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Abstract The proteolysis targeting chimeras (PROTACs) technology has been rapidly developed since

its birth in 2001, attracting rapidly growing attention of scientific institutes and pharmaceutical com-

panies. At present, a variety of small molecule PROTACs have entered the clinical trial. However, as

small molecule PROTACs flourish, non-small molecule PROTACs (NSM-PROTACs) such as peptide

PROTACs, nucleic acid PROTACs and antibody PROTACs have also advanced considerably over recent

years, exhibiting the unique characters beyond the small molecule PROTACs. Here, we briefly introduce

the types of NSM-PROTACs, describe the advantages of NSM-PROTACs, and summarize the develop-

ment of NSM-PROTACs so far in detail. We hope this article could not only provide useful insights into

NSM-PROTACs, but also expand the research interest of NSM-PROTACs.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
25 83271351.

cn (Xiaoli Xu), youqd@163.com (Qidong You), jiangzhengyucpu@163.com (Zhengyu Jiang).

se Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xuxiao_li@cpu.edu.cn
mailto:youqd@163.com
mailto:jiangzhengyucpu@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2022.02.022&domain=pdf
https://doi.org/10.1016/j.apsb.2022.02.022
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2022.02.022
https://doi.org/10.1016/j.apsb.2022.02.022


Development of non-small molecule PROTACs. 2991
1. Introduction
After drug design enters the era of molecular targeting, selective
regulation of disease-causing proteins to treat and study diseases
has always been the goal of the most researchers1. Obviously,
small molecule inhibitors are the first to be used, which mainly
block the function of the target protein through proteineligand
binding2. This mode of action is called “occupancy driven”3,4.
However, many target proteins do not have clear binding pockets,
making small molecule inhibitors helpless, and “undruggable”
proteins have become synonymous with them5,6. Under this
circumstance, technologies such as small interfering RNA
(siRNA) and antisense oligonucleotides (ASO) have emerged to
overcome the bottleneck of drug discovery7,8. However, the
obvious potential side effects and the difficulty in the delivery of
macromolecular drugs have become the main constraints for the
development of these technologies9. In 2001, Sakamoto et al.10

achieved the degradation of methionine aminopeptidase-2
(MetAP-2) for the first time through the proteolysis targeting
chimeras (PROTACs) technology, which officially entered the
field of vision of scientific researchers. This pioneer practice not
only opened up a new path for the targeting of undruggable pro-
teins, but also laid a theoretical foundation for the development of
PROTACs.

The design of PROTACs is based on the ubiquitin‒proteasome
system (UPS), a protein degradation mechanism widely present in
cells11. This system can degrade waste proteins by 26S protea-
some after being labeled with ubiquitin, thereby ensuring the
maintenance of cell homeostasis12,13. PROTACs are a three-part
heterobifunctional molecule, in which two ligands are combined
with E3 ubiquitin ligase and protein of interest (POI) respectively,
and the linker is responsible for connecting the two ligands and
pulling them closer together (Fig. 1A)14,15. Furthermore, the
overall PROTACs can artificially hijack the ubiquitineproteasome
system by forming a stable ternary complex with E3 ubiquitin
ligase and POI, and then make the POI undergo sufficient ubiq-
uitination and degradation by the proteasome16e19. Different from
traditional small molecules, the POI degradation profile of PRO-
TACs is dependent on the proximity-induced interactions between
the E3 ubiquitin ligase and POI20,21. Therefore, researchers call
the mode of action of PROTACs “event-driven”22,23. This mode of
action does not require the high affinity between PROTACs and
POI to be effective. Consequently, it makes possible for targeting
many undruggable proteins24. In addition, PROTACs do not
disappear after the primary degradation and can be reengaged in
degradation25,26. Benefiting from this catalysis mechanism,
PROTACs can exert degradative activity with substoichiometry,
reducing toxic side effects and possibly improving safety
profile27,28.

At present, a variety of small molecule PROTACs targeting
several targets have entered clinical trials (Supporting Information
Table S1)29. Especially, ARV-110 and ARV-471 still showed
favorable pharmacokinetic profiles without conforming to Lip-
inski’s rule of five and successfully entered phase 2 clinical
trail30,31.

However, small molecule PROTACs also have certain disad-
vantages in targeted protein degradation, such as insufficiency of
available POI ligand, adverse reactions, and difficulty in synthe-
sis32,33. The emergence of non-small molecule PROTACs such as
peptide PROTACs and nucleic acid PROTACs fills up the above-
mentioned unmined fields, expanding the application range of
PROTACs technology (Table 1). This article focusing on the
development of NSM-PROTACs so far, will briefly categorize the
published NSM-PROTACs, summarize their advantages, and
discuss the future development of NSM-PROTACs. We hope to
give researchers in the field of protein degradation a clearer un-
derstanding of NSM-PROTACs.

2. Peptide PROTACs

Peptide PROTAC is the earliest form of PROTACs. However,
given the poor DMPK profile of peptides, small molecule PRO-
TACs are preferred44. After the E3 ubiquitin ligases such as von
Hippel Lindau (VHL), cereblon (CRBN) and Kelch-like ECH-
related protein 1 (Keap1) were successively hijacked by small
molecule ligands (Supporting Information Table S2), the pace of
development of small molecule PROTACs has accelerated
significantly45. But peptide PROTACs are still advancing, and
notably, a variety of peptide ligands of E3 ubiquitin ligase have
been used in the development of PROTACs (Table 2), and their
high affinity and specificity have been widely confirmed.

2.1. Advantages of peptide PROTACs

At present, most PROTACs use small molecules as target war-
heads, which depend to a large extent on the binding pocket of the
target protein40,46. With the rapid development of structural
biology, it is convenient to obtain peptides with high affinity to
target protein epitopes36. In fact, peptide ligands are less difficult
to develop relative to small molecules, mainly because it does not
rely on traditional trial and error methods such as high-throughput
screening47. In short, researchers can obtain the sequence of
protein epitope mimics by analyzing the key residues of protein
interactions and then synthesize the peptide ligands of the target
protein according to the sequence48. At present, many targets that
cannot be targeted by small molecules are degraded by peptide
PROTACs (Table 2). Another way to develop targeting peptides
with high affinity for POI is to use phage display and yeast display
technologies49,50,which can find hundreds of target-specific pep-
tides51,52. More importantly, these technologies do not rely on
protein crystal complexes, and can obtain D-configuration peptide
targeting warheads, which can avoid the easily degradable char-
acteristics of peptide ligands in the body53. Relying on this kind of
technology, the peptide ligands of E3 ubiquitin ligase and POI can
be found more quickly54. In general, peptide PROTACs can enable
the exploration of the conventional undruggable proteins more
easily55,56.

