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Abstract: Targeting selective estrogen subtype receptors through typical medicinal chemistry ap-
proaches is based on occupancy-driven pharmacology. In occupancy-driven pharmacology, molecules
are developed in order to inhibit the protein of interest (POI), and their popularity is based on their
virtue of faster kinetics. However, such approaches have intrinsic flaws, such as pico-to-nanomolar
range binding affinity and continuous dosage after a time interval for sustained inhibition of POI.
These shortcomings were addressed by event-driven pharmacology-based approaches, which de-
grade the POI rather than inhibit it. One such example is PROTACs (Proteolysis targeting chimeras),
which has become one of the highly successful strategies of event-driven pharmacology (pharma-
cology that does the degradation of POI and diminishes its functions). The selective targeting of
estrogen receptor subtypes is always challenging for chemical biologists and medicinal chemists.
Specifically, estrogen receptor α (ER-α) is expressed in nearly 70% of breast cancer and commonly
overexpressed in ovarian, prostate, colon, and endometrial cancer. Therefore, conventional hormonal
therapies are most prescribed to patients with ER + cancers. However, on prolonged use, resistance
commonly developed against these therapies, which led to selective estrogen receptor degrader
(SERD) becoming the first-line drug for metastatic ER + breast cancer. The SERD success shows that
removing cellular ER-α is a promising approach to overcoming endocrine resistance. Depending on
the mechanism of degradation of ER-α, various types of strategies of developed.

Keywords: peptide PROTACs; SNIPERs; PORTACs; antibody-based PROTAC conjugate; clinical
PROTACs

1. Introduction

Estrogen receptors (ER) belong to the nuclear superfamily with ligand-dependent
functioning. Estrogen receptors are mainly present in the nucleus and on the plasma
membrane or the phospholipids’ membrane of the cell. The normal homeostasis signaling
of estrogen receptors plays an essential role in growth, development, differentiation, and
regulatory functions associated with the reproductive systems of both females and males.
In 1962, Jenson and Jacobson demonstrated that estradiol binds to the estrogen receptor
(ER) even in the uterus, vagina, and pituitary gland [1]. Any aberration in the signaling of
estrogen receptors leads to various types of endocrine disorders and associated cancers, for
example, breast cancer, endometrial cancer, and osteoporosis, where the estrogen receptor
is a designated clinical target [2]. Most notably, 70% of breast cancers have over-expressed
estrogen receptors (ER+), which display its significance as a therapeutic target in breast
cancer. Estrogens show these activities by binding with the ER that functions as signal
transducers and transcription factors in order to modulate the expression of target genes [3].
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2. Structure of Estrogen Receptors: Specificity of Ligand Binding Domain

ER constitute 12 helices; when an agonist is bound with ER-α in a three-layered
structure, helices 4, 5, 6, 8, and 9 are present at one layer, whereas H1 and H3 are present
on one side. The ERs are mainly classified into three classes (a) ER-α, (b) ER-β (c) ER-γ.
ER-α and ER-β are encoded from ESR1 and ESR2 genes [4]. However, there is no clear
evidence for the genes of ER-γ. The first ER was identified in 1958 by Elwood Jensen and
colleagues, named ER-α. ER is composed of six domains that provide specific functional
roles, those being (a) N-terminal domain (NTD), (b) DNA-binding domain (DBD), (c) ligand
binding domain (LBD), (d) The hinge region, (e) F-domain or C-terminal domain. The six
domains are shown in Figure 1. Ligand-independent activation function (AF-1) encoded
by the N-terminal domain [5] provides a region for protein-protein interaction [6]. The “D”
domain, also known as the hinge region, which follows DBD, contains nuclear localization
signal. It is a flexible region between DBD and LBD, with 36% homology shared between
ER-α and ER-β. A sequence of 40–50 amino acid residues in the D-domain separates the
LBD and DBD, which is necessary for receptor dimerization. C- terminal domain or F-
domain contains 42 amino acids, followed by LBD. The LBD identified various compounds
dissimilar in shape, dimension, conformational and chemical properties. There are two
activation domains, AF-1 and AF-2 located in between NTD and LBD, respectively, that
regulate the transcription of ER. A full transcription of ER is due to synergism between
the two AFs (AF-1 and AF-2 domain) AF-1 domain is hormone-independent, whereas the
AF-2 domain is hormone-dependent. DBD contains two zinc finger motifs that directly
interact with the DNA helix. The F-domain plays an important role in differentiating
the ligands, whether it is an estrogen agonist or antagonist. Ligands such as estradiol or
diethylstilbestrol (DES) act as pure agonists, whereas fulvestrant acts as a pure antagonist.
SRC-1 (steroid receptor coactivator-1)/N-CoA 1 [7], GRIP 1/TIF2/N-CoA 2 attach with
ER-α in a ligand-dependent manner. These proteins behave as co-activators because they
stimulate the transcription of ER-α and other NRs. The amino acid sequence in the H3
helix is Val-355, Leu-354, Ile-358, Lys-362, and Ala-361, whereas sequence in H5 helix is
Glu-375, Val-376, Glu-380 and Leu-379. Leu-372 is present in between H3 and H4 helix of
ER-α. In H12, amino chain is Met-543, Glu-542, Leu-539 and Asp-538. H12 is necessary for
conformational change due to which dimerization takes place. All these helices are present
in binding site of NR box II peptide which is similar to a shallow groove.

The sides and lower surfaces of the groove are entirely hydrophobic except for the
terminations attributed to their charged character. The LBD interacts with Leu-690, Leu-
693, Leu-694, and Ile-689 of the NR box II peptide α by Vander Waals force of attraction.
Compared to ER-β, which was a second estrogen receptor discovered in rat prostate named
ER-β in 1996. Unexpectedly, ER-β was shown opposite effects to ER-α. Both receptors are
distributed unevenly in the organs, such as ER-α encoded by different genes, and are located
on different chromosomes, tissues, and organs. ER-α is found in the endometrium, breast,
ovary, hypothalamus, uterus, skin, guts, and ER-β in ovarian granulosa cells, kidney, brain,
bone, heart, lungs [8], intestinal mucosa, prostate, endothelial cells, adrenal, skin, pituitary
gland. In ER-α, AF-1 domain is very active in the initiation of receptor-gene expression,
whereas in the case of ER-β, this domain is almost inactive under the same conditions. ER-α
and ER-β both receptors are similar in size; they contain approximately 600 and 530 amino
acids, respectively. The DNA binding domain (DBD) possesses a two zinc-finger structure
that plays a significant role in receptors’ dimerization process and receptor binding with
ERE elements and specific DNA sequences [9]. ER-α act as a transcriptional activator on
ERE, which is a palindromic sequence made up of two hexanucleotide sequence, whereas
the ER-β acts as a suppressor, so that the function of ER-α is suppressed by dimerization
with ER-β. When a ligand binds with the estrogen receptor site, heat shock protein (such
as hsp90) will be dissociated from the receptor and then receptor will be activated. After
receptor activation, there is a change in conformation of the site of estrogen receptor due to
which both receptors are bind with each other thus; we can say dimerization process takes
place. After dimerization, it binds with ERE element or on the DNA sequence, transcription
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phenomenon occurs. The region between 91- 121 amino acids is required to generate the
most significant transcription activity, and the region between the 41–150 amino acids is
required for the AF-1 domain.
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Figure 1. (A) Structure of estrogen receptor. (B) The binding site of ER-α.

3. Signaling of ER

The mechanism of action of ER is of the following different types, as shown in Figure 2:

(1) Classical ligand-dependent signaling
(2) DNA-binding independent signaling
(3) Ligand—independent signaling
(4) Non-genomic signaling
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Figure 2. Mechanism of action: when a ligand binds with the ER, which is present on the cell mem-
brane or phospholipid layer, the heat shock proteins associated with it are dissociate. Conformational
changes take place and further proceeds to dimerization. Due to the receptor’s hydrophobicity, it
enters the nucleus and binds with the ERE element on DNA. After that, it activates a variety of genes
such as PTEN, STK 11 followed by the transcription process. Subsequently, translational process
occurs. On the other hand, ligand (estradiol) directly enters into nucleus because of its hydrophobic
nature. Next, the same process is also occurring here.

3.1. Classical Ligand-Dependent

If the ligand is hydrophobic, then ligand crosses the cell membrane and binds with
ER in the nucleus. During binding, the heat shock protein (such as hsp 90, hsp70) will be
dissociated from ER, and the receptor will be activated. Activated ER tries to bind with
another ER present in the nucleus because of the conformational change in the receptor site
then, finally, it will be bind with each other. After binding, it binds to the ERE elements
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present on the DNA sequence. The DNA –bound receptors affect the transcription via
direct or indirect co-factor proteins [10] SRC-1, GRIP-1, TRAP 220, CBP/p300, and p68 RNA
helicase [11]. The interaction between ER and co-activators stabilizes the pre-initiation
step of transcription and smooth the progress of distraction of chromatin at the ERE. The
ERKO mice model is helpful in confirming the ligand-dependent ER signaling through the
ERE-mediated mechanism in in vitro studies.

3.2. Ligand Independent

In the absence of a ligand, ER can be activated by extracellular signals through phos-
phorylation. Extracellular signals involve the EGFR, cell cycle regulators, IGF-1 [12],
peptide growth factors, cytokines, neurotransmitters [13,14], and some analogs of intracel-
lular signals such as 8-bromo-cyclic-adenosine monophosphate that helps to activate the
ER [15]. Protein kinase C (PKC) [16] and protein kinase A (PKA) [17] are the regulators
of cellular phosphorylation that play a significant role in ER activation. These signals in-
crease the target gene response of ER. The activation of ER via growth factor requires AF-1
domain containing N-terminal, whereas intracellular signaling through cAMP requires
AF-2 domain of the receptor. Within the A/B domain, Cyclin A2, CDK-2, Ser-118, Ser-104,
Ser-106, Ser-154, Ser-167 residues are essential targets for the phosphorylation of MAPK
pathway even in the presence of E2, succeeding concern with EGF and IGF. After this, the
receptor will interact with p68 co-activator with RNA helicase and activated the transcrip-
tion. MAPK pathway recruits SRC-1 to N-terminal and stimulates the ER-β murine activity.
Co-activators play a significant role in transcription through the stimulation of ER and
other signaling pathways such as kinase pathway, and growth factors pathway [18].

3.3. ERE-Independent Genomic Signaling of ER

This mechanism activates ER-α through IGF-1 and collagenase expression via receptor
interaction with Jun and Fos at AP-1 binding sites. Various genes having GC-rich promoter
series are triggered via ER-α-Sp1 complex. Both binding domains such as AF-1 and AF-2 of
the receptor are required for the AP-1 responsive element of E2- ER-α activation that binds
and stimulates the activity of SRC-1 and GRIP-1 recruited by Fos/Jun. Interestingly, if the
AF-1 domain is absent in ER-β, that is not able to initiate the transcription of AP-1 regulated
genes. If an agonist is bound with ER, there is a chance of performing different physiological
actions through the regulation of a distinctive gene subset [19]. The interaction between
ER and AP-1 pathways has been reported to be more complicated in in-vitro conditions.
ERKO model is an irreplaceable mechanism that contributes to estrogen signaling.

