
auxin (indole-3-acetic acid) which is capable of recruiting trans-
port inhibitor response 1 (TIR1), an F-box protein, and binding
AID peptides consisting of 44 amino acids [40]. AID was firstly con-
structed and utilized as a degron in yeast and mammalian cell
lines, allowing auxin-induced degradation of target protein CenP-
h, as demonstrated by Kohei Nishimura and Masato Kanemaki
[46]. Then, the AID technique was further applied to species
including Caenorhabditis elegans [47], Drosophila melanogaster
[48], etc.

SMASh techniques require target protein fused with a SMASh
tag that consists of three parts: an NS3 cleavage site, an NS3 pro-
tease from hepatitis C virus (HCV), and a degron [45]. In the pres-
ence of NS3 protease inhibitor (asunaprevir), the cleavage activity
of NS3 protease is inhibited, and degron-tagged target protein will
therefore be degraded through currently unknown pathways [49].
It is noteworthy that SMASh allows asunaprevir (NS3 protease
inhibitor)-triggered degradation of target protein while removing
the prior modification of SMASh-tag under normal conditions,
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which largely attenuates side-effect brought by degron
modification.

Temperature-induced degron mainly utilizes the temperature
sensitivity of a dihydrofolate reductase (DHFR) mutant cloned from
mice, enabling a temperature-activated degradation of the target
protein. For example, Suzuki et al. constructed a temperature-
sensitive degron in Saccharomyces cerevisiae, and demonstrated
the abundance of the target protein can be easily controlled by
changing the temperature of the incubator [50].

Light-induced degron includes the LOV (light-oxygen-voltage)
regulation system cloned from Arabidopsis thaliana and the ODC
(ornithine decarboxylase) system derived frommice, enabling con-
trollable protein degradation in a spatiotemporal manner. At pre-
sent, Light-induced degrons have been widely used in different
organisms such as c-elegans [51] and Danio rerio [52].
2.3. Tag-specific degrader

Tag-specific degrader focuses on targeting protein pre-fused
with TAG, so it can rapidly induce targeted degradation of POI with-
out the need to specify the targets. In this case, the protein degrada-
tion molecules are optimized to bind the protein tags, thereby
removing the target protein fusion conjugates. The main tags
widely used are HaloTag [53],dTag systems [54] and IKZF3 [58].

HaloTag (33KDa) is a common self-labeling tag, which combi-
nes covalently with chlorinated alkanes [53]. So far, the HaloTag
degrader of E3 ligase VHL and IAP has been well-described, which
are active in the low nanomole range.

The dTAG technique includes a FKBPF36V protein tag fused to the
target protein and a bivalent degradant molecule (dTAG) [54].
DTAG selectively binds to FKBP at one site and E3 ligase CRBN at
another site to induce the degradation of the fusion protein struc-
ture. DTAG method has been used many times to validate target
proteins in different disease models [55–57]. Compared with the
HaloTag system, dTAG has a catalytic effect and has been proven
to be effective in both in vivo and in vitro applications.

IKZF3 peptidic degrader is another degradation tag for IMiD-
induced degradation [58]. At the boundary of the zinc finger-2
domain of IKZF3, the researchers found a 25-amino-acid degrader
(3 kDa), which can be fused with a POI for IMiD-induced degrada-
tion. It is less likely for this degrader to interfere with the natural
function of the target protein due to its smaller size. Another
advantage of IMIDS is its high bioavailability. It can work in the
central nervous system (CNS), which is the only ligand-induced
system known to be suitable for regulating brain proteins. So far,
it has been reported that this degradation only degrades � 50 %
of the tagged proteins, which may need further optimization.
2.4. Chimeric molecules linking E3 enzyme to the substrate: PROTACs

PROTACs (Proteolysis Targeting Chimeras) technique utilized
small molecule chimeras that bind substrate protein and E3 ubiq-
uitin ligase simultaneously, leading to the formation of ternary
complex and therefore mediating the ubiquitination and degrada-
tion of protein targets (Fig. 2) [7,59,60]. The conventional PROTACs
molecules are composed of three parts: an E3s-recruiting ligand, a
POI-targeting warhead, and a flexible linker that links two ligands.