On the other hand, peptide PROTACs could have an innate
safety profile. In terms of approved peptide drugs, they have high
biological activity and high specificity. Because the degradation
products in the body are amino acids, which do not easily accu-
mulate in specific tissues and organs, the toxic reaction is rela-
tively weak. The binding interaction with the target protein could
be strong and selective, ensuring the minimal non target adverse
reactions38,70,71. Peptide PROTACs may inherit the excellent
pharmacological and toxicological properties of available peptide
drugs.

2.2. Development of peptide PROTACs

2.2.1. Methionine aminopeptidase 2 (MetAP2)
The PROTACs technology first appeared in the sight of scientific
researchers in the form of peptide complexes41. Sakamoto et al.10
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used the phosphopeptide of IkBa to recruit the E3 ubiquitin ligase
complex SCFb-TRCP, and used the MetAP2 covalent inhibitor
ovalicin (OVA) as the POI ligand to design and synthesize the first
protein targeting chimeric molecule Protac-1. By adding this
PROTAC molecule to the extracts from unfertilized Xenopus
laevis eggs, the degradation of MetAP2 was observed, and this
result verified the feasibility of this technology.

2.2.2. Androgen (AR) and estrogen receptor (ER)
In 2003, in order to expand the scope of the target application of
PROTACs, Sakamoto et al.72 replaced OVA with dihy-
drotestosterone and estradiol. It is well known that dihy-
drotestosterone and estradiol can specifically bind to AR and ER,
respectively73,74. After injection of these modified PROTACs
molecules into cells, ubiquitination and degradation of AR and ER
were observed.

In 2016, Zhao et al.75 used an N-terminal aspartate cross-
linking strategy to design an ER peptide modulator (TD-PERMs)
with stable helix structure and excellent stability in serum, cell
penetration, and cell viability. On this basis, they linked TD-
Figure 1 (A) Protein degradation mechanism mediated by PROTACs;

mediated by phosphoPROTACs.
PERMs with the peptide ligand of E3 ubiquitin ligase VHL to
construct a novel ER-targeted TD-PROTAC57. Subsequent ex-
periments proved that TD-PROTAC selectively induces the ubiq-
uitination and degradation of ERa through a protease-dependent
pathway (DC50 < 20 mmol/L in T47D cells), while the control
peptide cannot degrade ERa. TD-PROTAC can reduce the tran-
scription of ERa-related genes, inhibit the proliferation of ERa-
positive cancer cells, promote their apoptosis, and have negligible
cytotoxicity to ERa-negative cells. In addition, in vivo experi-
ments showed that TD-PROTAC caused tumor regression in the
MCF-7 mouse xenograft model. It is worth noting that, unlike the
small molecule PROTACs that degrade ER, the TD-PROTAC
binds to the coactivator binding site of ER, which may develop
into a treatment method for breast cancer at different stages76.

In 2019, Dai et al.58 developed a peptide PROTAC that de-
grades ER with a strategy similar to the former. The only differ-
ence was that some amino acids in the side chain of the cyclic
peptide were replaced with neopentyl glycine (Npg). This modi-
fication of cyclic peptides g-methyl group may constrain the he-
lical conformation77. The subsequent experimental results showed
(B) In RTK activated cells, degradation mechanism of target proteins



Table 1 Components, advantages and disadvantages of NSM-PROTACs.

PROTAC POI ligand E3 ligand Advantage Disadvantage

Small molecule PROTACs Small molecule Small molecule High stability32/good

membrane permeability34
Limitation of degradation of

all pathogenic proteins35/

many adverse reactions

Peptide PROTACs Peptide or small

molecule

Peptide Target more undruggable

protein/easy to design and

synthesis36/high specificity37/

low toxicity38

Poor DMPK profile39/

instability40/potential

immunogenicity41

Nucleic acid PROTACsa Nucleic acid Small molecule Ability to any degrade

transcription factor in

theory42

Instability40/only degrade

nucleic acid-binding proteins

Antibody PROTACsb Antibody Antibody Ability to degrade membrane

protein32
High cost/instability40/

potential immunogenicity43

aExcluding aptamerePROTAC conjugates.
bExcluding antibodyePROTAC conjugates.
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that the optimized compound I-6 showed strong antiproliferative
activity (IC50 Z 9.7 mmol/L in MCF-7 cells), high cell uptake and
pro-apoptotic effect on ERa-positive cancer cells. Meanwhile,
ERa degradation in a ubiquitin proteasome dependent manner was
observed in ERa-positive MCF-7 cells. Finally, I-6 showed
excellent antitumor activity in vivo in tumor bearing mice model
with 4-T1 cells.

2.2.3. FKBP12
In 2004, Schneekloth et al.68 achieved for the first time the
application of PROTACs technology to degrade target proteins in
living cells by natural drug delivery. At the same time, the E3
ubiquitin ligase VHL was recruited to PROTAC molecules for the
first time through the peptide ALAPYIP from HIF1a, which is
another advancement of the PROTACs. Green fluorescent protein
(GFP) fused with FK506 binding protein (FKBP12) and GFP
fused with the androgen receptor (AR) were degraded under the
treatment of the corresponding PROTACs. Importantly, a poly-D-
arginine label was added at the carboxy-terminal, which made the
Table 2 Ligand of POI and E3 ubiquitin ligase for peptide PROTAC

POI or E3ligase Se

POI ER

Akt

CREPT VR

Tau YQ

a-Synclein GV

b-Catenin
Ac

PI3K GP

FRS2a IEN

X-protein LC

E3 ligase VHL AL

LA

Keap1 LD

SCFb-TRCP DR
overall PROTAC molecule obtain cell permeability. This is the
first application of cell penetrating peptides (CPPs) in PROTACs,
which provides a meaningful reference for the design of subse-
quent peptide PROTACs.

