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Abstract: Proteolysis targeting chimeras (PROTACs) are heterobifunctional molecules that sequester the endo-
genous protein degradation machinery of cells to induce degradation of targeted proteins. By bringing a target 
protein and a ubiquitin E3 ligase into close proximity, ubiquitin monomers can be transferred onto surface ly-
sines of the protein, which is subsequently degraded by the proteasome. The functions of RNA- and DNA-bin-
ding proteins have been especially hard to modulate with small molecules. However, oligonucleotides that bind 
RNA- or DNA-binding proteins can be turned into oligonucleotide-based PROTACs to direct ubiquitination and 
degradation of these proteins. Here we summarize the current state of the field of oligonucleotide-based PRO-
TACs that target RNA- or DNA-binding proteins.
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1. Oligonucleotide-based PROTACs
Proteolysis targeting chimeras (PROTACs) are heterobifunc-

tional molecules that sequester the endogenous ubiquitin-prote-
asome system (UPS) to induce degradation of target proteins of 
interest (POI) (Fig. 1A).[1] Three moieties are assembled to form 
a PROTAC: a ‘warhead’ that binds tightly and selectively to the 
POI, a ligand fragment that sequesters an appropriate E3 ubiquitin 
ligase and a linker connecting the two groups.[2] The POI and the 
E3 ubiquitin ligase form a ternary complex with the PROTAC, 
which results in the transfer of ubiquitin moieties onto proximal 
surface lysine residues of the POI. The ubiquitinated POI is there-
after recognized by the proteasome and subsequently degraded, 
while the PROTAC is recycled in a formal catalytic cycle.[3] This 
new type of pharmacology offers a means to selectively degrade 
(inhibit) pathologically relevant proteins that cannot be addressed 
by conventional approaches requiring small-ligand-compatible 
binding sites (e.g. receptors and enzymes). PROTACs and their 
variants also serve as a means to endow weakly active conven-

tional small molecule drugs with additional potency[4] and may 
also be exploited as new tools in chemical biology. Recently, alter-
native classes of warheads to conventional small molecule PROT-
ACs have emerged, based on peptides or oligonucleotides.[5] 
Our laboratory introduced the first RNA-PROTAC in 2020;[6] 
a oligonucleotide conjugate that binds to the RNA-binding  
protein (RBP) and stem cell factor Lin28 via a short, structurally 
modified oligo-ribonucleotide that is iso-sequential to the Lin28A 
and Lin28B RNA-binding element (Fig. 1B). Since then, several 
oligonucleotide-based PROTACs targeting RNA- or DNA-bind-
ing proteins have emerged. In this manuscript we review recent 
developments in oligonucleotide-based PROTACs.

1.1 Oligonucleotide-based PROTACs Targeting RNA-
Binding Proteins

RBPs regulate a myriad of cellular functions.[7] Furthermore, 
the aberrant functions of RBPs have been linked to commonly oc-
curring cancers and neurodegenerative diseases, as well as to rare 
diseases.[8] Notably, except for a few natural product structures, 
RBP function is particularly difficult to inhibit through the ratio-
nal design of small molecule ligands. This is because RBPs lack a 
‘ligandable’ binding pocket that is functional and suitable for the 
binding of conventional small-molecule drug structures, i.e. low 
molecular weight ligands with moderate to high hydrophobicity. 
However, RBPs do bind cellular RNAs with high affinity and se-
lectivity, often using multiple RNA-binding domains to contact 
ribonucleotides with a conglomerate of electrostatic, H-bonding 
and hydrophobic interactions with all parts of the ribose and the 
nucleobases.

We designed the first RNA-PROTAC to target the RBP 
Lin28A and its paralog Lin28B using a phosphorothioated (PS) 
2'O-methoxyethyl (MOE)-modified version of 5’AGGUAG, the 
conserved RNA binding consensus sequence for the zinc finger 
domain of Lin28A/B[6,9] (Table 1; Entry 1). Lin28 proteins reg-
ulate the biogenesis of microRNAs and the translation of mes-
senger RNAs (mRNAs) using their zinc finger and cold shock 
domains.[10] The use of a structurally modified RNA as the target-
ing ligand is warranted since native RNAs are readily degraded 
by ubiquitous nucleases in vivo. This introduces a constraint in 
ligand design since bulky RNA modifications on one hand protect 
against nuclease degradation, but on the other hand risk to attenu-
ate binding affinity to the target POI.
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peptide linker to the VHL recruiting peptide (Table 1; Entry 4). 
Experiments performed in vitro, revealed a proteasome-depen-
dent depletion of FMRP.[18]