3.4. Non-Genomic Signaling

In the breast and nervous system, ER shows non-genomic signaling through the
plasma membrane ER that is associated with intracellular signal transferring genetic ma-
terial from one part to another related proteins. It is closely associated with the various
kinase activations such as MAPK, protein kinases [20], Akt. It is mediated by classical
ERs (ER-α and ER-β) that are present on the cell membrane. Through kinase phosphoryla-
tion, they activate nitric oxide synthase [21] in caveolae where ERs are present, as shown
in Figure 3. Caveolae are a particular type of membrane that helps signal transduction
through various signaling molecules. ER-α can affiliate with plasma membrane due to
receptor palmitoylation [22], but they have no trans membrane domain. When plasma
membrane ERs are activated by estrogens, they exist in dimer form [23]. Plasma membrane
ER-α attaches with caveolin-1 protein scaffold as well as various signaling molecules such
as Src kinase [24], Sch [25], Ras [26], PI3–kinase [27], and G-protein [28]. Non-genomic
action of ER is performed by several kinase pathways such as Akt, m-TOR, and MAPK
mediated by phosphorylation. In this signaling, ER is activated by epidermal growth factor
(EGF), and insulin growth factor (IGF) that initiates further a variety of kinase pathways.
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Figure 3. The binding of epidermal growth factor (EGF) with EGFR activates the receptor signaling
due to phosphorylation. It stimulates various intracellular kinases signaling such as PI3K, Ras, MAPK,
mTOR and induces cell division, proliferation, and growth. It interferes with other cellular signaling,
such as IGFR, ER. It shows crosstalk with ER, which is present on the membrane, simultaneously cell
signaling starts and the formation of proteins.

4. Small Molecule Inhibitor Targeting Estrogen Receptor-α

In most of the target organs, ER-α exists as a predominant receptor. Consequently,
various anti-estrogens (the ligands that block ER-α) were developed to treat breast cancer.
Therefore, the primary therapy for ER-α breast cancers is synthetic anti-estrogen drugs.
The present review provides a broad summary and discusses the highlights of discoveries,
SAR studies, and binding interactions of various degraders of ERs reported to date.
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The X-ray cocrystal structures of ER-α in complex with estradiol (PDB id: 1GWR), is
shown in Figure 4 and Table 1. The binding conformation of endogenous ligands or with
synthetically developed compounds revealed that amino acid residues Glu-353 and Arg-394
are conserved amino acids residues that participate in hydrogen bond acceptor/donor
interactions with estradiol or other ligands such as tamoxifen, raloxifene, diethylstilbestrol,
hexahydrocyclopenta[e]chromene, benzothiazine, naphthalene, or indole. As shown in
Figure 4, these compounds also utilize amino acid residues such as Asp-351, His-524, and
Phe-404 for their binding to the ER-α receptor.
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Table 1. Reported X-ray cocrystal structures of ER-α selective inhibitors.

PDB Entry Estrogen Receptor
Isoform Inhibitor Names of Inhibitors Resolution (Å) Reference

3DT3 Estrogen
Receptor-α
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dro-6H-cyclopenta[a]phenan-
threne-3,17-diol 
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dro-6H-cyclopenta[a]phenan-
threne-3,17-diol 

3.20 [43] 

3ERD Estrogen Receptor-α 
 

(E)-4,4′-(hex-3-ene-3,4-diyl)diphe-
nol 2.03 [44] 

3ERT Estrogen Receptor-α 
(E)-4-(1-(4-(2-(dimethylamino)eth-
oxy)phenyl)-2-phenylbut-1-en-1-

yl)phenol 
1.90 [44] 

1A52 Estrogen Receptor-α 

 

(8R,9S,13S,14S,17S)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahy-

dro-6H-cyclopenta[a]phenan-
threne-3,17-diol 

2.80 [45] 

1ERE Estrogen Receptor-α 

 

(8R,9S,13S,14S,17S)-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahy-

dro-6H-cyclopenta[a]phenan-
threne-3,17-diol 

3.10 [46] 

1ERR Estrogen Receptor-α 

 

(6-hydroxy-2-(4-hydroxy-
phenyl)benzo[b]thiophen-3-yl)(4-

(2-(piperidin-1-yl)ethoxy)phe-
nyl)methanone 

2.60 [46] 

5. Strategies for Estrogen Receptor Degradation 
The initial rationale of modulating the estrogen receptor that could provide thera-

peutic benefits in overexpressed ER+ cancers prompted the development of tamoxifen 
(selective estrogen receptor modulator, SERM), which is widely prescribed as adjuvant 
therapy following surgery in ER+ breast cancer 14. Later, more attention to selective ER 
down-regulator (SERD) was provided, which led to the development of fulvestrant, 
which induces ER degradation. The inclusion of fulvestrant exhibited an improved treat-
ment for patients with ER-positive breast cancers with disease progression following tra-
ditional anti-estrogen therapy. The clinical success of fulvestrant showed a promising fu-
ture for selective estrogen receptor degraders. 

A paradigm shift in the way of targeting intracellular proteins by synthetic molecules 
is expanding the field of medicinal chemistry research. Mechanistically, these synthetic 
entities make a ternary complex between a protein of interest (POI) and an E3 ubiquitin 
ligase, leading to the POI ubiquitination and its subsequent degradation through traffick-
ing to the proteasome [47,48]. These chemical entities constitute of (1) a functionality or 

(8R,9S,13S,14S,17S)-13-methyl-
7,8,9,11,12,13,14,15,16,17-

decahydro-6H-
cyclopenta[a]phenanthrene-3,17-

diol

2.70 [40]

1UOM Estrogen
Receptor-α
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5. Strategies for Estrogen Receptor Degradation

The initial rationale of modulating the estrogen receptor that could provide therapeutic
benefits in overexpressed ER+ cancers prompted the development of tamoxifen (selective
estrogen receptor modulator, SERM), which is widely prescribed as adjuvant therapy
following surgery in ER+ breast cancer 14. Later, more attention to selective ER down-
regulator (SERD) was provided, which led to the development of fulvestrant, which induces
ER degradation. The inclusion of fulvestrant exhibited an improved treatment for patients
with ER-positive breast cancers with disease progression following traditional anti-estrogen
therapy. The clinical success of fulvestrant showed a promising future for selective estrogen
receptor degraders.

A paradigm shift in the way of targeting intracellular proteins by synthetic molecules
is expanding the field of medicinal chemistry research. Mechanistically, these synthetic
entities make a ternary complex between a protein of interest (POI) and an E3 ubiquitin
ligase, leading to the POI ubiquitination and its subsequent degradation through trafficking
to the proteasome [47,48]. These chemical entities constitute of (1) a functionality or
substructure or small molecular inhibitors that have affinity for POI, (2) a substructure of
ligand which has an affinity for recognizing the E3 ligase, and (3) a chemical spacer or linker
which tethered (1) and (2). These chemical entities can be called based on their chemical
elements PROTACs (proteolysis targeting chimeras), SNIPERS (specific and nongenetic IAP-
dependent protein erasers), and degronimers [49]. An illustration flow of the mechanism is
displayed in Figure 5. Several successful PROTACs and SNIPERs have been developed in
recent years [50–53].
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5.1. Peptide PROTACs

Prostate cancer is the second most common cancer in men [55,56], while breast can-
cer is the most common among women, representing 14% of female cancer deaths [56].
The pathophysiology of prostate and breast cancer demonstrated an androgen receptor
(AR) [57] and estrogen receptor-α [58,59] hormonal interventions, respectively. Hormonal
and systematic chemotherapies are typically used for metastatic breast and prostate can-
cer [58,59]. Recent clinical studies revealed: (a) 66% of breast cancer expressed ER-α and
70% respond to hormonal therapy, while prolonged therapy leads to complete refractory
cancer even though 30% of refractory tumors show ER-α expression [60], (b) around 85%
prostate cancer patients show a good response towards hormonal therapy initially, eventu-
ally refractory hormonal cancer within 18–24 months [61,62]. On the other hand, hormonal
therapy-resistant cancer shows abrupt signaling where over 50% of cases are linked with
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molecular and cellular change altering the activation of androgen receptors and cancer cells
proliferation even at low serum testosterone levels [63–71].

The initial attempt of a Collaboratory work by Sakamoto et al. conceptualized the
in vitro activity of estrogen PROTACs and androgen PROTACs [72]. They linked IκBα
phosphopeptide to estradiol or dihydrotestosterone (DHT) to recruit ER or AR to SCFβ-
TRCP to facilitate their ubiquitination and degradation [72]. These PROTACs consisted
of a minimal of 10 amino acid residues where the Serine residue was phosphorylated.
Asp-Arg-His-Asp-Phospho(Ser)- Gly-Leu-Asp-Ser-Met was linked to estradiol (in the case
of targeting estrogen receptor) or DHT (for targeting androgen receptor), as shown in
Figure 6A,B. The in vitro studies of Protac-2 (that is targeted for estrogen receptor) pro-
motes the concentration-dependent ubiquitination of ER by SCFβ-TRCP. Initial concentra-
tion (0.1–1 µM) showed an onset of ubiquitination, with a maximum degradation (Dmax)
achieved at 5–10µM. However, at higher concentrations, a hook effect was observed, which
is one of the common limitations of these strategies. In the competent assay, Protac-2 was
tested against IκBα phosphopeptide and estradiol separately. In observation, a 10-times
excess concentration of estradiol or IκBα phosphopeptide completely blocked the ubiquiti-
nation activity of 1 µm Protac-2. In contrast, the simultaneous addition of estradiol and
IκBα phosphopeptide failed to replicate the Protac-2 effect. The addition of a purified yeast
26S proteasome [73] added to ubiquitinated ER (in the presence of SCFβ-TRCP and Proatc-2)
showed the disappearance of high molecular mass ubiquitin complex within 10 min, illus-
trating the ER-ubiquitination of Proatc-2 is proteasomal mediated. The peptidic character
of IκBα limits its cellular penetrability and requires phosphorylation on two serine residues
to be recognized by SCFβ−TRCP, making it susceptive to phosphatases [74].

In order to overcome such limitations of Protac-2 and make it in vivo compatible, the
same researchers replaced the IKBα peptide with a hydroxyproline-containing pentapep-
tide derived from hypoxia-inducible factor-1α (HIF-1α). The hydroxyproline-containing
pentapeptide is not dependent on phosphorylation and is recognized by the VHL ubiquitin
ligase [75–77]. Therefore, Protac-2 was modified into an improved peptide-based PROTAC,
Protac-B, shown in Figure 6C. Further studies using MG132 (a proteasomal inhibitor) block
the ER degradation, confirming the proteasome-dependent degradation of the estrogen
receptor. In cancer cell studies, Protac-B inhibits the cell cycle and cell proliferation in
hormone-dependent breast cancer cell lines (MCF-7, IC50 = 50µM; T47D, IC50 = 16µM), but
no effect was observed on hormone-independent tumor cell line (SKBr3) [75].