2.2.4. Akt
In 2016, Henning et al.59 used PROTACs technology to degrade
Akt2 protein, providing new hope for cancer treatment targeting
Akt. Akt2 was recruited by protein-catalyzed capture (PCC)
agents previously developed78. PCC agents are a class of peptide
ligands constructed using in-situ click chemistry and have high
affinity with target proteins79,80. Notably, this ligand showed
activating activity in the authors’ previous study, so the present
study also demonstrates that proteins can be degraded by PRO-
TACs whether they are activated or not. Additionally, to enhance
overall molecular permeability, HIV TAT peptide was added to
this PROTAC. The degradation ability of this peptide PROTAC
(CPP tri_a-PR) on Akt2 was validated in OVCAR3 cells, which
could reduce the target protein to the lowest value 4 h after
s.

quence Ref.

57,58

59

ALKQKYEELKKEKESLVDK 60

QYQDATADEQG 61,62

LYVGSKTR 63,64

-RRWPRS
5
ILDS

5
HVRRVWR

65

GGDYAAMGACPASEQGYEEMRA 66

PQYFSDA 66

LRPVGAESRGRPVSGPFG 67

APYIP

P(OH)YI

57,67,68

PETGEYL 61,69

HDS(p)GLDS(p)M 10
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administration. They also observed a dose-dependent decrease in
Akt after treatment with CPP tri_a-PR with an EC50 value of
128 � 19 mmol/L.

2.2.5. PI3K/FRS2a
Receptor tyrosine kinase (RTK) has been shown to play a key role
in the development and progression of many types of cancer81.
When the tyrosine residues of RTK are phosphorylated, some
proteins with Src homology 2 (SH2) or phosphotyrosine-binding
(PTB) domains such as PI3K and FRS2a in this pathway can
bind to the phosphorylated tyrosine region to further activate the
cascade82,83. Therefore, selectively targeting proteins with PTB or
SH2 domains for degradation can inactivate tyrosine kinase sig-
nals to inhibit tumor development84.

In 2013, Hines et al.66 proposed the concept of phospho-
PROTACs based on the RTK pathway, which is a method for
selectively targeting PROTACs to cancer cells (Fig. 1B). The
author selected the phosphorylation motif of TrkA (tropomyosin
receptor kinase A) and ErbB3 as the targeting peptide of FRS2a
and PI3K, respectively, and connects the peptide ligand of VHL
(ALAPYIP) to design phosphoPROTACs. In the absence of acti-
vated RTK, phosphoPROTACs cannot be phosphorylated. Thus,
phosphoPROTACs cannot bind to the target protein, and the target
protein would not be degraded. In contrast, after RTK activation,
phosphoPROTACs are phosphorylated to create a binding site for
the effector protein FRS2a or P13K, and then degrade in a VHL-
dependent manner (degradation of FRS2a in PC12 cells:
DC50 Z 40 mmol/L, Dmax > 90%). In a mouse xenograft model,
treatment with ErbB2PPPI3K resulted in a 40% reduction in tumor
size, which is the first demonstration of anti-tumor activity in vivo.

2.2.6. CREPT
CREPTwas first identified as a new oncogene by Lu et al.85 and it
needs to be proven to have the potential as a therapeutic target for
tumor. In 2020, Ma and his colleagues60 designed a cell-
permeable peptide PROTAC that degrades CREPT based on the
above research, named PRCT. The CREPT recruitment peptide in
PRCT comes from its own interaction motif (KDVLSE-
KEKKLEEYKQKLARV) during its dimerization, which provides
a new guide for the development of peptide ligands. PRCT shows
a high affinity for CREPT by the above motifs, and the Kd value
measured in microscale thermophoresis experiments is
0.34 � 0.11 mmol/L. Western blot experiment results showed that
PRTC can degrade CREPT in a proteasome-dependent manner in
Panc-1, AsPc-1 and MIA-PaCa-2 cell lines (DC50 Z 10 mmol/L).
In addition, a transmembrane transit peptide (KRRRR) was added
at the C-terminus of PRCT, and through flow cytometry and
fluorescence imaging analysis experiments, it was concluded that
PRTC can infiltrate pancreatic cancer cells in a dose- and time-
dependent manner.

2.2.7. X-protein
Most hepatocellular carcinoma (HCC) is caused by hepatitis B
virus (HBV)86. X-protein plays an important role in virus repli-
cation87. In 2014, Montrose and colleagues67 reported peptide
PROTACs degrading X-protein. Taking advantage of the charac-
teristic that X-protein can form dimer, the author took its
N-terminal oligomerization domain as the recruitment ligand of
X-protein88. In addition, C-terminal instability domains
(RHKLVRSPAPCKFFTSA) or ODD domain was connected to the
former together with CCP (RRRRRRRR). They together consti-
tute two X-protein-targeting PROTACs. In HepG2 cells expressing
X-protein of full length or C-terminally truncated forms, the
addition of the two PROTACs induced the degradation of X-
protein. At the same time, they can inhibit X-protein-induced
apoptosis as a dominant negative inhibitor. In short, the PROTACs
have the potential for further research in HBV prevention and
treatment.

2.2.8. Tau
Reducing the abnormal accumulation of tau protein is considered
as a promising strategy for treating neurodegenerative diseases
different from other targets89. Traditional anti-tau therapy is dis-
continued due to its toxicity and/or lack of efficacy90. PROTAC
provides a possible way to selectively remove these protein ag-
gregates. However, like many disease-related non enzymatic
proteins, it is difficult to target them with suitable small molecular
compounds91.