An alternative innovative approach to induce the degradation 
of RBPs utilizes an aptamer-based PROTAC. Here, a plasmid was 
constructed that expresses the RNA-binding element of Lin28 or 
RBFOX fused to the 3’-end of the ‘broccoli’ aptamer that binds 
selectively to the small molecule 3,5-difluoro-4-hydroxyben-
zylidene imidazolinone (DFHBI). DFHBI is in turn conjugated 
through a short linker to pomalidomide, which recruits the E3 li-
gase CRBN. The small molecule is easily delivered into HEK293T 
cells expressing the aptamer and induces the ternary complex that 
degrades protein bound by the RNA binding domain (Fig. 1D). 
The advantage of this system is that by changing the sequence of 
the RNA binding element in the aptamer, different RBPs can be 
degraded (Table 1; Entry 5). The system was validated by showing 
degradation of Lin28, RBFOX, p50 and E2F1 proteins.[19]

1.2 Oligonucleotide-based PROTACs Targeting 
Transcription Factors

Oligonucleotides have also been employed to target DNA-
binding proteins, for example transcription factors. Like RBPs, 
transcription factors are attractive drug targets, particularly for 
their roles in selected cancers.[20] They are also considered to be 
undruggable with conventional small-molecule drugs. Hence, 
transcription factor targeting chimeric molecules (TRAFTACs) 
were introduced. The first reported TRAFTAC employed a short 
double-stranded DNA (dsDNA) fused to a dCas9-RNA (Table 1; 
Entry 6). The DNA/RNA construct binds to a dCas9-HT7 fusion 
protein forming a ternary complex with the transcription factor 
of interest. Addition of a HaloPROTAC that sequesters HT7 and 
VHL, results in the ubiquitination and subsequent degradation of 
the transcription factor. With this system, the transcription fac-
tors brachyury, a key factor in embryogenic development, and 
NF-kB, a promoter of cell survival, were successfully targeted 

The MOE-PS heptanucleotide was conjugated to a von Hip-
pel-Lindau (VHL)-recruiting peptide, or VH032. The short VHL 
peptide is commonly used in PROTACs[11] since it sequesters a 
ubiquitously expressed E3 ligase that activates proteasomal deg-
radation.[12] VH032 is a small molecule ligand that similarly se-
questers the VHL E3.[13] Upon RNA-PROTAC treatment, prote-
asome-dependent degradation of the cytosolic isoform Lin28A 
was observed. Using an identical approach, an RNA PROTAC 
was established against RBFOX1, in this case targeting the RNA-
recognition motif (RRM) domain of this alternative splice fac-
tor.[6] In 2024, a similar RNA-PROTAC targeting Lin28 proteins 
was described by the Xu group. In this example, a longer stretch 
of PS RNA comprising the zinc finger RNA binding consensus 
was used, conjugated to a small molecule ligand for the E3 ligase 
Cereblon (CRBN) to degrade Lin28 (Table 1; Entry 2). When 
complexed in a lipid nanoparticle, this reagent decreased growth 
of tumors in mice after intratumoral injection.[14]

While these first-generation RNA PROTACs used single 
stranded short RNAs with a conserved binding sequence as a tar-
geting warhead for the RBP, two separate groups have developed 
oligonucleotide-based PROTACs that use a DNA G-quadruplex 
(G4) tertiary structure as the targeting moiety to address RBPs 
with helicase function (Fig. 1C). The first example describes a 
G4-PROTAC that binds and degrades RHAU, an RNA helicase 
encoded by the DH36 gene, that is highly expressed in neurons 
of patients suffering from Corf72-linked amyotrophic lateral scle-
rosis (ALS).[15] The G4-PROTAC was constructed using an all-
parallel TT(GGGT)4 DNA quadruplex stabilized against nuclease 
degradation by a terminal PS linkage (Table 1; Entry 3). When 
delivered into HeLa and K562 cells, the G4-PROTAC induced 
degradation of RHAU.[16] The second example of a G4-based 
PROTAC was designed to target fragile-X messenger RNA ribo-
nucleoprotein (FMRP), a protein expressed in the brain, which is 
essential for cognitive development.[17] In this case, a G4-RNA 
quadruplex bearing a five base-pair stem was conjugated via a 