In 2004 Kim’s research group from the University of Kentucky reported a cell-permeable
small molecular proteolysis inducer (SMPI), which utilizes the E3 ligase VHL [78]. The
designated SMPI (E2-SMPI) constitute two warheads at two terminals, hypoxia-inducible
factor-1α (HIF-1α) protein-derived octapeptide motif on one side with a role in recognition
of VHL E3 ligase, whereas estradiol on the other side was incorporated to recognize the
estrogen receptor, as shown in Figure 6D [78]. HIF-1α plays a critical role under low oxygen
stress conditions but is rapidly degraded under normal oxygen levels by the ubiquitin
proteasomal pathway. Mechanistically HIF-1α degradation is facilitated by the prolyl
hydroxylation of Pro564 (conserved residue), which is also recognized by the pVHL E3
ligase [79,80]. Therefore, adopting a synthetic peptide that contains hydroxyproline residue
564 of HIF-α would prompt a VHL E3 ligase degradation. In this approach, an octapeptide
containing residue from 561 to 568 and hydroxyproline at position 564, was found to
have enough chemical suitability to be recognized by VHL [79]. When MCF-7 cells were
treated with E2-SMPI for 15 h, a significant ER level was degraded. In order to confirm the
mechanism, an E2-SMPI was modified with its octapeptide hydroxyproline, which was
replaced with alanine E2-SMPI [ProOH→Ala]. No degradation was observed, justifying
the VHL–E2-SMPI mediated degradation of estrogen receptors in MCF-7 cells [78].
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Later, the optimization of HIF-α was reported by authors in 2010, where they reduced
the length of octapeptide to pentapeptide and further switched the point of linker tethering
(C17 to C16 and C7) to estradiol [81]. As shown in Figure 7, the choice of switching the
tethering linker points on estradiol structure is based on the following points: (a) C17 in
E2-SMPI contains an ester linkage which is susceptible to esterase leads to hydrolysis of
PROTAC, (b) geldanamycin tethered at C16 of estradiol showed no change in the interac-
tion of estradiol-estrogen receptor [82,83], suggesting C16 position is optimal for binding
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molecular obese structures such as in this case, (c) C7α position tethering of estradiol also
retained its ER binding [84–86]. In order to provide further support for C7α position teth-
ering, an E2 derivative with a long hydrocarbon tail at the C7α position (fulvestrant) had
reported with potent ER binding affinity. ER degradation studies were performed in MCF-7
cells, where C16α-based ER-peptide PROTAC-13 and -14 with the protected pentapeptide
were found comparatively potent. Similar to C16α-based ER-peptide PROTAC-13 and -14,
C7α-based ER-peptide PROTAC-24 demonstrated ER degradation levels.

Pharmaceutics 2022, 14, 2523 13 of 43 
 

 

position tethering, an E2 derivative with a long hydrocarbon tail at the C7α position (ful-
vestrant) had reported with potent ER binding affinity. ER degradation studies were per-
formed in MCF-7 cells, where C16α-based ER-peptide PROTAC-13 and -14 with the pro-
tected pentapeptide were found comparatively potent. Similar to C16α-based ER-peptide 
PROTAC-13 and -14, C7α-based ER-peptide PROTAC-24 demonstrated ER degradation 
levels. 

 
Figure 7. Development strategy for peptide-based ER-PROTACs. (A) Generalized structures and 
possible cases of derivatization. (B) Yielded peptide-PROTACs. 

5.2. Non-Peptidic PROTACs 
Generic lower in vivo stability is one major drawback of peptide-based PROTACs, 

which led researchers to investigate VHL and CRBN-based E3 ligase ligands. In 2014, 
GlaxoSmithKline (GSK) patented (WO/2014/108452) PROTACs targeting ER where 

Figure 7. Development strategy for peptide-based ER-PROTACs. (A) Generalized structures and
possible cases of derivatization. (B) Yielded peptide-PROTACs.



Pharmaceutics 2022, 14, 2523 14 of 43

5.2. Non-Peptidic PROTACs

Generic lower in vivo stability is one major drawback of peptide-based PROTACs,
which led researchers to investigate VHL and CRBN-based E3 ligase ligands. In 2014, Glax-
oSmithKline (GSK) patented (WO/2014/108452) PROTACs targeting ER where estradiol
was used as an ER warhead, and VHL ligand was used as an E3 ligase warhead. The
general structure of PROTACs is shown in Figure 8 [87]. Various PEG linkers were used to
conjugate the estradiol and VHL ligand, which resulted in potent VHL-based PROTACs
that displayed degradation of ER-α at 1 µM concentration.
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In 2019, Wang’s research group from the University of Michigan presented VHL and
CRBL-based ER-α PROTACs [88]. Based on the X-ray cocrystal structure [46], authors
found that N, N-diethylamino terminal of raloxifene derivative is solvent exposed and
can be used as a tethering point for PROTAC strategy (as shown in Figure 9B). PROTACs
based on CRBN E3 ligand were found with ineffective degradation activity in the range of
1–1000 nM, whereas VHL E3 ligand-based PROTACs showed ER-α degradation, which led
the authors to focus on the VHL-based PROTACs optimization. Based on their previous
experience developing bromodomain and extra-terminal (BET) degraders PROTACs, the
authors reclaimed the length and chemical composition of the linker is critical to attaining
efficient degradation of targeted protein [89–91]. Therefore, a series of linker-types with hy-
drocarbon chain lengths of three-carbons to nine-carbons were incorporated. Quantitative
cellular ER-α in MCF-7 cells was measured by Western blotting. The synthesized PROTACs
showed similar activities, while ERD-148 had slightly more potency, which led the authors
further to optimize the linker chemical composition of the ERD-148. Incorporating oxygen
atoms in these linkers resulted in PROTACs showing effective ER-α degradation-inducing
ability at 10 and 100 nM in MCF-7 cells. In addition, ERD-148 had limited aqueous solu-
bility because of the incorporation of long hydrocarbon chain hydrobophicity, which was
improved by incorporating heteroatoms (oxygen) in the hydrocarbon chain. ERD-308 was
yielded as the most potent VHL ligand-based ER-α PROTAC. The induced ER degradation
of ERD-308 in T47D ER+ breast cancer cell line was found DC50 = 0.43 nM, while maximum
ER-degradation (>95%) was noted at 5 nM, but at a higher dosage (at 1 µM) hook effect was
observed. Kinetic studies of ER degradation of ERD-308 was investigated in MCF-7 cells.



Pharmaceutics 2022, 14, 2523 15 of 43

At 30 nM, more than 80% ER protein cellular level was reduced in first 1 h after treatment,
and a complete ER degradation was achieved at the 3 h time-point. In contrast, fulvestrant,
a typical SERD, had shown a mild effect on ER cellular level at 1 h and attained maximum
ER degradation (90%) after 24 h of treatment. Similar kinetic data was also obtained for
ERD-308 and fulvestrant in T47D cells. Based on the observation in both the cell lines,
the author concluded that ERD-308 as a fast ER-α degradation kinetics. Furthermore, the
ER-αprotein degradation mechanism was studied by using competitive assays. In those
assays, a significant reduction in degradation activities of ERD-308 (at 30 nM) were noticed
with the addition of raloxifene (1 µM) and 1 µM of the proteasome inhibitor (carfilzomib).
Adding VHL ligand (5 or 10 µM) also reduced the degradation activity of ERD-308. These
studies showed that ERD-308 ER degradation activity is proteasomal mediated. The effect
on cell proliferation of ERD-308 was studied in MCF-7 cells using WST-8 cell proliferation
assay, with raloxifene and fulvestrant used as controls during the experiments. ERD-308
showed IC50 (0.77 nM) and a maximum inhibition Imax of 57.5%. In contrast, fulvestrant
was also found quite potent in the inhibition of cell proliferation with Imax = 43.8%, while
raloxifene was only able to achieve an Imax value of 34.0%. However, as anticipated, the
authors didn’t find not cell proliferation inhibition of ERD-308 in triple-negative breast
cancer cell (MDA-MB-231) and primary human mammary epithelial cells. Using quantita-
tive reverse transcription-polymerase chain reaction analysis, ERD-308 downregulates the
ER-regulated genes (pGR and GREB1) [88].

As clinical studies revealed that somatic mutations (Tyr537Ser (Y537S) and Asp538Gly
(D538G)) in estrogen receptor α (ER-α) ligand-binding domain (LBD) are detected in ~30%
of endocrine-resistant metastatic ER-positive breast cancer patients [92]. These ESR1 muta-
tions lead to the agonist conformation of ER-α, confer an estrogen-independent phenotype,
and aggravate the resistance to antiestrogen drugs [93–96]. In order to investigate the
effectivity of current developed PROTACs, Wang and Rae Coworkers studied the ER-α
degradation in estrogen-independent clones engineered MC7-cells that were expressing the
ESR1 LBD mutations Y537S and D538G [97]. The most potent PROTAC resulted from their
previous study [88], ERD-148 superiorly downregulated the ER-α expression in compared
to fulvestrant in wild-type MCF-7 and CRISPR/cas9 knock-in LBD mutated MCF-7 cells.
The antiproliferation cellular effect of ERD-148 was reversed by 17β-estradiol treatment,
suggesting a reversible competition inhibition of ERD-148, showcasing its ER antagonism.
Importantly, ERD-148 showed minimal non-specific toxicity in estrogen-independent cell
lines (MDA-MB-468 and MDA-MB-231 cells) at concentrations above its ~IC90, indicating
its promising therapeutic role in ER-positive cancers [97].
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6. SNIPERs

SNIPERS work similarly to PROTACs, but because they utilize different E3 ligase pro-
teins, and therefore called IAP-based PROTACs (or, more specifically, SNIPERs). SNIPERs
utilize IAPs (Inhibitors of apoptosis protein) proteins, which are a class of negative regula-
tors for apoptosis in mammalian cells and thereby inhibit cellular apoptosis by inhibiting