In 2016, Chu et al.62 reported the first tau-targeted protein
degradation system using peptide-based PROTAC compounds,
which consists of four motifs: (i) Tau recognition motif, (ii) linker,
(iii) E3 ligase binding motif, and (iv) cell penetrating peptide
(CPP) motif. In order to select the best tau recognition peptide,
three known peptides were evaluated and the peptide corre-
sponding to the YQYQDATADEQG sequence was determined to
be the best in their research. Two E3 ligases were analyzed,
namely Skp1-cullin-F box (SCF) ligase and VHL, respectively.
The results show that VHL is better than SCF. VHL peptide
ligand, linker (GSGS), tau protein peptide ligand and cell pene-
trating peptide (RRRRRRRR) were linked to establish the most
active PROTAC compound TH006, which has a 32-amino-acid
sequence. TH006 promotes polyubiquitination through E3 ubiq-
uitin ligase VHL, successfully penetrates into cells and induces
tau protein degradation. As a tau protein degrader for the treat-
ment of AD, TH006 needs to have the ability to cross the blood‒
brain barrier (BBB). However, this was not clearly explained by
the authors. In utilizing TH006 for animal experimentation, the
authors chose a combination of intranasal administration and
intravenous injection, which may be intended to avoid BBB hin-
drance. At the same time, it also reflects that peptide PROTAC has
some difficulties in penetrating the BBB. In conclusion, further
clinical development of tau degrader based on peptide is required
to fully consider their BBB permeability.

In 2018, Lu et al.61 again used PROTAC technology to degrade
tau protein, but this time they used Keap1 binding motif. Keap1 is
a substrate adaptor protein for a Cullin 3/Ring-Box1-dependent E3
ubiquitin ligase complex92. It is well known that the Keap1eNrf2
pathway has a cytoprotective function and can resist various
exogenous and oxidative stresses that lead to neurodegenerative
diseases and cancer93. In this study, the author used peptide
PROTAC and tried to prove its potential application. For Tau-
Keap1-CPP-PROTAC, the Kd values of Keap1 and Tau proteins
were determined by isothermal titration calorimetry, and they
were determined to be 22.8 and 763 nmol/L, respectively. The
designed PROTAC molecule degraded the tau protein in SH-
SY5Y, Neuro-2a and PC-12 cells in a dose- and time-dependent
manner. And through the combined treatment experiment of
proteasome inhibitor MG132 and Keap1 siRNA silencing, it was
confirmed that the degradation was carried out by UPS. Although
the BBB permeability of the PROTAC has not been evaluated, this
study still has important value. It not only realizes the application
of Keap1 peptide ligands, but also verifies that the E3 ubiquitin
ligase Keap1 can be used in PROTAC technology and expands E3
toolbox94.
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2.2.9. a-Synuclein
More and more studies have shown that a-synuclein plays an
important role in the occurrence and development of Parkinson’s
disease95. In addition, the accumulation of a-synuclein can impair
lysosomal function, thereby preventing its clearance from the cell
through the lysosomal pathway96. Therefore, using the ubiquitin
proteasome pathway to degrade a-synuclein protein may be a
potential therapeutic strategy.

Qu et al.63 developed a peptide-based a-synuclein degradation
agent with cell membrane permeability. The degradation agent
consists of three parts, namely the cell penetrating part (CPD), a-
synuclein binding domain (PBD) and proteasome targeting motif
(PTM). Among them, the PDB is a segment (amino acids 36e45)
of b-synuclein that has a high ability to bind to a-synuclein. For
the CPD, the HIV-TAT peptide was selected, which makes the
whole peptide PROTAC obtain permeability to cell membrane.
Finally, the authors used the RRRG motif as the PTM part of this
PROTAC, which was proven to target the proteasome97. Subse-
quent experimental results showed that this exogenous TAT-PBD-
PTM peptide molecule with a length of 25 amino acids was suf-
ficient to induce the down-regulation of a-synuclein protein in a
time- and concentration-dependent manner in a cell model.
Functionally, TAT-PBD-PTM rescued cytotoxicity induced by a-
synuclein overexpression, and the effects were blocked by the
proteasome inhibitor MG132 in primary neurons. The above re-
sults indicate that the TAT-PBD-PTM peptide molecule may have
the unique potential to target a-synuclein to treat PD, but the E3
ubiquitin ligase targeted by its PTM moiety is not well defined.
Similarly, as a drug acting in the central nervous system (CNS), it
is regrettable that the authors did not evaluate the BBB perme-
ability of this PROTAC. However, the authors speculate that
peptide PROTAC with TAT peptide has potential ability to cross
BBB. On the other hand, TAT peptide was shown to have the
ability to carry peptide cargos across the BBB in rat models98. For
this reason, it may be feasible for TAT-PDB-PTM to pass through
BBB99. This needs to be confirmed by more experiments in the
future. At present, pharmaceutical technologies such as nano-
particles drug delivery system (NPDDS) may provide substantive
assistance for peptide PROTAC to obtain BBB permeability100.
2.2.10. b-Catenin
At present, although many small molecule inhibitors of the Wnt/b-
catenin signaling pathway have been identified, none of the drugs
has been approved for clinical use101. SAHPA1 and xStAx are two
Axin-based stapled helical peptides that can bind to b-catenin, but
in vivo, due to the rapid accumulation of b-catenin in tumors, it is
still a challenge to drive them to effectively inhibit Wnt-dependent
tumor growth65,102,103.

In 2020, Liao et al.104 used 6-aminocaproic acid to link the
peptide ligands of VHL with xStAx and SAHPA1, respectively,
Table 3 Nucleic acid PROTACs targeting transcription factors (TF

Name Target POI ligan

TRAFTACs NF-kB brachyury 50-GGGA
50-AATTT

TF-PROTACs NF-kB

E2F1

50-GGGA
50-TTTCC

O’PROTACs LEF1

ERG

50-AAAG
GACCGG
and designed and synthesized the b-catenin-targeting peptide
PROTAC: xStAx-VHLL and SAHPA1-VHLL. Researchers found
that SAHPA1-VHLL has little effect on the stability of b-catenin,
unsurprisingly it has little effect on Wnt/b-catenin signal. How-
ever, xStAx-VHLL has a strong inhibitory effect on Wnt
signaling, and continues to degrade b-catenin in cancer cells and
intestinal organoids derived from wild-type and APCe/e mice.
xStAx-VHLL also inhibited tumor formation in xenograft mouse
models and reduced intestinal tumors in APCmin/þ mice. In
addition, xStAx-VHLL effectively inhibits the survival of tumor
organoids in patients with colorectal cancer, which highlights its
clinical potential. In two different cases of Wnt deficiency or
accumulation, b-catenin has two different forms of phosphoryla-
tion and non-phosphorylation. Normally, phosphorylated b-cat-
enin will be ubiquitinated and degraded by proteasome.
Regrettably, whether b-catenin degraded by xStAx-VHLL is in a
phosphorylated form was not explicitly stated. For the next step of
development, this could be further clarified. Finally, the author
puts forward ideas for the modification of xStAx-VHLL, such as
replacing the VHL peptide ligand composed of natural amino
acids or using other E3 ligands, which also have enlightening
effects on the design of other peptide PROTACs.
3. Nucleic acid PROTACs

Nucleic acid PROTACs have evolved rapidly since the publication
of TRAFTACs in 2021, and in less than a year transcription factor
PROTACs (TRAFTACs, O’PROTACs and TF-PROTACs) that
degrade transcription factors (Table 3), RNA-PROTACs that
degrade RNA binding proteins, G4-PROTAC that degrade G4
binding proteins and aptamer based PROTACs have been devel-
oped105e110. These achievements show that nucleic acid PRO-
TACs are quite attractive as a biological tool and a future disease
treatment method.

