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Despite the success of endocrine therapies in treating ER-positive breast cancer, the development of
resistance remains a significant challenge. Estrogen receptor targeting proteolysis-targeting chimeras (ER
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PROTACs) offer a unique approach by harnessing the ubiquitin-proteasome system to degrade ER,
potentially bypassing resistance mechanisms. In this review, we present the drug design, efficacy and early
DOI: 10.1039/d4md00961d clinical trials of these ER PROTACs. This review underscores the academic and industrial opportunities
presented by this emerging technology, as well as the challenges that must be addressed to translate these
rsc.li/medchem findings into effective clinical therapies.

substantial pocket for ligand binding, where helix 12 (h12)

serves as a “switch” to interact with coregulators.® In the

1. Introduction
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Human estrogen receptor alpha (hERa) functions as a ligand-
dependent transcription factor, a member of the type II
nuclear receptor family." In conjunction with endogenous
estradiol, ERa plays major roles in the development and
maintenance of female reproductive tissues as well as many
other nonreproductive organs, such as bone, brain,
vasculature, liver and pancreas.” Estradiol expression and
ERa signaling were identified as the primary driving factors
in the occurrence, growth, proliferation and metastasis for
more than 70% human breast cancers.” Therefore, ERa is an
effective target against early-stage breast cancer.

Currently, ER-positive breast cancer patients are advised
to undergo 5-10 years of adjuvant endocrine treatment.*
Endocrine therapies rely on aromatase inhibitors (such as
anastrozole, letrozole, and exemestane) that prevent estradiol
synthesis, or selective estrogen receptor modulators (such as
tamoxifen and raloxifene) and degraders (such as fulvestrant)
that inhibit ERo function.>®

As a standard nuclear receptor, the core architecture of
ERa includes a DNA-binding domain C (DBD, amino acids
304-554), a ligand-binding domain E (LBD, amino acids
304-554) and two activation functions (AF1 in the amino
terminal A/B domain and AF2 in the LBD),” as shown in
Fig. 1la. ER LBD comprises 12 o helices to form a
“sandwich”  antiparallel a-helical structure with a
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presence of a bound agonist (such as estradiol), h12 covers
the ligand binding pocket (LBP) like a 1id.° This
conformation allows the binding of coactivators (CoA) and
activates downstream ER signaling pathways (Fig. 1b). In
the presence of a bound antiestrogen (such as tamoxifen),
h12 switches and blocks effective recognition of
coactivators, thereby interrupting the downstream ER
signaling pathways (Fig. 1c)."°

Antagonist bound

Agonist bound

Fig. 1 a) Domain structure of estrogen receptor «; b) with a bound
agonist estradiol, h12 folds back and covers the LBP to bind CoA (PDB
ID: 5SWGD); c¢) with a bound antagonist tamoxifen, h12 moves to block
the CoA binding (PDB ID: 3ERT).
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Although endocrine therapy has been effective in early-
stage breast cancer treatment, functional acquired mutations
in the ESR1 gene are relatively common in patients with
metastatic ER-positive breast cancer.'"'? Crystallography and
biophysics studies show that hot ESR1 mutations (such as
Y537S, D538G and Y537N) stabilize the active conformation
by forming internal hydrogen bonds."® These conformation
changes increase constitutive activity without any ligand and
reduce the binding affinity of endocrine therapy drugs.'*
Moreover, ESR1 mutations may also affect the interaction
between ERa and other signaling pathway proteins, such as
those in the PI3K/AKT and MAPK pathways."> Consequently,
these mutations promote tumor growth, metastasis and
resistance to treatment. Thus, research on new endocrine
therapy drugs is underway, focusing on their effectiveness in
preclinical models of ESR1 mutations to improve the
prognosis of patients with ER-positive, HER2-negative, ESR1-
mutated advanced or metastatic breast cancer."®