Geldanamycin-estradiol hybrids were the precursor of the PRO-
TACs. Previous studies have found that Geldanamucin not only
inhibits the proliferation of cancer cells but also degrades many
non-specific protein targets, such as ER (estrogen receptor), HER2
(human epidermal growth factor receptor-2), tumor suppressor
protein p53, Raf-1, etc., which leads to the strong cytotoxicity. To
address this issue, researchers linked Geldanamucin with estradiol
(targeting ER) or testosterone (targeting AR) to improve its selec-



Fig. 2. Schematic representation and structure of PROTAC and Molecular Glue. A) Schematic representation of PROTAC. Bifunctional PROTAC contains a ligand targeting E3
ubiquitin ligase, a linker, and a warhead targeting POI. B) Modular design of PROTACs. C) Schematic representation of molecular glue. Molecular glue induces the protein–
protein interaction between POI and E3 ubiquitin ligase by binding to E3 ubiquitin ligase or POI. D) Chemical structures of nature product-based glue. E) Chemical structures
of synthetic glue.
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tivity and specificity, which successfully degraded ER and AR.
These results also demonstrate that chimeric is capable of mediat-
ing the specific degradation of protein targets [60].

2.4.1. First-generation PROTACs molecule: The origin of PROTACs
First-generation PROTACs, firstly proposed by Sakamoto in

2001, was based on peptide E3-recruiting ligand. The author
designed a chimeric molecule named Protac-1 (Proteolysis-
targeting chimeric molecule 1), which was composed of ovalicin
(OVA) and phosphopeptide derived from IkBa (IPP). Phosphopep-
tide acts as the E3s-recruiting ligand recognized by b-TrCP in the
E3 ligase SCF complex, while the OVA binds to the MetAP2 (me-
thionine aminopeptidase-2), serving as the POI-targeting warhead.
Thus, Protac-1 recruits MetAP2 to the E3s and induces the degrada-
tion of MetAP2 via the ubiquitin–proteasome system [61]. Further-
more, the OVA was replaced by estradiol and DHT, and the new
Protac-2 and Protac-3 molecules enabled the targeting and degra-
dation of ER and AR, respectively [62]. This peptide-based mode
opens new possibilities for the depletion of target proteins. How-
ever, it suffers from stability and cell permeability issues.

2.4.2. Second-generation PROTACs molecules: full-small molecule
PROTACs based on small molecule E3 recruitment module

To improve cell permeability, the second-generation PROTACs
replaced the E3-recruiting ligand with small molecules in 2008
[63,64]. Owing to the replaceable E3-recruiting ligand and POI-
targeting warhead, PROTACs can theoretically degrade any protein,
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including those recognized as ‘‘undruggable” targets, if their ligands
are known or identified. Nowadays, PROTACs techniques have suc-
cessfully targetedmethionine aminopeptidase 2, AR, cellular retinoic
acid binding protein, ER, Tau-related proteins, kinases, etc., showing
good prospects for fundamental and applied life sciences [56–
59,62] (see Table 1). Currently, PROTACs are generating immense sci-
entific, clinical and commercial interest, while PROTACs-based
medicinesarehopefully on thevergeof fruition. For example, twooral
PROTAC (ARV-110, ARV-471) fromArvinas company, are currently in
phase II clinical trials, aiming to treat metastatic prostate cancer and
breast cancer resistant to androgen deprivation therapy. The defi-
ciency is that its highmolecularweight leads to poorwater solubility,
oral bioavailability, and membrane permeability [60]. Recent prod-
ucts indicate that PROTACs are expected to significantly influence
drug discovery in the coming years (Table 1).

2.5. Molecular glue

Molecular glue is a range of small molecules that mainly
induces or stabilizes the PPI between an E3 ligase and target pro-
tein, which leads to protein degradation without the need for a
binding pocket on target protein (Fig. 2) [85,86]. The earliest dis-
covery of molecular glue originated from the study of biological
effects by S.Schreiber of Harvard University in 1991. Cyclosporin
A (CsA) and tacrolimus (FK506) ‘‘stick” their respective target pro-
teins to calcineurin respectively, resulting in the inhibition of the
target, cyclophilin and FKBP, which is called the earliest molecular



Table 1
Worldwide PROTAC projects in the clinical stage (Data before June 2022).

Degrader Target Company E3 ligase Highest phase Ref.