3.1. Advantage of nucleic acid PROTACs

The emergence of TF PROTACs provides the possibility of direct
targeting for diseases caused by various transcription factor dis-
orders. Transcription factors (TFs), also known as trans acting
factors, are a group of proteins that can bind to cis acting ele-
ments, enhancers or silencers located 50e5000 bp upstream of the
transcription start site and participate in regulating the transcrip-
tion efficiency of the target genes111. The imbalance or abnormal
activity of TFs is the causative factor of many cancers and in-
flammatory diseases and TFs are considered to be a promising
target for the treatment of related diseases112. With the exponen-
tial growth of knowledge about the assembly mechanism of
transcription complexes, different strategies for indirectly regu-
lating the activity of TFs with small molecule compounds have
PROTACs).

d sequence E3 ligase Ref.

ATTTCC-30

CACACCT-30
VHL 108

CTTTCC-30

CGCG-30
VHL 107

ATCAAAGGGTT-3050-
AAATCCGGTT-30

VHL 109
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emerged, including blocking proteineprotein interactions,
protein-DNA interactions, and so on113,114. Unlike general TFs,
nuclear hormone receptors contain a ligand binding domain
(LBD), which makes it easier for small molecule PROTACs to
target them115. Thus, since 2003, a number of small molecule
PROTACs targeting the estrogen receptor (AR) and androgen re-
ceptor (ER) have been developed and continuously improved116.
However, most other TFs lack ligand binding domains, which
affects the development of small molecule TF PROTACs117. TF
PROTACs that use endogenous nucleic acid sequences as tran-
scription factor ligands provide a solution. Generally, the devel-
opment of TF PROTACs only needs to analyze and synthesize the
nucleic acid sequence that binds to the target protein, and connects
it with E3 ubiquitin ligase to obtain the corresponding target
protein degrading agent. This development paradigm bypasses the
development of small molecule ligands for target proteins such as
TFs and greatly reduces the difficulty of developing degraders for
similar target proteins.

Secondly, aptamer based nucleic acid PROTACs elevate the
targetability of conventional small molecule PROTACs. Although
small molecule PROTACs have demonstrated significant advan-
tages over traditional small molecule drugs in many ways, there is
still an urgent need to develop novel strategies to improve their
aqueous solubility, membrane permeability, and tumor targeting.
Aptamer is a single-stranded nucleic acid composed of complex
three-dimensional structures such as stems, loops, hairpins, and
G4 polymers118. They bind to the target protein with high speci-
ficity and affinity through hydrogen bonding, van der Waals force,
base stacking force and electrostatic effect. Compared with other
targeting vectors, aptamer has many advantages, such as: easy
preparation, easy structure modification, and good tissue perme-
ability119,120. Notably, the nucleic acid aptamer AS1411 is rich in
guanine bases, which can specifically recognize and bind to
nucleolin, which is widely used as a biomarker for targeted anti-
tumor therapy due to its high expression on the surface of can-
cer cells121. In addition, AS1411 itself has a good inhibitory ac-
tivity on tumors with over-expression of nucleolin, and has been
widely used as a transporter for tumor targeted delivery of small
molecule drugs122. Sheng106 and Tan’s group138 respectively used
AS1411 to construct two different types of aptamer-based nucleic
acid PROTACs (aptamerePROTACs), both of which proved its
targeting and efficiency beyond normal small molecule PROTAC.

3.2. Development of nucleic acid PROTACs

3.2.1. Transcription factor (TF) PROTACs
Samarasinghe et al.108 developed a transcription factor degrada-
tion technology called TRAFTACs (Fig. 2A). TRAFTACs contain
a short transcription factor recognition sequence (dsDNA), which
bypasses the limitation of insufficient small molecule ligands by
using the inherent TF-DNA binding ability. The double-stranded
DNA sequence of TRAFTAC is linked to CRISPR RNA
(crRNA), which recognizes and binds to the dCas9-HT7 fusion
protein. The HT7 is a modified bacterial dehalogenase that
covalently reacts with a hexyl chloride tags123. Therefore, based
on the HaloPROTAC study, after the researchers added Hal-
oPROTAC, VHL was recruited to the dCas9-HaloTag7 adapter,
which induced the proximity of TF and VHL124. Subsequently,
TRAFTACs were applied to two oncogenic transcription factors
and successfully demonstrated the knockout of two pathogenic
transcription factors NF-kB and brachyury. In order to prove post-
translational down-regulation, qRT-PCR experiments were
performed, which showed that NF-kB RNA levels did not change
after TRAFTAC or HaloPROTAC treatment. In addition, when
using the inactive epimer of PROTAC, no significant TF degra-
dation was observed, verifying the dependence of degradation on
VHL E3 ligase recruitment. In order to prove the applicability of
the TRAFTAC strategy to in vivo models of TF degradation, the
authors microinjected ribonucleocomplexs of dCas9-HaloTag7,
active or inactive HaloPROTAC and a brachyury-targeting nucleic
acid sequence into zebrafish embryos. In embryos treated with
complexes containing active HaloPROTAC, severe tail defects
were observed, which is consistent with the necessity of brachyury
in embryonic development and tail growth. This apparent
phenotypic change due to the successful degradation of brachyury
demonstrates the ability to target TFs degradation.