Early studies indicate that new endocrine therapy drugs,
such as oral SERDs (selective estrogen receptor degraders)
and PROTACs (proteolysis targeting chimeras), offer effective
treatment options for patients with ESR1 mutations.””°
Currently, Giredestrant by Roche, Camizestrant by
AstraZeneca, Imlunestrant by Eli Lilly, Palazestrant by Olema
Pharmaceuticals, and ARV-471, a joint effort by Arvinas and
Pfizer, are undergoing phase III clinical trials for ER-targeting
breast cancer medication." Furthermore, compared to
traditional SERDs such as fulvestrant, elacestrant and
GDC0810, ER PROTAC ARV-471 exhibits a higher rate of
target protein degradation, making it more effective in
inhibiting ESR1 mutation-positive breast cancer.>

The first ER PROTAC was reported in 2003 by the Crews
and Deshaies group.>’ Since then, the evolution of ER
PROTAC has spanned from its initial conceptualization to
clinical translation. In this review, we will explore the
ongoing advancements and upcoming development of ER
PROTAC degraders.
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2. PROTAC technology revolutionized
traditional therapies

Taking ER PROTAC as an example, the mechanism of
PROTAC is depicted in Fig. 2. The PROTAC molecule is
composed of three important parts: a ligand that specifically
binds to ER, a ligand that recruits a specific E3 ubiquitin
ligase, and a variable linker.>” By simultaneously binding to
the target protein and E3 ligase, PROTAC forms a ternary
complex and initiates polyubiquitination and subsequent
degradation of the POL> Once the target proteins are
degraded, PROTAC molecules can dissociate and participate
in the next -catalytic cycle, continuing to induce the
degradation of other target proteins.>* The unique catalytic
cycle and event-driven pharmacology distinguish PROTAC
from conventional ER inhibitors and degraders.*®

Although there are more than 600 E3 ligases in the human
body, only a few have been employed in the development of
PROTACs to date.***” The most commonly used E3 ligases
are Von Hippel-Lindau (VHL) and cereblon (CRBN).”® Others
like inhibitors of apoptosis protein (IAP), Kelch-like ECH-
associated protein (KEAP1) and mouse double minute 2
(MDM32) are also being investigated.”

3. Peptide-based ER PROTAC
degraders

In early exploration of ER PROTAC, the peptide sequence was
utilized to specifically recruit E3 ligase.>® These early ER
PROTAC molecules typically consist of two components:
estradiol that binds to ER and a peptide sequence that binds
to the E3 ubiquitin ligase. Representative early peptide-based
ER PROTAC degraders are shown in Fig. 3.

In 2003, the Deshaies and Crews group reported the first
ER PROTAC degrader named compound 1 (Protac-2). This ER
PROTAC comprises an IkBo phosphopeptide segment
(DRHDSGLDSM) linked to estradiol (E2). Mechanistic studies
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Fig. 2 a) Mechanism of the ERa signaling pathway using SERMs and SERDs. b) Mechanism of action of ER PROTAC degraders (created with

https://www.BioRender.com).
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Fig. 3 Early peptide-based ER PROTAC degraders 1-5.

confirmed that Protac-2 recruited ER to the SCF-TRCP
ubiquitin ligase through noncovalent interactions, thereby
promoting ubiquitination and degradation of ER in vitro.*!
This study lays the foundation for the development of ER
PROTAC and demonstrates its potential applications in
breast cancer treatment.

In 2004, the Kim group from UCLA employed an E2-linked
octapeptide from HIF-1o to create compound 2 (E2-octa).*!
To identify the minimum length recognized by pVHL, they
deleted the amino acids at both ends of the HIF-1a
octapeptide, creating a series of shortened peptide E2-based
PROTACs. Degradation experiments revealed compound 3
(E2-penta) to be the most efficacious.* Subsequent studies
showed that E2-penta effectively inhibited MCF-7 (ICs, = 50
uM) and T47D (ICs, = 16 uM) cell proliferation, yet ineffective
in estrogen-independent cell SKBr3. This implies that E2-
penta is specifically targeted for ER. The
immunoprecipitation assays indicated that ER degradation
was achieved via the proteasome-dependent pathway.*?