ARV-110 AR Arvinas CRBN Phase VII [65]
ARV-471 ER Arvinas; Pizer CRBN Phase VII [66]
CFT7455 IKZF3, IKZF1 C4 Therapeutics CRBN Phase VII [67]
AC0682 ER a Accutar Biotech CRBN Phase I [68]
AC0176 AR Accutar Biotech Undisclosed Phase I [68]
ARV-766 AR Arvinas Undisclosed Phase I [69]
BGB-16673 BTK Beigene CRBN Phase I [70]
CC-94676 AR BMS CRBN Phase I [71]
DT2216 BCL-XL Dialectic Therapeutics； University of Florida VHL Phase I [72]
FHD-609 BRD9 Foghorn Therapeutics Undisclosed Phase I [73]
HP518 AR Hinova Undisclosed Phase I [74]
KPG-818 IKZF 1/3 Kangpu CRBN Phase Ib/2a [75]
KPG-121 IKZF 1/3; CK 1a Kangpu CRBN Phase I [76]
KT-333 STAT3 Kymera Undisclosed Phase I [77]
KT-413 IRK4 Kymera CRBN Phase I [78]
KT-474 IRK4 Kymera; Sanofi Undisclosed Phase I [79]
NX-2127 BTK Nurix Therapeutics CRBN Phase I [80]
NX-5948 BTK Nurix Therapeutics CRBN Phase I [81]
AC0676 BTK Accutar Biotech Undisclosed IND-Enabling [68]
CFT8634 BRD9 C4 Therapeutics CRBN IND-Enabling [82]
CFT8919 EGFR-L858R C4 Therapeutics CRBN IND-Enabling [83]
CG001419 TRK Cullgen CRBN IND-Enabling [84]

Fig. 3. Targeted protein degradation techniques originate from Trim-Away techniques. The map shows the latest developments in Trim-Away technology since 2017. Dotted
line: new design & exploration. *: iGEM Competition project.
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glue [88]. Reported molecular glue degraders also include syn-
thetic glue such as thalidomide analogues and aryl sulfonamides
[89]. They do not depend on the ligand pocket of the target protein
but utilize the protein interaction interface between the receptor
and the target protein to reprogram the selectivity of ubiquitin
ligase and drive multiple rounds of ubiquitination. Compared with
chimeric molecules PROTAC, molecular glue has lower molecular
weight, simpler chemical structure, smaller steric interference,
and better properties, which is in accordance with the pharmaco-
logical ‘‘rule of 5”. However, molecular glue has several shortcom-
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ings, for example, it cannot be designed or identified through large-
scale screening of components like PROTAC, which limits its broad
application [87].

2.6. Trim-Away techniques

In 2017, a novel protein degradation technique, termed Trim-
Away, was proposed. In this approach, antibodies are introduced
into the cell by microinjection or electroporation, enabling high
specific recognition of antigens (target proteins) and the formation



Table 2
Applications of Trim-Away Technology.

Targets Target Module Projects Ref.

RIF1 Monoclonal, rabbit
anti-RIF1 Antibody

Elevated RIF1 participates in
the epigenetic abnormalities
of zygotes by regulating
histone modifications on
MuERV-L in obese mice

[100]

TRF1 Monoclonal, rat
anti-TRF1 Antibody

TRF1 Depletion Reveals
Mutual Regulation Between
Telomeres, Kinetochores, and
Inner Centromeres in Mouse
Oocytes.

[101]

BCR/ABL Monoclonal, rabbit
anti-BCR/ABL
antibody

Intracellular delivery of anti-
BCR/ABL antibody by PLGA
nanoparticles suppresses the
oncogenesis of chronic
myeloid leukemia cells.

[102]

Cops3 Monoclonal, rabbit
anti-COPS3 antibody

The COP9 signalosome
subunit 3 is necessary for
early embryo survival by way
of a stable protein deposit in
mouse oocytes

[103]

STIP1 Monoclonal, mouse
anti-STIP1 antibody

Intracellular targeting of
STIP1 inhibits human cancer
cell line growth

[104]

Rec8 Monoclonal, rabbit
anti-Rec8 antibody

Deprotection of centromeric
cohesin at meiosis II requires
APC/C activity but not
kinetochore tension.

[105]

Pericentrin Monoclonal, mouse
anti-Pericentrin
antibody

Two mechanisms drive
pronuclear migration in
mouse zygotes

[106]

RBD (SARS-
COV 2)

full-length sACE2
fused to Fc

Targeted intracellular
degradation of SARS-CoV-2
via computationally
optimized peptide fusions.

[107]

TDP43 Monoclonal, E6
mouse IgG2A anti-
RRM1 TDP43
antibody

Monoclonal full-length
antibody against TAR DNA
binding protein 43 reduces
related proteinopathy in
neurons.