The abnormalities of lymphoid enhancer binding factor 1
(LEF1) and ETS-related genes (ERG) are closely related to the
proliferation, migration and invasion of cancer cells125e127. Shao
et al.109 used a strategy similar to TRAFTAC to design and syn-
thesize the nucleic acid PROTAC that degrades the above-
mentioned transcription factors, and named it O’PROTAC
(Fig. 2A). They used the double-stranded oligonucleotide se-
quences as ligands for recruiting LEF1 and ERG, respectively, and
connected them to the E3 ubiquitin ligase VHL ligand through
alkyl chains of different lengths128e130. Among them, the first
three nucleotides TAC and ACG of the two sequences do not
participate in the recognition of the target protein, and only play a
role in protecting the oligonucleotide from degradation. Subse-
quent biological evaluation results showed that the two O’PRO-
TACs OP-V1 and OP-C-N1 successfully promoted the
degradation of the corresponding target proteins, inhibited their
transcriptional activity, and inhibited the growth of cancer cells
in vitro and in vivo. Compared with the TRAFTACs developed by
Samarasinghe et al.108, O’PROTAC discards the artificially con-
structed dCas9-HT7 fusion protein, which improves the limitation
of nucleic acid-based PROTAC in clinical application.

Different from O’PROTAC, Liu et al.107 used the Click reac-
tion to connect DNA oligonucleotides and VHL ligands and called
them TF-PROTACs (Fig. 2A). The selectivity of these TF-
PROTACs depends on the DNA oligonucleotides used, which
can be specific to the transcription factor of interest. The re-
searchers synthesized two series of VHL-based TF-PROTAC
(dNF-kB and dE2F) based on the azideealkyne cycloaddition
(SPAAC) reaction of commercially available azide DNA oligo-
mers and bicyclooctane-modified VHL ligands. After removing
the excess ligand VHLL-XBCN through a simple purification
process, TF-PROTAC was transfected into cells, and then based
on the selective recognition/binding of TFs to DNA oligomers,
TF-PROTAC was observed to degrade p65 and E2F1 at both VHL
E3 ligase and the protease dependent manner. In addition, the two
series of TF-PROTAC also showed excellent anti-proliferative
effects in HeLa cells. This research significantly increases the
targeting spectrum of PROTAC.

3.2.2. RNA-PROTACs
RNA binding proteins (RBPs) are an important part of the cell
proteome131. RBP binds to RNA in a dynamic, coordinated and
sequence selection manner, participates in all aspects of RNA
metabolism, and plays an important and multi-faceted role in the
process of post-transcriptional gene regulation132. In fact, some
RBP expression dysregulation has been shown to cause disease,
including cancer133. However, it has proven difficult to target RBP
with conventional methods such as small molecule drugs134.



Figure 2 Degradation mechanism of target proteins mediated by nucleic acid PROTACs. (A) Degradation mechanism of target proteins

mediated by TF PROTACs; (B) Degradation mechanism of target proteins mediated by RNA-PROTACs and G4-PROTAC; (C) Degradation

mechanism of target proteins mediated by aptamerePROTACs.
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Ghidini et al.105 introduced a new concept and developed a
bifunctional molecule RNA-PROTAC to achieve the degradation
of two RBPs (Fig. 2B). First, the researchers identified short oli-
gonucleotides that are iso-sequential with the RNA consensus
binding element (RBE) of an RBP as the target protein ligand.
Subsequently, considering that oligoribonucleotides may be
unstable in the presence of nucleases, diastereoisomeric phos-
phorothioate (PS) linkages and alkylation of the 20-hydroxyl group
were used instead of the phosphodiester backbone. Linking the
modified oligoribonucleotides with the VHL peptide ligand, the
author obtained the complete RNA-PROTACs. The results of
subsequent biological experiments showed that RNA-PROTAC
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achieved the degradation of RNA-binding proteins LIN28
(DC50 Z 2 mmol/L in NT2/D1 cells) and RBFOX1
(DC50 Z 2 mmol/L in HEK293T cells), respectively. This dis-
covery provides new ideas for the development of RBPs inhibition
methods.

3.2.3. G4-PROTAC
G4, known as G-quadruplex, is an atypical nucleic acid secondary
structure composed of DNA or RNA, which widely exists in living
organisms and regulates gene transcription, replication and other
functions135,136. The DEAH box helicase RHAU is a G4 binding
protein that is highly expressed in tissues from patients with
C9orf72 associated amyotrophic lateral sclerosis (ALS) and is
therefore an important therapeutic target137. Patil et al.110 linked a
G4 warhead named T95-2T to CRBN and VHL small molecule
ligands, respectively, through the click reaction to yield G4-
PROTAC (Fig. 2B). Subsequently, marked degradation of
RHAU was investigated in both the HeLa and K-562 cell lines to
which G4-PROTAC had been added and the dependence of its
degradative capacity on the ubiquitin proteasome pathway was
also confirmed. This study demonstrates the feasibility of targeted
protein degradation mediated by nonstandard nucleic acid struc-
tures, not just simple sequence motifs.

3.2.4. AptamerePROTACs
Sheng group106 designed the first aptamerePROTAC conjugates
(APCs) by connecting AS1411 with the small molecule BET-
PROTAC through a linker with ester-disulfide structure
(Fig. 2C). After APCs enters the cell, the disulfide bond of the
linker is destroyed by GSH, and then the carbon anhydride ester
bond is attacked by the free mercapto group to free the corre-
sponding small molecule PROTACs. Compared with the unmod-
ified BET-PROTAC, the conjugates showed excellent specificity
and effective effect on the BET degradation of MCF-7 breast
cancer cells overexpressing nucleolar protein (DC50 Z 22 nmol/L,
Dmax > 90% in MCF-7 cells). Combined with the analysis results
of flow cytometry and confocal laser scanning microcopy, it can
be seen that AS1411 can mediate the membrane permeation
process of APCs through macropinocytosis, although aptamer has
large size and heavy negative charge. This study proved for the
first time that aptamer binding helps to improve the tumor-
targeting specificity of PROTAC, thereby enhancing in vivo anti-
tumor activity and reducing toxicity.