Fig. 1. Oligonucleotide PROTACs. A) The classical composition of a PROTAC ligand comprising the warhead, a linker and an E3 ligase recruiting 
molecule. B) RNA-PROTACs induce degradation of RNA-binding proteins (RBP) using a short, modified oligonucleotide conjugated to an E3 ligase 
recruiting moiety. C) G-Quadruplex-based PROTACs use a G4 conjugated to an E3 ligase recruiting molecule to degrade helicases. D) Aptamer-
based PROTACs encode an aptamer to bind a small molecule fused to an E3 recruiting moiety and an RNA-binding element (RBE) of target  
RNA-binding proteins (RBP). When the small molecule binding the aptamer and the E3 ligase is added, the RNA-binding protein is degraded.  
E) Oligonucleotide-based PROTACS comprised of double stranded DNA conjugated to an E3 ligase recruiting molecule to degrade transcription 
factors (TF).
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Table 1. Oligonucleotide PROTACs and their properties.

Entry Target Protein Sequence of the Oligonucleotide 
(5' to 3')

Chemistry of the 
Oligonucleotide

E3 ligase Ref.

1 Lin28, RBFOX AGGAGAU (Lin28), UGCAUGU (RBFOX) 2'methoxyethyl, PSa backbone VHLb [6]

2 Lin28 Let7 precursor RNA, PSa backbone CRBNc [14]

3 RHAU TT(GGGT)4 DNA, 1 PSa linkage CRBNc

and VHLb

[16]

4 FMRP GCUGCGGUGUGGAAGGAGUGGCUGGGUU 
GCGCAGCG

RNA VHLb [18]

5 Lin28, AGGAGAU (Lin28), plasmid CRBNc [19]

RBFOX, UGCAUGU (RBFOX),
p50 and GATCTTGAAACTGTTTTAAGGTTGGCCGA

E2F1 TCTT (p50),
GGGAGAGCGGAAGCGTGCTGGGCCATGG
AGTCGATGTGATAAGTAGGACGGAGGTGG
TCGATACATAACCCAGAGGTCGATGGATC
CCCCC (E2F)

6 Brachyury, AATTTCACACCTAGGTGTGAAATT DNA, PSa backbone VHL2 [21,

c-myc (brachyury), GTGCACCGTTGGTGCAC  
(c-myc)

22]

7 LEF1, ERG TACAAAGATCAAAGGGTT 
ACGGACCGGAAATCCGGTT (ERG)

(LEF1), DNA duplex CRBNc

and VHLb

[23a]

8 NF-kB, E2F TGGGGACTTTCCAGTTTCTGGAAAGTCCCCA (NF-kB), 
CTAGATTTCCCGCG (E2F)

DNA hairpin VHLb [23b]

9 c-myc GAGTAGCACGTGCTAC GTAGCACGTGCTACTC DNA duplex VHLb [23c]

10 STAT3 CATTTCCCGTAAATC GATTTACGGGAAATG DNA duplex CRBNc [24]

11 STAT3 CATTTCCCGTAAATC -linker- GATTTACGGGAAATG DNA hairpin, PSa linkages CRBNc [25]

12 ERα GTCAGGTCACAGTGACCTGAT 
ATCAGGTCACTGATGCCTGAC

DNA duplex IAPd [26]

13 ERα GTCAGGTCACAGTGACCTGAT 
ATCAGGTCACTGATGCCTGAC

DNA hairpin, PSa backbone IAPd [27]

14 ERα GTCAGGTCACAGTGACCTGAT 
ATCAGGTCACTGATGCCTGAC

DNA hairpin, PSa backbone, 
DNA/RNA heteroduplex

IAPd [28]

15 ERα CCCGGCATGGTTGCGGAGCAGGAGTATAA 
CACTACCATTG

DNA VHLb [29]

aPhosphorothioate, bVon Hippel-Lindau ubiquitin E3 ligase, cCereblon ubiquitin E3 ligase, dInhibitor of Apoptosis protein

for degradation in cells.[21] The system for targeting transcription 
factors was subsequently simplified and optimized by the same 
research group to OligoTRAFTACs, constructs where a PS DNA 
duplex is directly conjugated to a small molecule ligand of VHL 
(Fig. 1E). OligoTRAFTACs induce degradation of brachyury and 
c-myc in cells and in zebrafish.[22] Along with the report of the 
first TRAFTAC, several research groups designed transcription 

factor-targeting oligonucleotide-based PROTACs,[23] which were 
given a variety of different names.