In 2010, the Kim group optimized E2-penta into
compound 4 by changing the attachment point from the
O-17 position to the C-7a position to improve stability and
binding affinity. Compound 4 showed superior binding
affinity to tamoxifen and effectively degrades the endogenous
ER in MCF-7 cells.** They also developed a novel class of two-
headed PROTACs by connecting two E2 molecules to this
HIF-1o. pentapeptide. Two headed PROTAC compound 5

This journal is © The Royal Society of Chemistry 2025
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efficiently induces degradation of the ER in a concentration-
dependent and proteasome-dependent manner. It also gives
superior ER degradation when compared to one-headed
PROTACs.*

These first-generation peptide-based ER PROTAC
degraders demonstrated the feasibility of the PROTAC
concept in treating breast cancer. However, achieving ideal
stability and cellular permeability presents significant
challenges. Thus, researchers are developing new types of
small molecule PROTACs to overcome these hurdles.*®

In 2016, the Li group from Peking University developed a
facile template for helix formation using an N-terminal
aspartic acid cross-linked stabilized peptide (TD) to create
peptidomimetic estrogen receptor modulators (PERMs).*” To
improve the anti-proliferative activity of TD-PERMs, they
attached them to a HIF-lo pentapeptide, resulting in
compound 6 (TD-PROTAC, Fig. 4).** These TD-PROTACs
exhibited markedly improved efficacy in ERa transcription
and anti-proliferation activities. In vivo experiments indicate
that TD-PROTAC induces tumor regression at a dose of 10
mg kg™ administered intravenously (IP) in the MCF-7 mouse
xenograft model.

In 2019, the Qian group from China Pharmaceutical
University developed cell-permeable peptide-based PROTACs
by incorporating a y-methyl-containing Npg side chain.*® The
optimized compound 7 (PROTAC I-6, Fig. 4) exhibited
increased anti-proliferative activity (ICs, = 9.7 uM) and
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Fig. 4 Conformation-restricted peptide-based ER PROTACs 6 (TD-PROTAC) and 7 (PROTAC I-6).

markedly boosted ERa degradation activity. Furthermore,
PROTAC I-6 demonstrated more potent suppression of tumor
growth than tamoxifen.

4. Small molecule ER PROTAC
degraders

The discovery of small ligands for E3 ligase laid the
groundwork for the rational design of small molecule
PROTACs."® Notably, Von Hippel-Lindau (VHL)-based and
CRBN-based PROTACs are predominant.

4.1 VHL-based ER PROTAC degraders

Encoded by the Von Hippel-Lindau gene, the VHL protein
acts as the receptor for substrate recognition in Cullin2-
RING ligases (CRL2), a member of the intricate RING-finger
E3 ligase family."" The VHL complex E3 ligase consists of
VHL, elognins B and C, cullin 2, and RING box protein 1.
It is responsible for the recognition and ubiquitination of
specific substrates, such as the hypoxia-inducible factor
HIF-10.*?

In 2014, GlaxoSmithKline documented a series of ER
PROTACs employing estradiol as the ER ligand linked to a
VHL ligand, with compound 8 (Fig. 5) representing the
general structure (W02014108452A1)."* The efficacy of these
compounds was evaluated, and each demonstrated ERa
degradation activity at a 1 pM concentration.

In 2018, Accutar Biotech's patent disclosed a series of
ER PROTACs using 4-OH tamoxifen as the ER ligand to
connect the VHL ligand by variable linkers.** Compound 9
(Fig. 5) displayed below is the patent's representative
structure, potentially the actual configuration of AC0682.
AC0682 was reported to induce ERa degradation at a
nanomolar level in wild-type and ESR1-mutated MCF-7
cells. Recently, phase I clinical trials (NCT05489679 and

1026 | RSC Med. Chem., 2025, 16, 1023-1036

NCT05080842) of AC0682 were terminated. The next
generation AC699 is recruiting patients to evaluate its
safety, PK, and efficacy in treating ER+/HER2- advanced or
metastatic breast cancer patients.”> The chemical structure
of AC699 remains unclosed.

AstraZeneca's 2019 patent revealed their ER PROTACs
using AZD9496 as the ERa ligand and VHL ligand as the E3
ligase binder.”® AZD9496 is an oral SERD developed by
AstraZeneca.”’*® The representative compound 10 (Fig. 5)
achieved 100% degradation of ERa at 0.3 nM (IC5o < 1 nM).