According to the latest research by Zhang et al.138, nucleic acid
aptamers can also be used directly as target protein ligands. They
developed a PROTAC ZL216 based on the nucleic acid aptamer
AS1411 (Fig. 2C), and it showed excellent serum stability and
water solubility. A DBCO-azide click reaction is used to connect
AS1411 and VHL ligand to form PROTAC ZL216. Based on the
differential expression of nucleolar protein on the cell surface,
ZL216 can specifically bind to and internalize to breast cancer
cells, but not to normal breast cells. In addition, ZL216 can pro-
mote the formation of nucleolar protein-ZL216-VHL ternary
complex in breast cancer cells, and effectively induce the degra-
dation of nucleolar protein in vitro (DC50 Z 13.5 nmol/L in MCF-
7 cells, DC50 Z 17.8 nmol/L in BT474 cells) and in vivo, thereby
inhibiting the proliferation and migration of breast cancer cells.
However, there are still some issues that need to be clarified in the
follow-up, such as the influence of the length of the aptamer on the
formation of ternary complexes and the degradation efficiency of
PROTAC. In conclusion, this study proves another use of aptamers
in the design and development of PROTACs, and at the same time
provides a promising strategy for the development of tumor-
selective PROTACs.
4. Antibody PROTACs

Antibody PROTACs is also a newly developed type of PROTAC in
the past two years, giving PROTACs brand new functions and
properties139. At present, antibody PROTACs are mainly divided
into antibodyePROTAC conjugates, AbTACs and GlueTAC
(Fig. 3A)140e146. AntibodyePROTAC conjugates are a trifunc-
tional macromolecule, which is formed by connecting small
molecule PROTAC and specific antibody through a cleavable
linker. AbTACs are bispecific IgG and recruited E3 ubiquitin
ligase and POI, respectively. GlueTAC is a membrane protein
degrader mainly composed of nanobody with proximity reactive
uncanonical amino acid (PrUAA). The three types of antibody
PROTACs are different from each other, but each has advantages.

4.1. Advantage of antibody PROTACs

First of all, antibodyePROTAC conjugates can improve the
pharmacokinetic properties of traditional small molecule PRO-
TACs, increase their tissue selectivity, and avoid the side effects
caused by protein degradation in normal cells147e149. Many of the
in vivo assessments of degrader described in the previous literature
have adopted a route of administration that may be difficult to
convert to routine use in humans (for example, intraperitoneal
administration)150,151. The combination of PROTACs and anti-
bodies now provides an intravenous administration option for
clinical trials, and has a stronger effect while reducing the amount
of administration146.

Secondly, AbTACs and GlueTAC expand the POI range that
PROTACs can degrade and incorporates cell-surface proteins into
the degradation category of PROTACs technology, although they
rely on the lysosomal pathway instead of the traditional
ubiquitineproteasome pathway. In short, they are considered a
new general paradigm for degradation of cell-surface proteins.

4.2. Development of antibody PROTACs

4.2.1. AntibodyePROTAC conjugates
In 2020, Pillow et al.146 designed and obtained a VHL-based
PROTAC molecule GNE-987 that targets BRD4 degradation.
This degradation agent has picomolar cell efficacy. Subsequently,
in view of its poor pharmacokinetic properties and unfavorable
in vitro DMPK properties, researchers hope to solve its delivery
problem for further in vivo activity evaluation. Therefore, they
chose the hydroxyl group of the VHL ligand in GNE-987 as a
connecting handle, and connected it to the CLL1 antibody through
a carbonate moiety and a disulfide bond to obtain the
antibodyePROTAC conjugate CLL1-5. In both HL-60 and EOL-1
xenograft models, CLL1-5 showed good in vivo activity, in vivo
stability and pharmacokinetic properties. At the same time,
Dragovich141 once again reported a group of antibodyePROTAC
conjugates targeting estrogen receptor a (ERa). The PROTAC 5
and PROTAC 6 (Fig. 3B) that have degrading effects on ERa were
linked to the HER2 specific antibody with three different ligation
strategies (Fig. 3C), and it was observed that the
antibodyePROTAC conjugates selectively induced ER degrada-
tion in MCF7-neo/HER2 cells.



Figure 3 (A) Degradation mechanism of target proteins mediated by different types of antibody PROTACs; (B) XIAP-based PROTAC for

targeted degradation of ERa (PROTAC 5) and VHL-based PROTAC for targeted degradation of ERa (PROTAC 6); (C) Three ligation strategies

for coupling antibodies to small molecules; (D) Structure of trastuzumabePROTAC conjugate (AbePROTAC 3).
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In the same year, Maneiro and colleagues144 described a
strategy for selectively degrading proteins in specific cell types.
They designed and synthesized a trastuzumabePROTAC conju-
gate (Fig. 3D). One conjugate contains four PROTAC molecules.
Western blots showed that it selectively degraded BRD4 in HER2
positive cells, but not BRD4 in HER2 negative cells. Using live-
cell confocal microscopy, the researchers showed that the inter-
nalization and lysosomal transport of the conjugate in HER2
positive cells resulted in the release of active PROTAC in an
amount sufficient to induce effective BRD4 degradation. Using
the catalytic effect of PROTACs and the tissue specificity of
ADCs, antibodyePROTAC conjugates can remedy the disadvan-
tages of PROTACs and ADCs144.