Pharmaceutics 2022, 14, 2523 17 of 43

the caspase cascade. There are eight members in the mammalian IAP family: cellular
IAP1 (c-IAP1), X-chromosome-linked IAP (XIAP), cellular IAP2 (c-IAP2), neuronal IAP
(NAIP), ubiquitin-conjugating BIR domain enzyme (BRUCE), survivin, IAP-like protein 2
(ILP2) and melanoma IAP (ML-IAP), as shown in Figure 10 [50,98,99]. These proteins are
a family of antiapoptotic proteins, which have one-to-three baculoviral IAP repeat (BIR)
domains that are of a 70–80 amino acids long motif, as shown in Figure 10 [100–103]. Along
with BIR domains, IAPs also contain a ubiquitin-associated (UBA) and a RING domain in
their structure, as shown in Figure 10. The BIR2 domain of XIAP prevents the activation
of caspase-3 and caspase-7, while the BIR3 domain selectively prevents the activation of
caspase 9 [104]. Interestingly, c-IAP1 and c-IAP2 also interact with caspase-3/9 but don’t
inhibit their activation [105]. However, c-IAP1 and c-IAP2, along with XIAP, possess one
UBA domain that contributes to ubiquitin chain binding [106]. ILP2 possesses RING finger
domain, which assists its interaction with E2 ubiquitin-conjugating enzymes (UBCs), while
BRUCE possesses a UBC domain. In addition, IAPs do their ubiquitylation and associated
proteins. cIAP1, CIAP2, and XIAP (X chromosome-linked IAP) are directly involved in
regulating the caspases cascade and are extensively studied IAPs. IAPs became attractive
targets in devising a novel cancer-targeting approach as reports suggested their overexpres-
sion in multiple malignant cancers commonly related to cell proliferation, drug resistance,
and poor prognosis [107–109]. The retrieved chemical biology of IAPs was exploited in
developing their potent small molecule inhibitors/antagonists as potent anticancer thera-
peutics, while some of them succeeded in reaching the various stages of clinical trials, as
shown in Figure 11 [110–112].
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In addition to their identifications as cancer targets, they also show E3 ligase activity,
which thrives PROTAC development. Bestatin (BS) and its derivative show binding activity
towards the BIR3 domain of IAPs and therefore induce self-ubiquitination-based proteaso-
mal degradation [113]. With such high affinities for IAPs, BS-based compounds (as shown
in Figure 12A) were an easy choice for chemical biologists to adapt their structure to derive
a class of SNIPERs. Natio et al. reported that MeBS could enhance the chemosensitivity
of cancer cells toward apoptosis induced by cancer drugs. Mechanistic studies revealed
that MeBS induces RING-dependent auto-ubiquitylation and proteasomal degradation of
cIAP1 by interacting with the third BIR domain of cIAP1 (as shown in Figure 12B). The
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SAR studies revealed that reduced cIAP1 levels were maintained even with the replace-
ment of methyl carboxylate with bulkier groups, indicating no participation of the methyl
carboxylate group of MeBS during its interaction with cIAP1. Although, structural changes
in the bestatin backbone severely reduced the activity by lowering the cIAP1 expression,
suggesting an active role of bestatin backbone in interaction with cIAP1 [113]. These obser-
vations prompted Natio et al. to extend the molecular frame to devise SNIPERs, where the
position of the methyl group is used as tethered to attach a linker which is further tethered
to molecules that have intrinsic activity for targeted protein, as shown in Figure 12C.
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6.1. Non-Peptidic SNIPERs

In 2011, Hashimoto’s research group from the University of Tokyo (Japan) utilized
the Estrodiol -based SNIPERs to degrade the estrogen receptors [114]. The authors used
an estrone scaffold to functionalize it at the C17 position with bestatin (a ligand of cellular
inhibitor of apoptosis protein 1 (cIAP1), one of the IAPs) through a linear linker [114].
Instead of calling them SNIPERs, authors choose to call them PROTAC-11 and PROTAC-
12. Western blotting estimated the ER levels in MCF-7 cells for PROATC-11, estrone,
bestatin, and PROTAC-12 (a negative control that lacks chemical specificity to bind with
cIAP1). Among these, PROTAC-11 showed a comparatively low level of ER cellular level.
However, in our opinion, the imine functionality with oxygen (marked in a red dotted circle
in Figure 13) makes PROTAC-11 susceptible to hydrolysis at physiological pH; therefore,
PROTACs with these kinds of functionalities would have a shorter half-life and limited
physicochemical properties.

In 2012, Naito and Kurihara, co-workers from the National Institute of Health Sci-
ences Tokyo, Japan, developed SNIPERs (original publication: PROTAC-5, PROTAC-6,
and PROTAC-7) constituting two warheads: 4-hydroxytamoxifen, that recognize the ER
while bestatin moiety recognizes cIAPs [115]. Using an X-ray cocrystal (PDB id: 3ERT)
N, N dimethylamino moiety of 4-hydroxytamoxifen with estrogen receptor, an alkyl teth-
ering was used to join the bestatin moiety with the N, N dimethylamino moiety of 4-
hydroxytamoxifen, as shown as red circle in Figure 14A,B [115]. The authors studied the
dose-response effect on ER-α protein degradation of PROTAC-5, 6, and 7 on MCF-7 breast
cancer cells. By comparing the data produced by Western blotting, ER-α protein was
measured in the MCF-7 cells. The protein ER-α levels were increased with (E/Z)-endoxifen
treatment [116], and reduced levels of ER-α were noticed with 10 or 30 µM of compound
5, 6, or 7 in MCF-7 cells. However, when cells were treated with (E/Z)-endoxifen and
methyl bestatin) together, no change in ER-α protein degradation was observed [113],
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suggesting the PROTAC strategy when (E/Z)-endoxifen tethered with methyl bestatin (at a
concentration of greater than 10 µM) efficiently degrades the cellular ER-α protein. In order
to provide further evidence, a competitive assay against a proteasome inhibitor, MG132,
abrogated the cellular ER-α protein degradation induced by 5, 6, and 7, demonstrating
the proteasomal-mediated degradation of ER-α protein [115]. In our opinion, this study
would be more appealing to chemical biologists if the authors had compared the effect of
configurational isomerization of these SNIPERs on ER-α cellular degradation, as specific
isomers could be more potent than reported values.
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In order to understand the ER-α degradation mechanism of SNIPER(ER)-3 [117]
(reported initially in a previous publication as PROTAC-7 [114]), the authors performed
extensive biochemical studies [117]. In their study, bestatin ((−)-N-[(2S, 3R)-3-amino-2-
hydroxy-4-phenyl-butyryl]-L-leucine) was used as cIAP ligand, which in methyl ester
form can directly interact with BIR3 domain of cIAP1 and triggered auto-ubiquitylation
of cIAP1 and subsequently proteasomal degradation of cIAP1 [113]. SAR studies sug-
gested that the methyl ester version of bestatin (MeBS) degrades cIAP1 irrelevant to the
methylation even onto the other residues [113]. In order to determine the specificity of
these synthetic’s SNIPER-induced ER-α degradation from the cellular degradation (which
takes place after the estrogen binding to its receptor [118]), the authors used MCF-7 cells
precultured in estrogen-depleted serum-containing media for 96 h. Later, treatment with
SNIPER(ER)-3, β-estradiol, 4-OHT, MeBS, and a combination of MeBS and 4-OHT were
performed. By using Western blotting, in the absence of β-estradiol, SNIPER(ER)-3 showed
reduced cellular levs of ER-α protein, while no effect ER-α levels were observed in the
presence of 4-OHT, MeBS, or with their combination (4-OHT, MeBS). Furthermore, cellular
levels of cIAP1 were also decreased by SNIPER(ER)-3 (at 30 µM) as well as MeBS, indicat-
ing the SNIPER(ER)-3 triggered the auto-ubiquitylation and proteasomal degradation of
cIAP1. In addition, a decrease in ER-α cellular level was observed in the presence of β-
estradiol. β-estradiol-induced expression of pS2 mRNA but not the SNIPER(ER)-3, while
SNIPER(ER)-3 inhibit the upregulation of pS2 induced by β-estradiol (same as 4-OHT
did). These mRNA expression studies suggested SNIPER(ER)-3 induced ER-α degrada-
tion is independent rather than activation of ER-α receptor, exemplifying an example of
event-driven pharmacology [117].
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In order to achieve higher SNIPER effectivity, a collaborative work by Naito co-workers
in 2017 showed utilization of other IAPs protein ligands (as shown in Figure 14D,E). As
SMAC/DIABLO is an endogenous protein partner of IAPs that behaves as an antagonist. It
utilizes its N-terminal IAP binding motif to interact with IAPs. By ligand-based design, the
binding conformation of IAP-binding tetrapeptides of SMAC, and new peptidomimetics as
IAP antagonists were developed. These peptidomimetics showed potent effects and cell
permeability and are in the clinical development phase [119,120]. These IAP antagonists
show a strong affinity toward the BIR domains of IAP proteins than bestatin, which triggers
a rapid autoubiquitylation, followed by proteasomal degradation of IAPs [121–123], and,
therefore, well-suited to improve the predesign of SNIPER(ER)-3 (or PROTAC-7 [114]).
As warheads of estrogen receptors, the following ligands (4-OHT, Raloxifene, estradiol,
lasofoxifene) were used, while MV1 and bestatin were used as IAPs warheads, as shown in
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Figure 14D. SNIPER(ER)-19 (4-OHT-MV1, which had 4-OHT as estrogen receptor warhead
and MV1 as IAP warhead) at 30 nM decreased the ER-α levels in MCF-7 breast cancer cells.
To expand the scope of SNIPERs, various ER-α ligands were combined with IAP antag-
onists using different length linkers, where SNIPER(ER)-20 had the most potent activity.
To achieve a more potent activity, other IAP antagonists were incorporated, which led to
the identification of SNIPER(ER)-87. SNIPER(ER)-87 (DC50 =< 3 nM; Dmax ≈ 100 nM) is
derived from LCL161, showed a more ER-α reduction than SNIPER(ER)-20. The effect
of the length of linker also played a role, as a longer linker containing SNIPER(ER)-87,
SNIPER(ER)-88, later one had ER-α degradation within 1 h after treatment and sustained
for 48 h, while shorter length linker containing SNIPER(ER)-89 had an attenuated degra-
dation activity. In the competent assay, estrogen receptor warhead (4-OHT) and the IAP
antagonist (LCL161 derivative), when treated together, no decrease in the ER-α protein
level was observed in MCF-7 breast cancer cells (IC50 = 15.6 nM), suggesting SNIPER(ER)-
87 as an ideal example of event-driven pharmacology. SNIPER(ER)-87 prevented the
proliferation of ER-positive breast tumor cells (MCF-7, IC50 = 15.6 nM; T47D, IC50 = 9.6
nM) by suppressing the ER-dependent transcriptional activation. Similar to other SNIPERs
and IAP antagonists, SNIPER(ER)-87 reduced the cIAP1 level and, to some extent, levels
of XIAP, suggesting an autoubiquitylation, followed by proteasomal degradation of cIAP.
ER-α degradation proficiency of SNIPER(ER)-87 was measured in vivo using ovarian ER-α
level. Later, SNIPER(ER)-87 (10 or 30 mg/kg body weight) was injected intraperitoneally
into the female BALB/c mice, where a significant reduction of ER-α protein levels in the
ovary was recorded. Later, to evaluate in vivo ER-α knockdown in a tumor model, authors
developed MCF-7 breast tumor xenografts in nude mice, where SNIPER(ER)-87 deceased
the ovarian cellular levels of ER-α.