[108]

Nup133,
POM121,
NDC1

Mouse anti-Nup133,
Rabbit anti-Nup133,
Rabbit anti-POM121,
Mouse anti-NDC1,

G4C2 Repeat RNA Initiates a
POM121-Mediated Reduction
in Specific Nucleoporins in
C9orf72 ALS/FTD.

[109]

CyK4 Monoclonal, mouse
anti-CYK4 antibody

Symmetry breaking in
hydrodynamic forces drives
meiotic spindle rotation in
mammalian oocytes

[110]

BTG4 Monoclonal, rabbit
anti-BTG4 antibody

Characterization of zygotic
genome activation-dependent
maternal mRNA clearance in
mouse

[111]

RCC1 Polyclonal, goat
anti-RCC1 antibody

Ran GTP is essential for MI
spindle assembly and
function both in humans and
mice

[112]

PKM2 Monoclonal, rabbit
anti-PKM2 antibody

Glucose metabolism
distinguishes TE from ICM
fate during mammalian
embryogenesis

[113]

Tead4 Monoclonal, mouse
anti-Tead4 antibody

A framework for TRIM21-
mediated protein depletion in
early mouse embryos

[114]

CENPF Monoclonal, sheep
anti-CENPF antibody

Loss of CENPF leads to
developmental failure in
mouse embryos

[115]

SNAP23 Monoclonal, mouse
anti-SNAP23
antibody

SNAP23 is required for
constitutive and regulated
exocytosis in mouse oocytes

[116]

MHTT/
wtHTT

Monoclonal, mouse
anti-mHTT antibody

Targeting the HTT levels offer
systematic, mechanism-
driven routes towards curing
HD

[117]
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of an antigen–antibody complex. Furthermore, E3 ligase TRIM21
which can recognize the Fc region of antibody is utilized to bind
to antigen–antibody complex and therefore mediate the
antibody-dependent intracellular neutralization (ADIN) process,
which leads to the ubiquitination of the complex and subsequent
degradation via 26 s proteasome, achieving specific recognition
and depletion of the target protein [90,91] (Fig. 3). The Trim-
Away technique not only requires no prior modification of target
protein as AID and deGradFP do, but also minimalizes off-target
effects that CRISPR, PROTACs, and RNAi technology have using
antigen–antibody specific interaction to recognize target protein
[7,10,92]. The latest research shows that the Trim-Away technique
can also be applied in vivo using zebrafish [93]. However, the intro-
duction of antibodies requires microinjection, electroporation, and
other complicated techniques, which inevitably affect the physio-
logical state of cells and restrict further clinical application.

wIn 2018, Liu et al developed a novel TPD technique, the Preda-
tor technique, based on molecular mechanisms of Trim-Away [94].
The Predator technique first replaced the microinjection method
used in Trim-Away techniques with a constitutional expression
strategy, enabling an easy-to-use, low-cost, and genetically-
encoded TPD technique. Additionally, they utilized a modular chi-
meric antibody consisting of the E3s-recruiting module (e.g., Fc
region that recruits TRIM21) and the targeting module (e.g.,
nanobodies, scFv, peptide aptamers, or any peptide-based targeting
module), to mimic the function of the antibody in Trim-Away. This
programmable, modular design of Predator is advantageous for
achieving control over any protein if only the corresponding target-
ing module has been identified (Fig. 3) [94]. In 2019, a novel GCGR
Predator which introduces ligand-receptor interaction to the Preda-
tor technique was proposed and validated, this new Predator
enables the control over hyperglycemia by degrading GCGR (hep-
atic glucagon receptor) [94]. From an engineering prospect, there
are still many shortcomings in Predator techniques, for example,
it is impossible to directly control the whole degradation process
after Predator plasmids are introduced to cells. Therefore, Liu and
members of the NUDT_CHINA iGEM team developed Predator
Pro, which is directly initiated and regulated by exogenous signals,
e.g., small molecule rapamycin, as an effective extension of the cur-
rent synthetic biology toolbox for protein abundance control [95].
In 2021, the NUDT_CHINA team further constructed a blue light-
induced protein degradation system, CycleBlue, achieving the
Spatio-temporal control of cell cycle via regulation of cyclins
(Fig. 3) [96]. Although continuous effort has been put into Predator
technique, several fundamental problems, such as the off-target
effect, has not been addressed properly.