In 2019, the Wang group from University of Michigan,
Ann Arbor discovered a highly potent ER PROTAC degrader

DCs ~ 1 M in MCF-7 -
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Fig. 5 Chemical structures of VHL-based ER PROTAC degraders 8, 9
and 10.
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Fig. 6 a) X-ray structure of the crystal structure of raloxifene complexed with ERa (PDB code: 7KBS). b) Chemical structures of compounds 11

(ERD-148) and 12 (ERD-308).

compound 12 (ERD-308, Fig. 6b).*° The rational design
started from the cocrystal structure of raloxifene with ER
LBD. Molecular docking studies revealed that substituting
the piperidine ring with the N,N-diethylamino group of
tamoxifen led to the exposure of an ethyl group to the
solvent, making it an appropriate PROTAC linking site
(Fig. 6a). By adjusting the length and composition of the
linker, and optimizing N-substituent groups, a range of
compounds were synthesized and evaluated for the
degradation activity. Among them, ERD-308 achieved the best
degradation activity with DCs, values of 0.17 nM and 0.43
nM in MCF-7 and T47D ER+ breast cancer cell lines,
respectively.

In the subsequent studies, compound 11 (ERD-148,
Fig. 6b) was shown to exhibit remarkable ER degrading
potency.’®”" The minor difference between ERD-308 and
ERD-148 was the linker composition, as shown in Fig. 6b.
ERD-148 degrades not only unphosphorylated ERo but also
the phosphorylated ERa in the cells. The complete
degradation led to greater suppression of estrogen-dependent
wildtype and estrogen-independent ESR1-mutated (Y537S
and D538G) MCF-7 cells. Compared to the FDA approved
SERD fulvestrant, both ERD-308 and ERD-148 exhibit a more
potent efficacy to induce ER degradation and suppress cell
proliferation.

In 2022, researchers from IRB Barcelona used 4-OHT as
an ERa affinity ligand and designed PROTACs with different
linkers and E3 ligase ligands.’> Among them, compound 13
(TVHL-1, Fig. 7) recruits the E3 ligase VHL, achieving a DCs,
of 4.5 nM in MCF-7 cells.

Current ER therapeutic drugs mainly target the ligand-
binding domain, a region prone to mutations that result in
drug resistance.”® In 2022, the Tan group from Tsinghua
University developed PROTACs that specifically target the
DNA-binding domain (DBD) of ERa to overcome endocrine
resistance.”® They synthesized a nucleic acid-conjugated
compound 14 (ERE-PROTAC, Fig. 7) molecule through click
chemistry.>®> In this molecule, the natural DNA-binding
sequence ERE (estrogen response element) is responsible for

This journal is © The Royal Society of Chemistry 2025

binding to ERa, while the small molecule VHO032 is
responsible for recruiting von Hippel-Lindau (VHL) E3
ubiquitin ligase.”®

In 2023, the Zhou group from Wuhan University
developed a novel class of ERo. PROTACs based on the
oxabicycloheptane sulfonamide (OBHSA) scaffold.”” Among
them, compound 15 (ZD12, Fig. 8) exhibited superior
antitumor efficacy and ERoa degradation activity against a
broad spectrum of ER+ BC cell lines, including ERo. mutant
BC cells. It also shows remarkable antitumor efficacy and
ERo. degradation activity in both tamoxifen sensitive and
resistant BC mouse models.

Based on compound ZD12, they further designed a
new class of dual-targeting PROTAC degraders, aimed at
simultaneously targeting ERa. and aromatase (ARO).”®
Among these, compound 16 (18c, Fig. 8) shows the most
potent activity in ERo/ARO degradation and cell
proliferation. In the MCF-7 xenograft model, 18c
promoted the degradation of ERa/ARO, and inhibited
tumor growth.

spe + 9%
HO o/\/NM (\/)»”\N N
3
H

13 (TVHL-1)
DCso = 4.5 nM in MCF-7

Targeting ERa DBD

14 (ERE-PROTAC)
DCso < 5 uM in MCF-7

Fig. 7 Click chemistry-enabled ER PROTACs. VHL-based ER PROTAC
degraders compound 13 (TVHL-1) and 14 (ERE-PROTAC).
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OBHSA scaffold.
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4.2 CRBN-based ER PROTAC degraders