The O’PROTAC is a minimal-length oligonucleotide PROT-
AC that consists of double-stranded DNA coupled to VH032 (Ta-
ble 1; Entry 7).[23a] Transcription factors LEF1 and ERG are both 
cancer-related proteins that have been targeted for degradation 
by O’PROTACs in cells. These reagents have also been used in 
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mouse xenograft models of cancer, whereby the O’PROTAC was 
condensed with polyethyleneimine and injected directly into the 
tumors, leading to a significant reduction in tumor volume. Simi-
lar reports described by other groups that use double-stranded 
DNA as the targeting warhead include a PROTAC (TF-PROTAC) 
that binds and degrades E2F, causing decreased cell proliferation 
in HeLa cells (Table 1; Entry 8);[23b] a c-myc targeting PROTAC 
designed using the X-ray structure of the c-myc-MAX complex 
with DNA. The DNA-duplex was conjugated to VH032. Treat-
ment with this reagent decreases the cell viability of multiple he-
patocellular cancer cell lines and reduces the tumor volume in xe-
nograft mouse models of cancer (Table 1; Entry 9).[23c] Similarly, 
Shih et al. described a DNA duplex linked to pomalidomide which 
triggered proteasome-dependent degradation of STAT3 in a lung 
cancer cell line (Table 1; Entry 10).[24]

In the same year, Hall et al. reported an Oligo-PROTAC target-
ing STAT3 using a hairpin PS DNA fused to thalidomide (Table 
1; Entry 11). Interestingly, the DNA hairpin carried a CpG-motif 
to facilitate uptake of the Oligo-PROTAC into TLR9-expressing 
immune cells within the tumor microenvironment. Intratumoral 
injection of the Oligo-PROTAC in tumor-xenograft-bearing mice 
led to a significant reduction in tumor volume compared to only 
the decoy STAT3 binding DNA or vehicle controls.[25]

Similarly, but distinct from PROTACs, IAP-based degraders 
allow the covalent crosslinking of the protein of interest with the 
E3 ubiquitin ligase cIAP1. cIAP1 autoubiquitination together 
with the fused protein of interest is triggered, followed by deg-
radation of the complex through the proteasome.[31] The first 
IAP-based degrader contained a DNA duplex designed using the 
X-ray structure of the estrogen receptor alpha (Erα) with DNA 
(Table 1; Entry 12). Treatment of the breast cancer cell line MCF-
7 with the IAP-based degrader, resulted in proteasome-dependent 
depletion of Erα.[26] The same group further optimized the ERα-
degrader with a second-generation targeting ligand that employed 
a PS DNA hairpin for increased nuclease stability (Table 1; Entry 
13).[27] Finally, to address the well known challenges of cellular 
delivery associated with oligonucleotide therapeutics, a cell-pen-
etrating peptide (CPP) and a heteroduplex oligonucleotide (HDO) 
were conjugated to the ERα-degrader (Table 1; Entry 14); the CPP 
augments cellular uptake, and is released from the ERα-degrader 
by cleavage with RNase H in cells.[28] An alternative means to 
target ERα degradation was achieved by fusing an ERα-binding 
DNA aptamer to VH032 (Table 1; Entry 15). Aptamers with high 
affinity for proteins can be generated by systematic evolution of 
ligands by exponential enrichment (SELEX).[32] The aptamer-
based PROTAC induced degradation of ERα in MCF-7 cells and 
decreased estrogen-dependent transcriptional activity of Erα.[29] 
Aptamers have been incorporated into PROTACs targeting DNA 
binding proteins or even added to PROTACs to increase their up-
take into specific cell types.[33,34]

3. Conclusions
The emergence of oligonucleotide-based PROTACs from the 

first RNA-PROTAC[6] has opened a new avenue to the targeted 
rational degradation of RNA- and DNA-binding proteins. A wide 
variety of oligonucleotides have been leveraged to induce degra-
dation of proteins of interest. These PROTACs have been effective 
in vitro and in vivo at degrading RNA- or DNA-binding proteins 
implicated in cancer and other diseases.
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