In addition, the Nano-ERASER technique developed by Xu et al
aimed to simplify the delivery of antibodies, as microinjection or
electroporation was inconvenient and required specialized instru-
ments and techniques. They successfully degraded the coatomer
protein complex f1 of cancer cells, killing them while sparing nor-
mal cells, which opens the window for in vivo application of Trim-
Away [97]. Chen et al. also replaced full-size mAbs with a smaller
nanobody (VHH,�15 kDa), and constructed a novel method named
TRIMBody-Away by fusing nanobody and RBCC motifs of TRIM21
to increase tissue penetration [98]. In 2020, Zeng et al constructed
opto-Trim-Away using CRY2, an optogenetic tool for light-induced
dimerization, to realize the light-controlled Trim-Away system
(Fig. 3) [99].

In addition to technological advances, Trim-Away has been used
extensively to regulate the expression of target genes or proteins in
fundamental research (as summarized in Table 2). As a quick
example, RIF1-gene knockout experiments were carried out by
introducing anti-RIF1 antibodies into oocytes electroporation,
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Fig. 4. Targeted protein degradation techniques based on the lysosomal pathway. LYTAC conjugates a glycan tag, mannose-6-phosphonate (M6Pn), to serine or lysine
residues on antibodies, which induces receptor (M6Pr/ASGPR)-mediated internalization and subsequent degradation of target proteins. AbTAC degrades membrane protein
through a similar mechanism that is mediated by a chimeric antibody and RNF43. CMA-based degrader uses a POI-binding sequence to bind with the target protein, which is
then transported to the lysosome for degradation. AUTAC consists of three parts: a degradation tag based on guanine derivative, a linker, and a warhead specificity binds to
the target. The AUTAC molecule triggers the K63-linked polyubiquitination and subsequent lysosome-mediated degradation. ATTEC is a compound capable of binding to not
only LC3 but also POI. In the autophagy-lysosome pathway, target protein, as well as ATTEC and associated lipidated LC3, are incorporated into double-membrane
autophagosomes. After fusion with lysosomes, the encapsulated substances can be degraded.
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achieving a quick decrease in the RIF1 protein level, the author uti-
lized this approach to explore the function of RIF1 in epigenetic
abnormalities of zygotes [100].

3. Targeted protein degradation based on lysosomal pathway

Although many UPS-based TPD studies show favorable degra-
dation efficiency in vivo and in vitro, it has limited effect on the
degradation of macromolecular proteins, aggregates, extracellular
proteins, and organelles. However, many extracellular proteins
and cell membrane proteins are also closely related to the occur-
rence and development of cancer, autoimmune diseases and other
diseases [118]. Therefore, establishing targeted degradation tech-
niques that can target these substances is of great importance for
basic research or clinical applications.

In recent years, the lysosomal pathway, a proteasome-
independent intracellular protein degradation pathway, has been
widely used to develop TPD methods. There are two pathways
leading to lysosome, endosomal-lysosome pathway and
autophagy-lysosome pathway (Fig. 1), capable of clearing sub-
stances in cells, selectively removing protein aggregates, patho-
gens, and redundant or damaged organelles. At present, these
two pathways have been used by several techniques to enable tar-
geted protein degradation [25] (Fig. 4).

3.1. Lysosomal targeted chimeric system based on endosomal-
lysosomal pathway

Bertozzi et al. developed LYTAC, which is a new technology to
induce the degradation of extracellular or membrane proteins
through the endosomal-lysosome pathway [119]. LYTAC is a
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bifunctional chimera, which binds to the extracellular domain of
the target and the cell-surface lysosome-targeting receptors (LTRs)
to form a ternary complex, leading to protein phagocytosis and
degradation, while LTR is then shuttled back to the membrane to
repeat the cycle. Cationic independent mannose 6-phosphate
receptor (CI-M6PR) is a representative receptor in the LTR family.
Coutinho et al designed an LYTAC with CI-M6PR, which success-
fully led to the transport and degradation of the target protein
[120], such as EGFR [119], PD-L1, etc.