Up to now, all oral PROTAC degraders that have
progressed to clinical trials utilize cereblon ligands.”
CRBN plays a crucial role in the regulation of the human
immune system and anti-tumor mechanisms.®® CRBN
forms the CRL4-CRBN complex with CUL4-RBX1-DDBI,
which is involved in the ubiquitination and degradation
of various substrate proteins.’ Over the past few years,
CRBN ligands have steadily gained popularity as E3 ligase
ligands.®*%*

Early Discovery Efforts )
focus on ARV-471

HO O \Q?TOO —

U5 »

(0]

17 (ARV-471) Phase Il
ICs0= 5.3 nM in MCF-7
DCsp < 1 nM in MCF-7

Fig. 9 Development of 17 (ARV-471) by Arvinas and Pfizer.
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The groundbreaking ARV-471 (Vepdegestrant, compound
17, Fig. 9) was developed by Arvinas and Pfizer.* It became
the first ER PROTAC to enter the clinic in 2019 and received
FDA fast-track designation in 2024." The chemical structure
of ARV-471 links the lasofoxifene scaffold and lenalidomide
through a piperidine-linked piperazine liner.*>™® At
nanomolar concentrations, it effectively induces ERa
degradation in MCF-7 cells and inhibits the growth of wild-
type (ICso = 5.3 nM) and multiple mutant MCF-7 cell lines.®®
In a preclinical Y537S PDX model, ARV-471 was
administrated orally at a dose of 10 mg kg™ and inhibited
tumor growth by 99%, demonstrating better tumor growth
inhibition than fulvestrant. When used in combination with
CDK4/6 inhibitors, mTOR inhibitors, or PI3K/mTOR pathway
inhibitors, ARV-471 has shown stronger tumor regression
than monotherapy or fulvestrant combined with the same
agent.®® ARV-471 is currently in several clinical trials for the
treatment of patients with locally advanced or metastatic ER
+/HER2- breast cancer (NCT06125522, NCT05573555,
NCT05548127).

In 2023, the Wang group reported a novel ER PROTAC
based on a novel CRBN ligand.®® They initially used
lasofoxifene as the ER binder and TX-16 as the new CRBN
ligand. The optimized degrader compound 18 (ERD-3111,
Fig. 10) attained sub-nanomolar DCj, values in ER
degradation (DCs, = 0.5 nM) and showed superior oral
bioavailability.”® Given orally in wild-type and two clinically
relevant ESR1 mutations (Y537S, D538G) xenograft models,
ERD-3111 achieved significant tumor regression and
complete tumor growth inhibition, comparable to ARV-471.
ERD-3111 exhibited as a promising ERo. degrader for further
extensive evaluation in the treatment of ER+ breast cancer.

In the subsequent development of more potent and orally
efficacious ER PROTACs, the Wang group first focused on the
design of new cereblon ligands with high binding affinities

HO

@
5 ekt

HO

17a
(WO2018053354A1)

£SO o
N N o
\—
N
NH
o

17b
(WO02018102725A1)

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4md00961d

Published on 30 2024. Downloaded on 16-10-2025 07:10:44.

RSC Medicinal Chemistry

New CRBN ligand TX-16

Tricyclic indole core

18 (ERD-3111)
DCsp = 0.5 nM and Dy = 91% in MCF-7

High-affinity CRBN ligand RR-11055

Lasofoxifene core

19 (ERD-1233)
DCsg = 0.9 nM and Dynay = 100% in MCF-7

: 3 Potent CRBN ligand C-1

Lasofoxifene core
20 (ERD-12310A)
DCsq = 47 pM and Dz = 103% in MCF-7

Fig. 10 Development of compounds 18 (ERD-3111), 19 (ERD-1233)
and 20 (ERD-12310A) by the Wang group.®°72