Encouraged by the proficiency of SNIPER(ER)-87, the authors screened other IAP an-
tagonists in search of gaining more ER-α degradation potency [124]. Therefore, the authors
used IAP antagonists from reported studies [125,126] and screened them for their binding
affinity to XIAP to decrease the ER-α expression in MCF-7 cells, as SNIPER(ER)-87 recruits
XIAP for ER-α degradation [127]. As shown in Figure 15, replacing LC131 with other IAP
antagonists yielded five (SNIPER(ER) (-105, -110, -113, -119, -126) (as shown in Figure 15)
that were either comparable or more potent than SNIPER(ER)-87 for durations of 4 h and
48 h, respectively, as shown in Table 2 [124]. SNIPER(ER)-130 and -131 demonstrated
an abrogated activity despite their potent XIAP affinities, which indicates that increased
XIAP binding is vital to attain an effective ER-α degradation but not the only determinant
to achieving complete degradation activity. However, (SNIPER(ER)-104, -118, -121, -134,
and -136) had not triggered ER-α degradation from 1 nM until 100 nM and exhibited
lower binding affinities to XIAP, as shown in Table 2. While SNIPER-105, -110, and -126
demonstrated more potent ER-α degradation than SNIPER(ER)-87 in ER-α-dependent
breast cancer cell lines (T47D and ZR-75-1). Studied IAP antagonists of the current study
(as shown in Figure 15) were reported to induce proteasomal degradation of cIAP1 and
their respective targeted proteins [117,127–132]. An increasing trend in the binding cIAP1
affinity of SNIPER(ER)-105, -110, -113, -119, and -126 proportionally decreases the cIAP1
levels compared to SNIPER(ER)-87 (as shown in Table 2). Further analysis showed 48
h exposure prolonged exposure potently reduces cellular levels of XIAP in MCF-7 cells
compared to SNIPER(ER)-87. Similarly, prolonged exposure of 48 h, a pronounced reduc-
tion in the cellular level of XIAP with these SNIPER(ER)s in T47D but weaker after 4 h
of exposure. The differential degradation of cIAP1 and XIAP exhibited by SNIPER(ER)s,
indicates a degradation-specific mechanism for these IAPs. As authors previously observed
ER-α degradation of SNIPER(ER)-87 preferentially utilized XIAP [127]. To scrutinize IAP-
specific ER-α degradation of these SNIPER(ER)s, (SNIPER(ER)-105, -110, and -126) were
tested in MCF-7 and T47D cancer cell lines with or without MG132. The authors observed
the anti-ER-α precipitates contained both IAPs (XIAP and cIAP1) in the SNIPER(ER)s
treated cells, while cIAP2 cellular levels were not examined as MCF-7 and T47D cells do
not express cIAP2 under typical cell culture and cIAP1down-regulated conditions. By com-
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paring the cellular XIAP levels with cIAP1 in cell lysates, the authors observed preferential
recruitment of XIAP to ER-α of these SNIPER(ER)s. To consolidate XIAP recruitment-based
ER-α degradation, authors depleted the XIAP using siRNA in MCF-7 and T47D cells,
which results in suppresses the ER-α degradation induced by SNIPER(ER)s. These obser-
vations led authors to consider the SNIPER(ER)-105, -110, and -126 as preferential XIAP
recruiter to ER-α, which in contrast is similar to SNIPER(ER)-87 illustrated mechanisms.
Interesting, similar molecular structure containing SNIPERs (regioisomers), which only
differ in their arene substitutions (highlighted in red color in Figure 15) of IAP antagonist,
SNIPER(ER)-110 (meta-substitution), -113 (para-substitution), and -119 (ortho-substitution).
Meta-substituent version (SNIPER(ER)-110) exhibited higher ER-α degrade activity which
led the authors to choose SNIPER(ER)-110 to study the biochemical mechanism. When
these synthesized SNIPERS tested against ER-α-positive breast tumor cells (MCF-7 and
T47D) and ER-α-negative breast tumor cells (MDA-MB-231), a significant number of MCF-7
cells, but not T47D cells were underwent apoptosis under microscopic analysis, which
later confirmed by flow cytometric analysis and annexin V/propidium iodide (PI) staining.
These observations suggested that SNIPER(ER)-105, SNIPER(ER)-110, and SNIPER(ER)-
126 (at above 50 nM) induce higher apoptosis in MCF-7 cells than SNIPER(ER)-87, but
reasonable apoptosis was not observed in T47D cells [124].

Table 2. In vitro binding affinities (IC50) of synthesized SNIPERs to ER-α and IAPs. The table was
reproduced under the terms of the Creative Commons CC-BY license [124].

SNIPERs
ER-α DC50 IC50 (95% CI) IAP Ligands

4 h 48 h ER-α cIAP1 cIAP2 XIAP Developer Reference

SNIPER(ER)-87 <3 83.0 110 450 960 700 Novartis WO2008016893

SNIPER(ER)-104 >100 ND 61 >1000 >1000 >1000 Novartis WO2012080260

SNIPER(ER)-105 <3 <3 69 5.3 7.2 55 Novartis WO2012080271

SNIPER(ER)-110 <3 7.7 120 74 73 330 Abbott [133]; WO2016169989

SNIPER(ER)-113 <3 13.3 150 85 99 810 Abbott [133]; WO2016169989

SNIPER(ER)-118 >100 ND 230 140 900 >1000 AstraZeneca [125]

SNIPER(ER)-119 4 15.7 200 80 48 700 Abbott [133]; WO2016169989

SNIPER(ER)-121 >100 ND ND 650 >1000 >1000 AstraZeneca [125]

SNIPER(ER)-126 <3 3.7 83 68 200 490 Novartis WO2008016893

SNIPER(ER)-130 36.9 ND 41 68 28 25 Genentech [134]

SNIPER(ER)-131 33.8 ND 80 25 24 140 Genentech [126]

SNIPER(ER)-134 >100 ND 47 550 360 >1000 Abbott [133]

SNIPER(ER)-136 >100 ND 47 890 >1000 >1000 Genentech [134]; WO2006069063

To comprehend the reasoning behind differential apoptosis induced by these SNIPER(ER)-
105, -110, and -126 in MCF-7 cells, but not in T47D cells, and these SNIPERs induce degra-
dation of cIAP1 and XIAP more potently than SNIPER(ER)-87, authors carefully examined
the effects of IAP depletion in MCF-7 and T47D cells. Silencing of cIAP1 and XIAP by
siRNA somewhat reduced the number of MCF-7 cells, while combined silencing (cIAP1
and XIAP) led to nearly 50% decrease in MCF-7 cell number when compared with un-
treated cells and was accompanied by caspase activation. While in T47D cells, similar
IAPs silencing, no observation of reduced cell number and caspases activation was made.
Interestingly, silencing of ER-α in MCF-7 and T47D cells led to decrease the cell numbers in
both cell lines, without caspase activation. Additionally, triple silencing of ER-α, XIAP, and
cIAP1 led an MCF-7 cell number reduction higher than what was observed with T47D cells;
and caspase activation on observed in MCF-7 cells. In contrast, an observation of LCL161
sensitized tumor necrosis factor α (TNFα)-dependent apoptosis in MCF-7 cells, but not
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T47D cells was made. Based on these observations, the authors advocate IAPs dependency
behind MCF-7 cells survival, but not for T47D cells; characterizing IAPs involvement in
the selective apoptosis induction in MCF-7 cells treated to SNIPER(ER)-105, -110, and
-126. However, if an IAP ligand of higher binding affinity is incorporated into SNIPER,
that could induce a significant level of protein knockout and cytotoxicity to cancer cells
requiring IAPs for their survival; these differences can be subsided or largely minimized.
Therefore, these observed differences in those two cell lines could be resulted from their
different needs for IAPs.
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Based on their previous ER-PROTAC experience, GSK patented (WO/2016/169989A1)
SNIPERs using raloxifene derivative [135] and IAP recruiting moiety in 2016, as shown as
Figure 16 [136]. These SNIPERs exhibited more than 50% ER-α degradation below 1 µM
concentration.
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6.2. Peptide-Based SNIPERs

In 2016, Demizu et al. from the National Institute of Health Sciences (Tokyo, Japan)
developed peptide-based SNIPER for estrogen receptor α (ER-α), where MV1 structure was
used to recruit IAP (cIAP1/cIAP2/XIAP) to trigger the ubiquitylation of ER-α [137]. The
rationality behind using a peptide instead of an ER-α-based small heterocyclic molecule,
is small ER-α inhibitor inherited with a weaker to moderate agonistic effect on ER-α
in uterine cancer cells, which can precipitate the risk of endometrial cancer [138,139].
Therefore, in search of newer scaffolds for ER-α inhibitors, peptidomimetic Estrogen
Receptor Modulators (PERM) were identified. The authors utilized the PERM3-R7 as ER-α
warhead and MV1 ligand structure for recruiting the cIAP1. PERM3-R7 is designed on a
PERM3 scaffold, which itself is a LXXLL-like mimetic (where L represents leucine, while X
represents other amino acid residues) of the Steroid Receptor Coactivator 1 (SRC-1) that
binds with the ER-α surface [40,140], while R7 represents a hepta-arginine fragment that
was fitted to PERM3 to enhance the cellular permeability of PERM. In addition, the peptide
nature could allow PERM3-R7 to adopt a stable α-helical conformation to prevent ER-based
transcription and suppresses the expression mRNA of pS2 (an ER-mediated gene whose
expression is upregulated by E2) at the cellular level [141,142].

Based on Western blotting, the estrogen receptor cellular levels were quantified in
MCF-7 cells. Repetition of PEG linker was used to conjugate the PERM-R7 and MV1 ligand
structure, no ER degradation activity for the shorter (PERM-R7 SNIPER-2) and medium
PEG linker-based peptide SNIPERs (PERM-R7 SNIPER-3), as shown in Figure 17. Mean-
while, a longer PEG linker (PERM-R7 SNIPER-4) showed dose-dependent ER-degradation
activity and reduced levels of cIAP1, as shown in Figure 17. Interestingly, when PEG
linkers were replaced with five β-alanine residues, yielded PERM-R7 SNIPER-5 showed
comparatively lower ER-degradation PERM-R7 SNIPER-4 (also showed cytotoxicity effect
at >6.0-µM) but showed no cytotoxicity effects even at higher dosage (20 µM). Furthermore,
the ER degradation for these peptide SNIPERs were found to be proteasomal mediated
as MG132 abrogated their degradation activity. Interestingly, an observation of the re-
duced cellular levels of cIAP1 protein with 1.0 µM PERM-R7 SNIPER-3, suggested that
these peptide SNIPERs activate the autoubiquitylation, followed by proteasomal mediated
cIAP1degradation itself with a pan-IAP ligand (MV-1) as a recruiting warhead, therefore
resulted activities could be cumulative of mixed biochemical events that took place at
cellular levels.



Pharmaceutics 2022, 14, 2523 26 of 43Pharmaceutics 2022, 14, 2523 27 of 43 
 

 

 
Figure 17. Molecular structure of PERM-R7 (marked in green color) based SNIPERs, which display 
a hepta-arginine fragment (marked in blue color) and MV1 derived structure (in orange color). 