Although the expression of CI-MPR in cells is prevalent, the
expression of some LTRs is, however, tissue-specific, enabling
tissue-specific degradation of target proteins. For example, ASGPR
is a liver-specific LTR [121,122]. The ASGPR-based LYTAC molecule
comprises a fusion of the antibody with N-acetyl galactosamine
(GalNAc), which targets ASGPR [123]. These studies showed the
broad application potential of LYTAC in extracellular and trans-
membrane proteins. To achieve more tissue-specific targeting, it
is necessary to screen other specific LTRs. Another research
recently published by the Bertozzi team extends the concept of tar-
geting cell surface molecules to sialoglycans [124] and showed that
removing sialoglycan from cancer cells with antibody-sialidase
conjugates can improve the anti-tumor immune response of mice
by a Siglec-E-dependent mechanism.

It should be noted that in comparison with POI inhibition,
LYTAC directly degrades proteins, thereby preventing the potential
activation of other downstream pathways that may be induced by
inhibitors. Furthermore, this strategy prevents compensation and
cellular adaptation since they are more efficient than genetic tech-
niques like CRISPR-Cas9. However, the degradation process
induced by LYTAC often lasts several days, which can be reduced
to a few minutes if UPS is used.
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3.2. Targeted protein degradation techniques based on autophagy-
lysosome pathway

Autophagy is an important process in eukaryotic cells for
macromolecular substances and organelles turnover through lyso-
somes under the regulation of autophagy-related genes. Briefly,
damaged macromolecules or organelles are wrapped by
autophagosomes (bilayer autophagy vesicles) and engulfed by
lysosomes for degradation and recycling. There are three main
types of autophagy: macroautophagy, commonly called ‘‘au-
tophagy”, in which the substrate protein is encapsulated by
autophagosomes and then engulfed by the lysosome for degrada-
tion; microautophagy, which is a non-selective lysosomal
degradative process characterized by direct engulfment of cyto-
plasm and mediates invagination of cytoplasmic cargo[125];
CMA (Chaperone-mediated autophagy), mediated by molecular
chaperones like Heat shock cognate protein 70 (Hsc7), is a highly
selective autophagy process, which can only degrade certain pro-
teins but not organelles (Fig. 4) [126].

3.2.1. CMA-based protein degradation system
CMA mainly recognizes and degrades soluble cytoplasmic pro-

tein substrates with KFERQ sequence, namely CTM (CMA targeting
motif) [127]. Previous studies have fused CPP, CTM and PBD (Pro-
tein binding domain) to form a chimeric protein, which can specif-
ically degrade DAPK1 (Death associated protein kinase 1) and PSD-
95 (Postsynaptic Density Protein-95) in primary neurons [128]. In
addition, Zhou et al. also synthesized a peptide that can induce the
degradation of CDK5 through the specific binding of TAT-CDK5-
CTM to CDK5 [129]. Experiments have shown that the peptide
can not only prevent the death of neurons but also reduce the cere-
bral infarction of mice with arterial occlusion. This CMA-based pro-
tein degradation provides a new method for regulating
endogenous protein abundance. Xu’s team discovered the regula-
tory factor HIP1R can interact with PD-L1 directly and transport
it to lysosome for subsequent degradation. They also found that
the interaction between HIP1R and PD-L1 depends on the struc-
tural motif of PD-L1 and the signal peptide targeting to lysosome.
Then, the team firstly designed a peptide containing a PD-L1 bind-
ing sequence from HIP1R and a CMA sorting tag with sequence
KFERQQKILDQRFFE, which can significantly reduce PD-L1 [130].
The CMA provides a powerful tool and a new strategy for scientific
research and treatment of diseases caused by protein misfolding.
However, there are still some shortcomings: (1) the design of pep-
tides requires a domain with high affinity to the target protein; (2)
the related research and therapeutic potential of CMA is still lim-
ited by the low efficiency of transmembrane peptide delivery.

3.2.2. AUTAC-based protein degradation system
After the formation of phagophore, cells require further multi-

step degradation processes for autophagy. After that, soluble LC3-
I (microtubule-associated protein light chain3-I) is conjugated to
lipids to transform into LC3-II and then combines with phagophore
to form autophagosomes [127]. After the target is modified by K63-
linked polyubiquitin, it is recognized and captured by autophago-
somes through the surface receptor LC3-I. Finally, autophagosomes
combine with lysosomes to form autolysosomes, and the cargoes
inside are degraded.