and excellent drug-like properties. Recently, they reported
two orally efficacious ER PROTACs ERD-1233 (compound
19) and ERD-12310A (compound 20), as shown in
Fig. 10.”"7%> Both of them utilized the lasofoxifene scaffold
as the ER binding moiety. ERD-1233 used a novel CRBN
ligand RR-11055, which possesses improved cereblon
binding affinity compared with TX-16. Through extensive
refinement of the linker, ERD-1233 employed a 6,5-spiro
linker with one oxygen atom in the 5-membered ring.
ERD-1233 exhibited high efficiency in degrading ERo in
MCF-7 and T47D cell lines without significant inhibition
of hERG or CYP. Compared with ARV-471, ERD-1233
showed better oral bioavailability and stronger antitumor
effects at 20 mg kg' PO dose in the MCF-7 tumor
xenograft model.

Within ERD-123104, there is a [6,6] spiro linker that
connects to a novel spiro-piperidine cereblon ligand C-1.
ERD-12310A demonstrated a DC50 of 47 pM, making it 10
times more potent than ARV-471. Furthermore, ERD-12310A
has shown superior pharmacokinetic properties in mice and
rats compared to ARV-471. In the MCF-7 tumor xenograft
model, ERD-12310A not only induced tumor regression but
also proved to be more effective than ARV-471. Most notably,
ERD-12310A exhibited significant inhibition of tumor growth

This journal is © The Royal Society of Chemistry 2025
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in MCF-7 Y537S mutant xenograft tumors without significant
weight loss or toxicity symptoms.

4.3 cIAP1/IAP-based ER PROTACs (SNIPERs)

The IAP (inhibitor of apoptosis proteins) family resists cell
apoptosis by inhibiting the function of caspase family
proteins to prevent cell death.”® Several IAP family members,
such as c-IAP1, c-IAP2, and XIAP, possess E3 ubiquitin ligase
activity through their C-terminal RING domain.”*”® This
domain can recruit E2 ubiquitin-conjugating enzymes and
facilitate the transfer of ubiquitin molecules from E2 to
target proteins for degradation.”®

In 2011, the Hashimoto group from the University of
Tokyo attached the cIAP1 ligand bestatin at the C-17 position
of E2 through a PEG linker to synthesize ER SNIPERs.””
Western blot analysis showed that compound 21 (Fig. 11)
completely degraded ERa at 30 uM in MCF-7 cells.

In 2016, GlaxoSmithKline employed a raloxifene scaffold
as an ER binder to design and synthesize various SNIPERs,
with a representative structure of compound 22 (Fig. 11).”®
Representative compound 22 induces significant ERo
degradation at 1 uM in MCF-7 cells.

In 2012, the Kurihara group linked cIAP1 ligand bestatin
to the N atom on the solvent-exposed end of 4-OHT.”® The
resulting compounds 23, 24, and 25 (Fig. 12) effectively
degraded ERo at 10 uM. Subsequent mechanistic studies
indicated that SNIPERs might also affect the activity of SOD
(which is an enzyme that scavenges ROS), leading to the
production of reactive oxygen species (ROS) and rapid cell
death.®

In 2017, this group disclosed compound 26 (SNIPER(ER)-
87, Fig. 12) by ligating 4-OHT and IAP antagonist LCL161
derivative with a PEG linker.*' SNIPER(ER)-87 was effective in
reducing 50% ERa levels at concentrations as low as 3 nM.
In the MCF-7 tumor xenograft mouse model, SNIPER(ER)-87
significantly reduced ERo protein levels and thereby
inhibited further tumor progression. Mechanistical studies
showed that SNIPER(ER)-87 preferentially recruits XIAP rather
than IAP1 for the degradation of ERa via the ubiquitin-
proteasome pathway.

In 2018, this group replaced the IAP ligand moiety of
SNIPER(ER)-87 with several IAP antagonists to achieve higher
affinity.®” The improved SNIPERs exhibited higher binding
affinity compared to SNIPER(ER)-87 and effectively degraded
ERoa while simultaneously degrading cIAP1 and XIAP. The
most potent compound 27 (SNIPER-110, Fig. 12) showed
superior tumor growth inhibition in the MCF-7 tumor
xenograft mouse model.