7. Antibody Drug Conjugates Based PROTACs and SNIPERs 
Research collaboration of Genentech teams from the United states of America (South 

San Francisco, CA 94080, USA) and China (Shanghai 200131) developed antibody conju-
gates with their own in-house estrogen receptor degraders [143]. Researchers used a ta-
moxifen scaffold (in a 1:1 mixture of E and Z-isomers) for preparing these degraders 
[144,145], as enlisted in Table 3. Based on the ligase choice, the 5 and 8 were SNIPERs, as 
shown in Figure 18A. Using immunofluorescence (IF) readout in wild-type MCF7 cells 
and engineered MCF7 cells (that had an over-expressed HER2 onto the cell surface), 
SNIPER-5 and VHL-PROTAC-6 showed a nearly complete ER-α protein degradation 
[146]. Modification with an epimer of hydroyproline in VHL structure of VHL-PROTAC-
6 led to the formation of VHL-PROTAC-7 (as a negative control), as hydroxylation of 
proline of VHL abolishes the adopting conformation binding of such modified VHL struc-
tures, as shown in Figure 18B. 

Interestingly, VHL-PROTAC-7 showed a weak but measurable ER-α degradation 
activity compared to its parent molecule VHL-PROTAC-6. To rationalize such observa-
tion, the researcher when tested the exact ER-α warhead (endoxifen, a metabolite of ta-
moxifen), showed ER-α degradation effects. However, the authors point out that the deg-
radation consistency with VHL-PROTAC-7 and endoxifen (ER-α warhead of VHL-
PROTAC-7), could be resulted from their binary complex formation between ER-α pro-
tein itself with PROTAC through endoxifen (as ER-α warhead). In our understanding, to 

Figure 17. Molecular structure of PERM-R7 (marked in green color) based SNIPERs, which display a
hepta-arginine fragment (marked in blue color) and MV1 derived structure (in orange color).

7. Antibody Drug Conjugates Based PROTACs and SNIPERs

Research collaboration of Genentech teams from the United states of America (South
San Francisco, CA 94080, USA) and China (Shanghai 200131) developed antibody conju-
gates with their own in-house estrogen receptor degraders [143]. Researchers used a tamox-
ifen scaffold (in a 1:1 mixture of E and Z-isomers) for preparing these degraders [144,145],
as enlisted in Table 3. Based on the ligase choice, the 5 and 8 were SNIPERs, as shown
in Figure 18A. Using immunofluorescence (IF) readout in wild-type MCF7 cells and en-
gineered MCF7 cells (that had an over-expressed HER2 onto the cell surface), SNIPER-5
and VHL-PROTAC-6 showed a nearly complete ER-α protein degradation [146]. Modifi-
cation with an epimer of hydroyproline in VHL structure of VHL-PROTAC-6 led to the
formation of VHL-PROTAC-7 (as a negative control), as hydroxylation of proline of VHL
abolishes the adopting conformation binding of such modified VHL structures, as shown
in Figure 18B.
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Table 3. PROTAC and SNIPER used for Antibody Drug Conjugates. Reproduced with permission
from Dragovich et al. [143] Copyright 2020 Elsevier.

MCF7-Neo/HER2 (ER-α) MCF7 Parental (ER-α)

Chemotypes Ligase DC50 (nM) Dmax DC50 (nM) Dmax

fulvestrant - 0.38 ± 0.07 84% 0.45 ± 0.01 87%

SNIPER-5 XIAP 1.6 ± 0.12 85% 0.68 ± 0.13 87%

VHL-PROTAC-6 VHL 4.9 ± 0.57 92% 2.7 ± 0.71 92%

VHL-PROTAC-7 VHL 7.9 ± 0.71 57% 5.2 ± 0.01 54%

SNIPER-8 XIAP 305 ± 103 76% 131 ± 2.1 75%

endoxifen - 1.1 ± 0.37 48% 1.6 ± 0.01 49%
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Interestingly, VHL-PROTAC-7 showed a weak but measurable ER-α degradation
activity compared to its parent molecule VHL-PROTAC-6. To rationalize such observation,
the researcher when tested the exact ER-α warhead (endoxifen, a metabolite of tamoxifen),
showed ER-α degradation effects. However, the authors point out that the degradation
consistency with VHL-PROTAC-7 and endoxifen (ER-α warhead of VHL-PROTAC-7),
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could be resulted from their binary complex formation between ER-α protein itself with
PROTAC through endoxifen (as ER-α warhead). In our understanding, to demonstrate
these presuppositions, authors need to carry out extensive concomitant experiments with
other VHL ligands (which can work as negative control) or molecular probes that can work
as ER-warheads.

Later, the quantitative Western blotting analysis showed concentration-dependent ER-
α degradation in MCF7-neo/HER2 cells of VHL-PROTAC-6. Interestingly a discrepancy
in the degradation between immunofluorescence and Western blotting methods for VHL-
PROTAC-7 and endoxifen was observed. These differences could be originated from weak
ligands triggered changes in ER-α conformational and/or subcellular localization, and that
led to minimize/restrict the recognition of the ER-α detection antibody in the intracellular
microenvironment during immunofluorescence experiments (this issues would be subsided
as cells were lysed after treatment and ER-α protein is fully denatured in Western blotting
method) [147]. Authors developed a control (SNIPER-8) based on SNIPER-5 structure,
where O-benzylation was carried out onto the phenol of tamoxifen of SNIPER-5, as shown
in Figure 18A. SNIPER-8 displayed a poor DC50 value compared to its parent (SNIPER-5),
showcasing relevance of phenolic (-OH) of tamoxifen for its potency, which in our opinion
can be attributed either through physiochemically (by improving polarity) or biophysically
(involved in H-bond acceptor or donor interaction with the target protein).

As the metabolic stability of antibody conjugates is feared to be their main limitation
for their in vivo application among chemical biologists, authors evaluated the SNIPER-5
and VHL-PROTAC-6 towards human liver lysosomes. In this study, the authors assess
their metabolic survivability when exposed to the intracellular lysosomal environment [148].
SNIPER-5 and VHL-PROTAC-6 exhibited reasonable in vitro stability (T1/2 > 24 h), where
a fraction of amide linkage hydrolysis of VHL-PROTAC-6 was observed. In order to
achieve desired antibody-conjugated degrader, authors initially connect a linker (Valine-
Citrulline-para-amino-benzyloxy) to SNIPER-5 to yield 10 (a linker drug molecule). Such
linkers are key modalities commonly employed in bioorthogonal chemistry as they tend
to undergo protease-mediated cleavage in lysosomes, proficiently unloading the drugs
following intracellular antibody delivery [149,150]. In addition, maleimide functionality at
the terminus of these linkers quickly reacted with engineered cysteine residues of mono-
clonal antibodies, yielding the required antibody conjugates [151–154]. However, when
authored attempted to conjugate 10 with an HER2-targetted antibody that contained an
engineered cysteine at LC-K149 site [target drug-antibody ratio (DAR) = 2.0], a high degree
of self-aggregation behavior was observed for formed antibody conjugate [155]. Such
behavior of high degree of self-aggregation might be attributed by the high hydrophobic
character of linker-drug (10) intolerable on the antibody surface [156]. Therefore, purifi-
cation procedures were followed to attain enough pure quantity of antibody conjugate
for biological testing. Interestingly, the choice of a site on mAB was reported to afford
in vivo stable maleimide-derived ADCs that don’t show retro-Michael-related deconjuga-
tion [151,157,158].

In order to rectify such physiochemical limitations with antibody conjugates, the
authors changed the linker tethering point to the phenolic head of tamoxifen of SNIPER-
5, as shown in Figure 19A. In rationality, the para-location of the electron-withdrawing
group assists in releasing the SNIPER-5 during protease-mediated cleavage of 11 (an-
other linker drug molecule similar to 10). To the authors’ surprise, no substitution of
the basic amine of SNIPER-5 was observed. Therefore, this basic amine could be used
as a physiochemical handle by the authors to protonate it, increase the aqueous solubil-
ity, and decrease the self-aggregation of final antibody conjugates [159]. Keeping these
points in mind, the authors prepared a HER2-targeting DAR2 conjugate (HER2-11-lc)
which had shown lesser self-aggregation properties. HER2-11-lc displayed potent ER-α
degradation in MCF7-neo/HER2 cells and far more pronounced than the same linker
used B7H4-targeting control conjugate (B7H4-11-lc) and an unconjugated HER2-targeting
mAb, as shown in Table 4. The ER-α degradation activity reduces when HER2-11-lc ADC
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used in wild-type MCF7 cells, which possesses lesser expressed HER2 receptors on their
surface. Later, when authors studied in vivo pharmacokinetic stability of HER2-11-lc ADC,
where an amide linkage present in the linker of 11 underwent biotransformation after
96 h (intravenous route administration). These outcomes led authors to explore ADCs
devoid of the structure of SNIPER-5, as 11 (linker drug molecule) was a derivative of 5, and
prepared VHL-PROTACs based linker drug molecules (12 and 13) from VHL-PROTAC-6
and VHL-PROTAC-7, respectively, as shown in Figure 19. The derived linker conjugates
of VHL-PROTAC-6 and VHL-PROTAC-7, 12, and 13 had a methanethiosulfonyl (MTS)
disulfide functionality that facilitates the reactive elimination with surface-exposed cys-
teines of engineered monoclonal antibodies, producing desired ADCs [160]. Based on the
literature, upon cellular internalization of these ADCs, lysosomal antibody catabolism,
followed by disulfide reduction and self-immolation to release VHL-PROTAC-6 and VHL-
PROTAC-7 [161,162]. Several ADCs were derived from these VHL-PROTACs based linker
drug molecules (12 and 13). Meanwhile, significantly lower hydrophobic character of
these VHL-PROTACs based linker drug molecules (12 and 13) than SNIPERs based linker
drug molecules (10 and 11) prompted authors to increase conjugation of 12 and 13 with
six surface cysteines containing mAbs, and achieved without tackling a high degree of
self-aggregation [target drug-antibody ratio (DAR) = 6.0]. Compared to the ADC containing
DAR2 (derived from SNIPER-5), newer ADCs would produce more intracellular ER-α
degrader release following ADC-mediated delivery [163–165]; as well as the newer location
of engineered cysteines were introduced (LC-K149, HC-L174, and HC-Y373) [155], that
would be capable of producing disulfide-linked conjugates with relatively good in vivo
stability [157,158].
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The ADC (HER2-12, ER-α DC50 = 0.04 ± 0.007 µg/mL, Dmax = 99%) resulted from
12 exhibited a potent ER-α degradation, comparatively more pronounced effect than its
respective unconjugated HER2 mAb (ER-α DC50 = 0.04 µg/mL, Dmax = 43%) in MCF7-
neo/HER2 cell, as shown in Table 4. In addition, a milder ER-α degradation for the control
conjugate (CD22-12) was observed. However, comparatively, the degradation activity
difference of CD22-12 (ER-α DC50 = 0.51 ± 0.094 µg/mL, Dmax = 90%) and HER2-12
(ER-α DC50 = 0.04 ± 0.007 µg/mL, Dmax = 99%) were less pronounced when compared
to significant difference as observed with previously developed conjugates in the same