In early 2019, Arimoto et al. constructed an AUTAC (autophagy-
targeting chimera) molecule that uses autophagy-lysosome path-
way to regulate endogenous protein levels [131]. AUTAC molecules
contain small ligands of the target protein and guanine derivatives
as degradation tags, which can trigger K63 polyubiquitin [131].
Liang et al. showed a new AUTAC, which degrades protein BRD4
by targeting LC3 and exhibits good anti-proliferative activity in
many tumor cells [132]. However, the mechanism of selective
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autophagy process is extremely complex and the effect on the
whole cell is still unclear, so its stability is poor and further study
is necessary. In addition, the mechanism of ubiquitination of K63
induced by guanine derivatives, the miss effect of AUTAC technol-
ogy, and the functionality in vivo need further investigation.

3.2.3. ATTEC-based protein degradation system
ATTEC (autophagosome-tethering compound) functions

through interacting with POI and LC3 [133], which is a more direct
strategy to utilize autophagy to degrade targets. It was found that
ATTEC, obtained by a high-throughput screening strategy, can
interact with both LC3 and mHTT (major mutant HTT protein),
and can rescue HD (Huntington’s disease) phenotypes [134]. Fu
et al. developed LD-ATTECS to remove lipid droplets (LD), which
may help treat chronic diseases such as obesity and cardiovascular
disease [135]. It is one of the few examples of directed degradation
of non-protein targets. In the mouse model, LD-ATTECs treatment
reduced body weight, liver weight, liver LDS, and serum TAG and
cholesterol levels [135].

Compared with PROTAC and LYTAC, ATTEC can manipulate pro-
tein levels more effectively due to its small size. However, it is still
not clear about the detail of the interface between the POI and LC3
induced by ATTEC, and requires further study.

3.2.4. AUTOTAC-based protein degradation system
Recently, many autophagy-lysosome pathway-based degraders,

such as AUTAC and ATTEC, have been developed. However, ATTEC
targets mHTT or lipid droplets directly at autophagosomes, while
AUTAC uses S-guanosine, which depends on the ubiquitination of
the target. It is necessary to develop a universal TPD platform inde-
pendent of ubiquitin and proteasome. Ji et al. constructed the
AUTOTAC, which consists of a module interacting with the ZZ
domain of p62 and a POI targeting module [136]. The AUTOTAC
promoted the oligomerization and activation of p62 and degraded
POI through autophagy-lysosome pathway, mediating the targeted
degradation of individual proteins and aggregates. Ji et.al. proved
that AUTOTAC can effectively remove misfolded tau protein in
mouse model expressing human pathological tau mutants. In con-
trast, proteasome-based techniques, such as PROTAC and molecu-
lar glue, are usually ineffective when dealing with misfolded
proteins. Additionally, AUTOTAC can also effectively remove a vari-
ety of oncoproteins, such as the degradation of AR [136].
4. Conclusion

Over the past two decades, the world has witnessed the rapid
development of TPD technology. Techniques based on UPS, e.g.,
PROTACs, molecular glue, Trim-Away, Predator techniques, achieve
rapid, direct manipulation of target protein, enabling a more speci-
fic and direct knock-down of genes of interest in basic research,
while providing a novel toolkit for applied life science such as
biotechnology or synthetic biology. Molecular glue, especially
thalidomide derivatives have approved by FDA in clinical usage
and achieved good therapeutic effects. In recent years, CMA,
LYTAC, ATTEC and AUTAC techniques based on lysosomal path-
ways provide us with a new road towards the manipulation of tar-
get proteins, further expanding the scope and toolbox of TPD.
However, compared with UPS, the detailed mechanism and cost
of lysosomal pathway-based techniques are still not fully under-
stood, Take AbTAC technique as a quick example, it is not clear
whether the ‘‘hijacking” lysosomal pathway affects the functioning
or physiological state of cells (Table 3). Therefore, from the views
of both basic research and clinical application, TPD techniques/-
drugs based on the lysosomal pathway still have a long way to
go [10,59,137,138]. Additionally, from the prospect of biotechnol-



Table 3
Advantages and limitations of the different TPD technology-based degradation systems.

Degradation
pathways

Degradation
system

Advantages Limitations Highest
phase

Ref.

TPD via
ubiquitin–
proteasome

PROTAC In vivo;
do not require tight binding;
improved selectivity and efficiency

High molecular weight (800 kDa) and high surface area;
low solubility;
poor cell permeability and low oral bioavailability;
safety concerns

Phase II [7,59,60]

Molecular
glue

Good pharmacology;
specific to ligase and target

lack of rational design;
poor in general substrate selectivity

Approved [141]

AID Controllable protein degradation can be
achieved through the addition time of Auxin.