5. Other novel ER PROTAC degraders

In 2020, Genentech developed a HER2-targeting PROTAC
conjugate using ADC technology.®® This conjugate releases its
degradative payload intracellularly via lysosomal hydrolysis
after antibody-mediated delivery. Compounds 28 and 29
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Fig. 12 a) X-ray structure of the crystal structure of 4-hydroxytamoxifen complexed with ERa (PDB code: 3ERT). b) Chemical structures of
compounds 23, 24 and 25; c) chemical structure of compound 26 (SNIPER(ER)-87). d) Chemical structure of compound 27 (SNIPER(ER)-110).

(HER2-13 and HER2-14, Fig. 13) showed strong ERa
degradation in MCF7-neo/HER2 cells and are stable in vivo.
In 2020, the Tang group reported a two-stage strategy
for developing ER PROTACs.** They synthesized novel ERa
PROTACs with hydrazone bonds in the first stage and
replaced them with amide bonds in the second stage to
improve drug-like properties. Compound 30 (A3, Fig. 13)
showed effective ERa. degradation with DCs, values of 10
nM in MCF-7 cells. This bioconjugation-based approach

offers a highly-reactive, high-throughput method for
studying the effects of linker combinations on PROTAC
activity.

In 2022, the Naito group designed double-stranded
nucleotide decoys targeting the transcription factor ERa
using the estrogen receptor response element (ERE)
sequence.® They linked these decoys with three E3 ligase
ligands (LCL, VH, and POM) to construct chimeric molecules,
successfully preparing a new class of transcription factor-
PROTACs (TF-PROTACs). The representative compound 31
(LCL-ER(dec), Fig. 13) demonstrated the most potent ERa
degradation activity, effectively degrading ERa at 10 uM and
inhibiting ERo transcription activity in cells.

In 2023, researchers developed a novel DNA aptamer-
based PROTAC. Through SELEX technology, they identified

1030 | RSC Med. Chem., 2025, 16, 1023-1036

ER(apt)D1, a nucleic acid aptamer with high affinity for
ERa.®® By employing copper-catalyzed click chemistry, they
successfully conjugated ER(apt)D1 to three E3 ubiquitin
ligase ligands (cIAP, VHL, and CRBN) to generate PROTAC
molecules. Representative compound 32 (POM-ER(apt)D1,
Fig. 13) effectively degraded ERa at 10 uM and significantly
inhibited MCF-7 cell proliferation.

In 2023, researchers exploited elevated GSH levels in
tumors to design a GSH-responsive ERo, PROTAC precursor.®”
They linked a para-nitrobenzenesulfonyl group to a VHL
ligand's active hydroxyl and used tamoxifen as an ERa
ligand, with PEG as a linker to create compound 33 (GSH-ER-
P1, Fig. 13). This precursor released more than 70% active
product in tumors and efficiently degraded ERa at
nanomolar concentrations.

In 2023, the Dong group introduced two hypoxia-
activatable groups, nitroimidazole and nitrobenzene, to
design hypoxia-responsive ERa-targeting PROTACs.*® The
most potent compound 34 (Fig. 13) exhibits good hypoxia
reactivity with micromolar-level cell inhibition and ERa
degradation activity under hypoxic conditions.

In 2024, the Zhou group developed a series of fluorescent
PROTACs by linking high-affinity ER-targeting fluorescent
probes to VHL through linkers of varying lengths.® This

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Novel ER PROTAC degraders.

approach enables real-time monitoring of protein
degradation and has theranostic potential. Compound 35
(A3, Fig. 13), characterized by an emission wavelength of 582
nm and a Stokes shift of 116 nm, showed substantial ERa
degradation.
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6. Discussion and perspectives

Over the past two decades following Crews and Deshaies
group's unveiling of the innovative concept of proteolysis
targeting chimeras (PROTACs), significant progress has been
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Fig. 14 Summary of the linkers and ligands used in ER PROTAC design.
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made from proof of concept to successful clinical
translation.’”®" Given that endocrine therapy resistance is a
major challenge in breast cancer treatment, ER PROTACs
offer great opportunity to overcome this resistance by
degrading ERa.. As shown in Fig. 14, most ER ligands used in
PROTACs are either estradiol or other highly potent SERM/
SERD ligands, featuring an identified solvent exposed site
that facilitates attachment to the E3 binding motif. The
linkers also underwent extensive optimizations, transitioning
from the initial alkyl or PEG linker to cyclic rings with greater
conformational constraints. As CRBN-based PROTACs
predominate in clinical trials, new CRBN ligands have been
developed and utilized in ER PROTACs recently.