Pharmaceutics 2022, 14, 2523 30 of 43

study (HER2-11-lc (ER-α DC50 = 0.11 ± 0.001 µg/mL, Dmax = 81%) and its respective
control conjugate, B7H4-11-lc (ER-α DC50 = 50 ± 23 µg/mL, Dmax = 40%)) in MCF7-
neo/HER2 cell. As these outcomes for HER2-12, HER2 mAb, CD22-12 were received from
immunofluorescence, Western blotting was used for cross-validation. Similar to previously
reported disulfide-containing linker conjugates [146], the disulfide linker of HER2-12 and
CD22-12 exhibited in vitro partial hydrolyzed in experiments. Interestingly, these ADCs
are known to have in vivo stability and preferential pharmacodynamics for targeted versus
non-targeted effects in xenograft tumor models [146], which prompted authors for further
investigation. A similar ER-α degradation profile in MCF7-neo/HER2 cells was observed
for control conjugate, HER2-13 (DC50 = 0.05 ± 0.016 µg/mL; Dmax = 87%) compared to
HER2-12 ADC (DC50 = 0.04 ± 0.007 µg/mL; Dmax = 99%). However, different activity was
noted in wild-type MCF-7 for HER2-13 (DC50 = 0.70± 0.068 µg/mL; Dmax = 51%) compared
to HER2-12 ADC (DC50 = 0.23 ± 0.007 µg/mL; Dmax = 95%). The significant ER-α degra-
dation differences between HER2-12 and HER2-13 in wild-type MCF-7 cells which don’t
express HER2 receptors, reasonably (a) nominal ER-α degradation of HER2-13 in wild-type
of MCF-7 cells, is due to possession of endoxifen-like structure (VHL-PROTAC-7 versus
endoxifen), (b) increases effect of HER2-12 compared to HER2-13 because of additional
VHL-mediated degradation (VHL-PROTAC-6 versus VHL-PROTAC-7). Relative potency
of HER2-13 in MCF-7-neo/HER2 compared to wild-type MCF-7 apparently because of the
synergistic effect of endoxifen-like structure activity as well as HER2-mAb ER-α alterations
(as observed by the authors). Due to these combined effects, accessing the intracellular
release kinetics from HER2-12 in MCF7-neo/HER2 experiments would be difficult.

Table 4. Molecular binding characteristics of PROTAC and SNIPER-based Antibody Drug Conjugates.
Reproduced with permission from Dragovich et al. [143] Copyright 2020 Elsevier.

Conjugate DAR Site MCF7-Neo/HER2 (ER-α) MCF7 Parental (ER-α)

DC50 (nM) Dmax DC50 (nM) Dmax

HER2-10-lc NA LC-K149 ND ND ND ND

HER2-11-lc 2.0 LC-K149 0.11 ± 0.001 81% 22 ± 3.4 71%

B7H4-11-lc 2.3 LC-K149 50 ± 23 40% 43 ± 16 62%

HER2-12 5.9 Multi 0.04 ± 0.007 99% 0.23 ± 0.07 95%

CD22-12 5.7 Multi 0.51 ± 0.094 90% 0.48 ± 0.16 93%

HER2-13 5.9 Multi 0.05 ± 0.016 87% 0.70 ±
0.068 51%

HER2-14 5.6 Multi 0.03 ± 0.002 94% 0.09 ±
0.013 95%

CD22-14 5.9 Multi 4.2 ± 0.078 70% 1.6 ± 0.035 91%

HER2-mAb NA NA 0.04 43% >100 9%

The authors also explored the conjugation of VHL-PROTAC-6 to antibodies using
alternative linkers other than disulfide-based linkers. They used pyrophosphate di-ester
containing linker, which maleimide on one side that could be exploited to conjugate antibod-
ies. The pyrophosphate di-ester functionality was used to functionalize the hydroxyproline
moiety of VHL ligand of VHL-PROTAC-6, to yield 14 (another linker drug molecule). The
yielded ADC must follow a sequential phosphodiesterase activity, phosphatase-mediated
hydrolysis, and lysosomal antibody catabolism to release VHL-PROTAC-6, as shown in
Figure 20. The choice of pyrophosphate di-esters was based on their successful integration
in ADCs containing glucocorticoid payloads [166,167] but also reported to be underutilized
by the submaximal enzymatic activity of phosphatase enzymes [166]. Therefore, before
proceeding to yield the ADC of 14 (HER2-14), the authors study the corresponding cleavage
of secondary phosphate functionality in a lysosomal environment, as shown in Figure 20.
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Interestingly, HER2-14 displayed a potent ER-α degradation activity in MCF7-neo/HER2
cells compared to its respective anti-CD22 ADC and the unconjugated HER2 mAb (as shown in
Table 4). Efficient intracellular delivery of VHL-PROTAC-6 undergoes the expected phos-
phodiesterase cleavage mechanism. As the authors didn’t synthesize the pyrophosphate
di-ester control conjugate derived from VHL-PROTAC-6, therefore were not able to con-
duct a study to differentiate the mechanistic study; therefore, this activity could also be the
outcome of a combined effect due to the possession of endoxifen-like ligand in the structure
and HER2-mAb effects. To the authors surprise, HER2-14 displayed comparatively more
potent ER-α degradation in wild-type MCF7 cells (DC50 = 0.09 ± 0.013 µg/mL, DCmax =
95%) than its similar ADC (HER2-12, DC50 = 0.23 ± 0.007 µg/mL, DCmax = 95%) that did
not over-express the HER-2 surface receptor. In our opinion, it would be more appealing
for chemical biologists to study the cleavage studies of HER2-12 and HER2-14 as both
structures are chemically the same except for their conjugate linker-type differences, where
the former used disulfide linker while the later one used pyrophosphate di-ester linker.

8. Photocaging PROTACs of Estrogen Receptor

Gaining precise control over the biological activity of smaller-sized probes has always
interested chemical biologists and medicinal chemists. However, a light-controlled higher
spatiotemporal resolution has been exploited as chemical biology tools [168] and in photother-
apies [169], where a specific wavelength of light activates the bioactive molecule [170,171].

Deiter’s research group from the Department of Chemistry, University of Pittsburgh,
Pittsburgh, Pennsylvania, USA, developed a coumarin-based photocaged VHL ligand.
Initially, the author investigated an X-ray co-crystal structure (PDB id: 4W9C) to find
a tethering point for a photocleavable group onto the VHL ligand [172]. As shown in
Figure 21A, the author noticed hydroxyproline moiety buried into the binding cleft and
had H-bond interactions with Ser111 and His115, which are critical amino acid residue
interactions to recognize VHL by HIF1-α protein [173–175]. In addition, inverting the hy-
droxyl group stereochemistry of hydroxyproline moiety abolishes all protein degradability
of PROTACs [176,177]. Based on these facts, the authors rationalize the suitability of the
tethering point for the photolabile group in a way that the tethering of the photolabile
group would hinder VHL ligand binding to its VHL E3 ligase and can only be activated
until irradiated (as shown in Figure 21B). The approach showcases an example of precise
spatiotemporal control over photobiology. The author used carbonate tethering to sub-
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stituted hydroxyl group of VHL with a diethylamino coumarin (DEACM) to form ERRα

PROTAC-2 (as shown in Figure 21C). In addition, the authors prepared a version of ERRα

PROTAC-2 that doesn’t have a DEACM photolabile group, ERRα PROTAC-1, as a control
to assist in their biological study and ensure their photocaging PROTAC approach. Both
PROTACs were designed to target an orphan nuclear hormone receptor (estrogen-related
receptor α (ERRα)) [177], typically overexpressed in malignant cancers [178]. Using HPLC
and mass spectrometry, the DEACM caging group cleaved from the ERRα PROTAC 2
after 3 min of irradiation (λ ≤ 405 nm), and released the acidic functional groups with a
pKa < 5 [179].
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To understand the photocage PROTAC role of ERRα PROTAC-2, MCF-7 cells were
treated with ERRα PROTAC-1, ERRα PROTAC-2, and DMSO in the absence/presence of
UV radiation (λ = 365 nm, 180 s). After 8 h of incubation, the authors used Western blotting
to measure the extent of ERRα cellular levels. As anticipated, ERRα PROTAC-1 showed
a significant ERRα protein reduction at the cellular level compared to the DMSO-based
sample (used as control), which agrees with the previously reported literature [177]. Impor-
tantly, even a double concentration of ERRα PROTAC-2 compared to ERRα PROTAC-1
in the absence of UV light showed no change in ERRα protein cellular levels, confirming
photocaging of photolabile group prevented the binding conformation towards E3 ligase,
exemplifying an idealistic example of photocaged-PROTACs. To understand the mecha-
nism, competitive assays in the presence of either the proteasome inhibitor (MG132) or
the neddylation inhibitor (MLN4924) prevent the degradation of ERRα PROTAC-2, sug-
gesting the proteasome- and E3 ligase-mediated degradation ability of ERRα PROTAC-2.
Furthermore, incubation of MCF-7 cells with the coumarin caging group fragment released
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during photolysis showed no effects on ERRα levels, demonstrating that the observed
degradation activity was highly mediated by the active, non-caged PROTAC generated via
de-caging.

9. Conclusions

Classical medicinal approaches rely on orthosteric and allosteric inhibitors for direct
target inhibition. Approaches such as (a) preferential protein subtype selectivity [180,181],
or species-specific selectivity [182,183], (b) cyclization or rigidification in inhibitor de-
sign [184–189], (c) targeting heterodimeric proteins or receptors [12,190,191]), (d) identi-
fication of toxicophore to pharmacophore [192–195], (e) repurposing of drugs of clinical
agents [196], (f) inverse screening [197,198]), and (g) exploration of natural phytochem-
icals [199–201] have gained interest in the recent decade. As these approaches focus on
small molecule inhibitors (SMIs) and their related modes of action; therefore, often have
issues that are typical with occupancy-driven pharmacology (shown in Figure 1A), such as (a)
frequent occurrence of resistance after prolonged use and, (b) require a higher degree of
potency to achieve full inhibition of protein of interest (POI). These issues led to drive event-
driven pharmacology, as shown in Figure 1B, to design those molecules that can degrade the
POI (known as protein degradation) and therefore diminish the related protein functions.