In addition, Dragovich et al.142,143 introduced their systematic
research on antibodyePROTAC conjugates based on BRD4 de-
graders in 2021, and explored the effect of changes in conditions
such as different warheads and linkers on the activity of
antibodyePROTAC conjugates. Among them, the in vitro exper-
imental results show that by selecting specific antibodies, the
small molecule PROTAC can be directly delivered to the corre-
sponding antigen-high expression cancer cells without redesigning
the design of the relevant antibody linker. This study preliminarily
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confirmed the versatility of antibody and PROTAC coupling
strategy.
4.2.2. AbTACs
In 2021, different from the aforementioned antibodyePROTACs
that improve targeting and pharmacokinetic properties, Cotton
et al.140 used bispecific IgGs (BsIgG) called AbTACs to simul-
taneously recruit E3 ubiquitin ligases RNF43 and PD-L1,
resulting in PD-L1 degradation (Fig. 3A). The author points
out that, compared to E3 ubiquitin ligases such as VHL and
CRBN, RNF43 is a single-pass E3 ligase with a structured
ectodomain, which has the conditions for developing an
antibody-based degradation membrane protein PROTAC152.
Subsequently, the author verified the above-mentioned hypoth-
esis with the GFP model protein, and prepared a recombinant
antibody for the ectodomain of RNF43. On the other hand,
atezolizumab was used as a recruiting antibody for PD-L1.
Finally, the two were assembled and spliced to obtain BsIgG
AC-1. A two-step BLI experiment proved that AC-1 can indeed
bind RNF43 and PD-L1 at the same time. The MDA-MB-
241 cell line was further treated with AC-1, and it was found that
AC-1 effectively induced PD-L1 degradation, with a DC50 of
3.4 nmol/L and a maximum degradation percentage of 63% in
24 h. In addition, PD-L1 was also degraded in AC-1 treated
MDA-MB-231, HCC827 and T24 cell lines, indicating that AC-1
has a wide range of cell applicability.
4.2.3. GlueTAC
In the same year, Zhang et al.153 developed the covalent
nanobody-based PROTAC strategy, named GlueTAC, which is
considered to be another paradigm for targeted degradation of
membrane proteins (Fig. 3A). Nanobodies are antibodies
derived from heavy chains and have excellent application
prospects in the treatment of solid tumors154. The author
combined the MS assisted screening platform (MSSP) and the
genetic code expansion (GCE) strategy to design and produce a
nanobody variants (gluebody), which can specifically cova-
lently bind to PD-L1 and recruit PD-L1155. Notably, this spe-
cific binding is achieved through the modification of proximity
reactive uncanonical amino acid (PrUAA). In order to enhance
the internalization and degradation of PD-L1 mediated by
Gluebody, the researchers added cell-penetrating peptide and
lysosome-sorting sequence (CPP-LSS) to its C-terminal, and
finally obtained the target product GlueTAC. Subsequently, cell
and animal experiments showed that GlueTAC could efficiently
degrade PD-L1, had sustained T cell activation, and signifi-
cantly inhibited tumor growth in mice.
5. Other non-small molecule protein degraders

In recent years, while NSM-PROTACs are optimized in all
aspects, the development of other protein targeted degradation
technologies is also accelerating. Significantly, we found
that macromolecule has been applied many times in these
technologies. Although this paper mainly introduces the
extension of PROTACs, given that other technologies play
an important role in the field of protein degradation, we try
to help researchers better understand them through tables
(Table 4).
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6. Conclusions

In the past two decades, PROTACs technology has developed
vigorously, representing a new direction in drug discovery166,167.
Among them, small molecule PROTACs are obviously more
favored. However, in the face of more undruggable targets, the
lack of corresponding small molecule ligands seems to limit the
scope of small molecule PROTACs149. It requires researchers on
one hand to advance technological advances to identify a large
number of available small molecule ligands, and on the other hand
to target easy-to-develop peptides and nucleic acid ligands, and
design suitable NSM-PROTACs to expand more degradable
targets168.

With the birth of PROTACs technology, peptide PROTACs
have the longest history, degrading more than ten kinds of
undruggable targets169. However, compared with small molecule
PROTACs, the huge molecular weight and multi-polar functional
groups of peptide PROTACs may lead to poor DMPK profile39,170.
For this reason, in the early stage, peptide PROTACs were
administered by injections to verify the in vivo efficacy10. How-
ever, how to improve the DMPK profile of peptide PROTACs is
still a major hurdle that plagues researchers. With the use of cell-
penetrating peptides (CPPs) in peptide PROTACs, the membrane
permeability of peptide PROTACs has been greatly
improved34,171. Currently, three CPPs are mainly used in peptide
PROTACs, namely HIV TAT peptide, poly-D-arginine and Xen-
try34. In addition, stable peptides constructed by variable chemical
methods are another effective method to increase the membrane
permeability of peptides172.

In the past, the main challenge of targeting transcription factors
(TFs) was the lack of suitable ligand capsules on them173. As a
new member of NSM-PROTACs, TF PROTACs bypassed this
obstacle by using nucleotide chains as ligands to recruit TFs. This
highly innovative design is of great significance for curing dis-
eases caused by TFs imbalance. Similarly, the PROTACs also
have in vivo delivery problems. Solving this problem will make
TF PROTACs have bright clinical prospects.

In addition, the coupling of nucleic acid aptamers, antibodies
and small molecule PROTACs has greatly improved their target-
ing and pharmacokinetic properties139,169. Therefore, these two
methods should be strongly considered during the preclinical
exploration of PROTACs. In the future, finding the differences in
antigen expression between different cancer cells and preparing
suitable antibodies may be more promoting the clinical develop-
ment of small molecule PROTACs. Notably, PROTAC, which uses
antibodies as ligands for POI and E3 ubiquitin ligase, has been
initially successful in the field of cell membrane degradation, and
whether it can be extended to the degradation of other membrane
proteins remains to be studied140.

Since 2019, SARS-CoV-2 has ravaged the world. In fact, the
virus has increasingly become the Public Health Enemy No. 1.
The difficult problem for researchers is to quickly find a safe,
reliable and targeted antiviral drug. For antiviral therapy, the
innate advantages of PROTACs are overcoming drug resistance
and removal of all protein function. Additional studies have shown
that antiviral PROTACs stimulate the host immune response to
virus20. In addition to the X-protein peptide PROTAC mentioned
above, Wispelaere and his colleagues174 adopted small molecule
PROTACs to demonstrate the great potential of PROTACs in the
antiviral field. In the future, it may be an interesting attempt to
target a key protein that can bind to viral nucleic acid sequences
and design a nucleic acid PROTACs to fight the virus.
Ribonuclease targeting chimeras (RIBOTACs) are new degrada-
tion technology, which can recruit ribonucleases (RNases) to
degrade RNA175. Taking advantage of this technology to directly
target the viral genome and kill the virus as a powerful antiviral
therapy, an attempt has been made on SARS-CoV-2 by Disney
et al.176 with breakthrough progress.

Finally, the instability of endogenous macromolecules should
also be considered in the development process of NSM-PRO-
TACs40. The emergence of new targeted protein degradation
technologies also requires attention, such as: LYTACs, ATTACs
and AUTACs158,177,178. In the absence of further advancement of
the above technologies, combining them with macromolecules
such as peptides, nucleic acids, antibodies, etc. may be surprising
in the field of protein degradation.
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