Currently, ARV-471 has demonstrated exceptional efficacy
in clinical trials, being the first oral ER PROTAC degrader
with significant potential for success. Although ARV-471 was
typically well tolerated in patients, clinical trials noted the
occurrence of adverse events. Designing ER PROTACs with
greater potency and oral effectiveness for clinical translation
presents an urgent need for medicinal chemists.

Despite the progress of PROTAC technology in the field of
ER positive breast cancer, it also confronts intricate and
demanding challenges. First, a PROTAC molecule is composed
of three parts.”” The creation of an effective ER PROTAC
molecule requires a precise balance of these three elements to
ensure stability, affinity, biological activity and toxicity of the
molecule.”® The complexity of PROTAC molecules renders the
drug design extremely difficult. Second, achieving oral
bioavailability is a significant hurdle in the realm beyond Rule-
of-5 (bRo5) for molecular weight exceeding 500 Da.’**> Current
evaluation methods may not accurately assess the
pharmacokinetics and pharmacodynamics of PROTACs.”®
Predicting the potential toxicity risks is also challenging.’”%®
Third, there is a possibility of potential drug resistance of
PROTACs.” ™" Most ER PROTACs currently rely on VHL and
CRBN E3 ligases. To overcome the growing examples of
mutational resistance in VHL and CRBN, discovery and
identification of new E3 ligases and ligands is also required.*®

Certain elements can be fine-tuned to overcome future
constraints of PROTACs. First, choosing the appropriate E3
ubiquitin ligase ligand guarantees that ER PROTAC
molecules can successfully attract the E3 ligase and enhance
the ER ubiquitination process. It's crucial to take into
account the cell permeability and the bioavailability of the E3
ligase ligand, along with its binding affinity to the E3 ligase.
For example, in the development of ERD-1233, novel cereblon
ligands were developed based on thalidomide to improve the
drug-like properties and degradation efficiency. The new
CRBN ligand RR-11055 exhibited much more potent binding
affinity than lenalidomide and thalidomide. It also
demonstrated excellent plasma and microsomal stability in
different species.

Second, the dimensions and chemical composition of the
linker greatly influence PROTACs' druggability and specificity.
Extensive chemical optimization is required to balance the
hydrogen bonding donor, lipophilicity, and polar surface area
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to determine the optimal linker. For example, in the
optimization of ERD-123104A, the amide bond in the linker
was removed to decrease the topological polar surface area,
thus improving oral bioavailability.

Third, with the numerous advantages of target protein
degradation (TPD), many derivative technologies have
emerged, such as molecular glues, pc-PROTAC, HaloPROTAC,
AUTAC, ATTEC, RIBOTACs and more.>>'%?1%  These
innovative alternative pathways could potentially surpass the
constraints inherent in PROTACs targeting ER.

Furthermore, understanding the structure of the ternary
complex of ER PROTAC will help to further clarify the
mechanism of its degradation activity and allow for deeper
structure-based optimization and modification.'®*°® There
are very few high-resolution structures of PROTAC ternary
complexes solved using either X-ray crystallography or cryo-
EM.'*" Integrating computational tools with structures
will enable more comprehensive structure-based drug design
of ER PROTACs.'"?

Overall, with breakthroughs and
improvements in PROTAC technology, there is hope for the
development of more safe, efficient, precise, and controllable
ER PROTAC degraders in the future. The development of
PROTAC technology will rely on interdisciplinary
collaboration, including the joint efforts of experts in fields
such as chemistry, biology, pharmacology, computational
science, and clinical medicine. It is expected that more
PROTAC degraders targeting estrogen receptors will soon
enter clinical trials, providing new treatment options and
hope for breast cancer patients.
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