Complicated experimental design;
unclear activity of TIR1 in non-plant cells

Exploratory [40]

SMASh FDA-approved HCV drug Not suitable for studying biological process with fast
kinetics; needs modification of SMASh system

Exploratory [45]

Trim-Away Improved selectivity and efficiency Poor cell membrane permeability; need introduction of
antibody with complicated instruments

Exploratory [90,91]

TPD via
endosome-
lysosomal
pathway

LYTAC Independent of ubiquitination-proteasome
degradation

Difficult to determine the optimal linking site; requires
an antibody to maintain its characteristics; usually
takes a few days

Exploratory [118]

TPD via
autophagy
lysosome
pathway

CMA-based
degrader

Faster degradation rate, better reversibility;
dose-dependence; stronger specificity; easy
design strategy

Poor cellular membrane permeability Exploratory [128]

AUTAC Not only can degrade cytoplasmic proteins,
but also achieve fragmented organelle
degradation

Lack of detailed mechanisms Exploratory [127]

ATTEC Low molecular weight, good transmembrane
activity, and better pharmacokinetics

High molecular design costs; low versatility Exploratory [133]

AUTOTAC Independent of ubiquitin on POI Slow degradation rate Exploratory [136]
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ogy, it should be noted that TPD techniques with low-cost, conve-
nience, high-efficiency and high-specificity have not been widely
used, or even developed, yet. There is a pressing need to further
modify the existing TPD techniques or develop novel TPD tech-
niques. In considering the development of novel TPD techniques,
the main exploration direction can be roughly divided into the fol-
lowing parts:

1) The mining and discovery of novel functional E3 ligase. We
need to continuously explore, identify and screen the new
E3 ligase, as well as identify their ligand, catalytic activity,
stability, tissue-specific expression profile and protein struc-
ture. Expanding and mining existing E3s family libraries to
identify new functional proteins or domains that can be used
in TPD techniques [139], and then combined with re-design
and re-engineering of new E3 ligase, PROTACs and other
techniques, to explore the possibility of using novel or engi-
neering E3s in UPS. If the mechanism is clear, proteins
involved in deubiquitylation and SUMOylation can also be
harnessed to extend the scope of TPD, adding novel, useful
tools to the TPD toolbox.

2) Exploration of targeting module. The key to TPD techniques
is the targeting module which the selectivity and specificity
of system rely on. Identifying, characterizing, quantifying
and screening a new targeting module-target pairs, and con-
structing a database for standardized targeting module or
likewise functional module (such as nanobodies, as Wilton
et al’s sdAb-DB [140]; scFv; aptamers; etc.), would be advan-
tageous for modular design and engineering of TPD tech-
niques. In addition, new targeting modules can also be
designed, evolved and characterized using techniques from
directed evolution, quantitative biology and synthetic
biology.

3) Iterative refinement of the TPD techniques: Following
rational design principles in synthetic biology, modular
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design, iterative optimization and mathematical modeling
can be utilized to identify the optimized combination of tar-
geting module, E3s/E3s-recruiting module and linker
between two modules. Additionally, the scope of the tar-
geted ubiquitin degradation system could be extended to
the recognition and degradation of specific post-
translational modifications such as phosphorylation, and
palmitoylation, or applied to subcellular localized proteins,
e.g., nuclear proteins, a subunit of protein complex, isoform
or mutant of proteins, etc.

4) Controllable TPD system. Controllable elements used in syn-
thetic biology such as tissue-specific promoter, chemical
molecules/light/microwave/magnetic field-induced pro-
moter or PPI (such as protein dimerization/dissociation)
pairs can be coupled with TPD techniques, enabling a con-
trollable or context-dependent (such as cancers, diseases,
etc.) TPD with spatiotemporal precision. Adding more con-
trol layers for

5) Delivery of the TPD system. From the clinical application
point of view, commonly-used vectors in gene therapy,
such as retrovirus vectors, and adenovirus vector can be
used to transport the genetically-encoded TPD system to
the body, their compatibility and transfer efficiency should
be further validated and discussed. In addition, from the
prospect of basic research, transfection methods such as
cationic carriers, liposomes, nanoparticles and other mate-
rials can encapsulate DNA, but how they can be coupled
with the TPD system with more should be investigated
further.

Although the development and broad application of TPD tech-
nology are still in its infancy, by virtue of its advantages such as
direct manipulation of target protein, high specificity, and rapid
time of actin. It is no doubt that TPD is bound to open a new era
in the field of basic research and drug discovery.
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