Selective targeting of the Estrogen receptor subtype constantly challenges the chemical
biologist and medicinal chemist. However, cell-specific expression of Estrogen receptor
subtypes (α, β, and γ) provides a selectivity handle to an extent (such as selective estrogen
receptor modulators, also called SERMs). Classical approaches attempted were occupancy-
based pharmacology, where the inhibitor (which could be heterocyclic, oligopeptide, or
macrocyclic) shows average binding kinetics and requires continuous dosage administra-
tion. However, because of their continuous targeting nature, these approaches typically
show their intrinsic flaws, where dose-dependent toxicity (off-target as well as on-target)
and the emergence of resistance are the major ones. To minimize such interventions, selec-
tive estrogen receptor degraders (SERDs) were introduced in early 2000, which showed
a significant improvement in ER-positive cancers and were popularized as the first line
of drugs. Such success of SERDs validated the concept of estrogen receptor degradation.
Due to the significant development of various types of protein degradation strategies, the
researcher exploited the other estrogen ligands to functionalized them with additional
activity. The construction of chemical chimeras shows three chemical entities, (a) one
side of the structure contains the active molecules substructure or moiety that has an
affinity to the estrogen receptor, (b) the remaining terminal of chimeras has the potential
to bind the E3 ligase containing protein that recruits the ubiquitin units to the estrogen
receptor, and (c) a chemical spacer or linkers that help to conjugate both the functionalities
together. Various strategies were developed, including nonpeptide- and peptide-based
versions of PROTACs and SNIPERs. However, these strategies undoubtedly bring high
estrogen to subtype-selective but also have their flaws, such as on-target systemic toxicity;
therefore, additional elements were incorporated into the PROTACs and SNIPERs: (a)
Antibody conjugates SNIPERs and PROTACs, (b) Photocaged PROTACs. ADC approach
is fruitful in minimizing the risk of molecular obesity of PROTACs/SNIPER; however,
Photocaged PROTACs provide a handle to chemical biology to control the estrogen receptor
spatiotemporal control.

However, there are certain limitations of peptide and non-peptide PROTACs and
SNIPERs. For example, average lipophilicity, in vitro stability, and molecular obesity. Av-
erage lipophilicity and in vitro stability can be improved with drug delivery systems
(antibody-drug conjugate, nanoencapsulation) [202,203], and synthetic procedures re-
trieved from combinatorial chemistry approaches [204–206]. However, to showcase an
illustration of improved physicochemical properties, a joint venture of Arvinas and Pfizer
developed a series of CRBN-based PROTACs (ARV-110 and ARV-471) that showed high
clinical effectiveness, as shown in Figure 22. ARV-471 is orally bioavailable selectively
ER-targeted PROTAC. In xenograft models, ARV-471 showed more significant ER degra-
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dation and anticancer activity than fulvestrant. In addition, the phase-1 dose-escalation
study demonstrated ARV-471 as a tolerable single agent and showed anticancer bene-
fit in ER+/HER2 breast cancer patients who were previously on hormonal therapy or
cyclin-dependent kinase (CDK)4/6 inhibitor [207].

Pharmaceutics 2022, 14, 2523 35 of 43 
 

 

degradation and anticancer activity than fulvestrant. In addition, the phase-1 dose-esca-
lation study demonstrated ARV-471 as a tolerable single agent and showed anticancer 
benefit in ER+/HER2 breast cancer patients who were previously on hormonal therapy or 
cyclin-dependent kinase (CDK)4/6 inhibitor [207]. 

 
Figure 22. Molecular structure of ARV-110 and ARV-471. 

Author Contributions: Conceptualization, A.N.; writing—original draft preparation, A.N.; writ-
ing—review and editing, A.N., K.K.K. and A.S.V.-C.; funding acquisition, A.N. All authors have 
read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Bentrem, D.; Gaiha, P.; Jordan, V. Oestrogens, oestrogen receptors and breast cancer. Eur. J. Cancer Suppl. 2003, 1, 1–12. 
2. Weatherman, R.V.; Clegg, N.J.; Scanlan, T.S. Differential SERM activation of the estrogen receptors (ERK and ERL) at AP-1 sites. 

Chem. Biol. 2001, 8, 436. 
3. Klinge, C.M. Estrogen receptor interaction with co-activators and co-repressors. Steroids 2000, 65, 227–251. 
4. Skandalis, S.S.; Afratis, N.; Smirlaki, G.; Nikitovic, D.; Theocharis, A.D.; Tzanakakis, G.N.; Karamanos, N.K. Cross-talk between 

estradiol receptor and EGFR/IGF-IR signaling pathways in estrogen-responsive breast cancers: Focus on the role and impact of 
proteoglycans. Matrix Biol. 2014, 35, 182–193. 

5. Kraus, W.L.; McInerney, E.M.; Katzenellenbogen, B.S. Ligand-dependent, transcriptionally productive association of the amino-
and carboxyl-terminal regions of a steroid hormone nuclear receptor. Proc. Natl. Acad. Sci. USA 1995, 92, 12314–12318. 

6. Webb, P.; Nguyen, P.; Shinsako, J.; Anderson, C.; Feng, W.; Nguyen, M.P.; Chen, D.; Huang, S.-M.; Subramanian, S.; McKinerney, 
E. Estrogen receptor activation function 1 works by binding p160 coactivator proteins. Mol. Endocrinol. 1998, 12, 1605–1618. 

7. Oñate, S.A.; Tsai, S.Y.; Tsai, M.-J.; O’Malley, B.W. Sequence and characterization of a coactivator for the steroid hormone recep-
tor superfamily. Science 1995, 270, 1354–1357. 

Figure 22. Molecular structure of ARV-110 and ARV-471.

Author Contributions: Conceptualization, A.N.; writing—original draft preparation, A.N.; writing—
review and editing, A.N., K.K.K. and A.S.V.-C.; funding acquisition, A.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bentrem, D.; Gaiha, P.; Jordan, V. Oestrogens, oestrogen receptors and breast cancer. Eur. J. Cancer Suppl. 2003, 1, 1–12. [CrossRef]
2. Weatherman, R.V.; Clegg, N.J.; Scanlan, T.S. Differential SERM activation of the estrogen receptors (ERK and ERL) at AP-1 sites.

Chem. Biol. 2001, 8, 436. [CrossRef]
3. Klinge, C.M. Estrogen receptor interaction with co-activators and co-repressors. Steroids 2000, 65, 227–251. [CrossRef]
4. Skandalis, S.S.; Afratis, N.; Smirlaki, G.; Nikitovic, D.; Theocharis, A.D.; Tzanakakis, G.N.; Karamanos, N.K. Cross-talk between

estradiol receptor and EGFR/IGF-IR signaling pathways in estrogen-responsive breast cancers: Focus on the role and impact of
proteoglycans. Matrix Biol. 2014, 35, 182–193. [CrossRef]

5. Kraus, W.L.; McInerney, E.M.; Katzenellenbogen, B.S. Ligand-dependent, transcriptionally productive association of the amino-
and carboxyl-terminal regions of a steroid hormone nuclear receptor. Proc. Natl. Acad. Sci. USA 1995, 92, 12314–12318.
[CrossRef]

http://doi.org/10.1016/S1359-6349(03)00002-8
http://doi.org/10.1016/S1074-5521(01)00025-4
http://doi.org/10.1016/S0039-128X(99)00107-5
http://doi.org/10.1016/j.matbio.2013.09.002
http://doi.org/10.1073/pnas.92.26.12314


Pharmaceutics 2022, 14, 2523 35 of 43

6. Webb, P.; Nguyen, P.; Shinsako, J.; Anderson, C.; Feng, W.; Nguyen, M.P.; Chen, D.; Huang, S.-M.; Subramanian, S.; McKinerney,
E. Estrogen receptor activation function 1 works by binding p160 coactivator proteins. Mol. Endocrinol. 1998, 12, 1605–1618.
[CrossRef]

7. Oñate, S.A.; Tsai, S.Y.; Tsai, M.-J.; O’Malley, B.W. Sequence and characterization of a coactivator for the steroid hormone receptor
superfamily. Science 1995, 270, 1354–1357. [CrossRef]

8. Brandenberger, A.W.; Tee, M.K.; Lee, J.Y.; Chao, V.; Jaffe, R.B. Tissue distribution of estrogen receptors alpha (ER-α) and beta
(ER-β) mRNA in the midgestational human fetus. J. Clin. Endocrinol. Metab. 1997, 82, 3509–3512.

9. Saji, S.; Hirose, M.; Toi, M. Clinical significance of estrogen receptor β in breast cancer. Cancer Chemother. Pharmacol. 2005, 56,
21–26. [CrossRef]

10. McKenna, N.J. The Role of Steroid Receptor Coactivator-1 in Breast Cancer. DTIC Document: Houston, TX, USA, 1999.
11. Rosenfeld, M.G.; Glass, C.K. Coregulator codes of transcriptional regulation by nuclear receptors. J. Biol. Chem. 2001, 276,

36865–36868. [CrossRef]
12. Negi, A.; Ramarao, P.; Kumar, R. Recent advancements in small molecule inhibitors of insulin–like growth factor-1 receptor

(IGF-1R) tyrosine kinase as anticancer agents. Mini Rev. Med. Chem. 2013, 13, 653–681. [CrossRef] [PubMed]
13. Chalbos, D.; Philips, A.; Rochefort, H. Genomic cross-talk between the estrogen receptor and growth factor regulatory pathways

in estrogen target tissues. Semin. Cancer Biol. 1994, 5, 361–368. [PubMed]
14. Ali, S.; Metzger, D.; Bornert, J.; Chambon, P. Modulation of transcriptional activation by ligand-dependent phosphorylation of the

human oestrogen receptor A/B region. EMBO J. 1993, 12, 1153. [CrossRef]
15. Rowan, B.G.; Garrison, N.; Weigel, N.L.; O’Malley, B.W. 8-Bromo-cyclic AMP induces phosphorylation of two sites in SRC-1 that

facilitate ligand-independent activation of the chicken progesterone receptor and are critical for functional cooperation between
SRC-1 and CREB binding protein. Mol. Cell. Biol. 2000, 20, 8720–8730. [CrossRef] [PubMed]

16. Ignar-Trowbridge, D.M.; Pimentel, M.; Parker, M.; McLachlan, J.; Korach, K. Peptide growth factor cross-talk with the estrogen
receptor requires the A/B domain and occurs independently of protein kinase C or estradiol. Endocrinology 1996, 137, 1735–1744.
[CrossRef]

17. Aronica, S.B.; Katzenellenbogen, B.S. Stimulation of estrogen receptor-mediated transcription and alteration in the phosphoryla-
tion state of the rat uterine estrogen receptor by estrogen, cyclic adenosine monophosphate, and insulin-like growth factor-I. Mol.
Endocrinol. 1993, 7, 743–752.

18. Carroll, R.S.; Brown, M.; Zhang, J.; DiRenzo, J.; de Mora, J.F.; Black, P.M. Expression of a subset of steroid receptor cofactors is
associated with progesterone receptor expression in meningiomas. Clin. Cancer Res. 2000, 6, 3570–3575.

19. Kushner, P.J.; Agard, D.A.; Greene, G.L.; Scanlan, T.S.; Shiau, A.K.; Uht, R.M.; Webb, P. Estrogen receptor pathways to AP-1. J.
Steroid Biochem. Mol. Biol. 2000, 74, 311–317. [CrossRef]

20. Lösel, R.; Wehling, M. Nongenomic actions of steroid hormones. Nat. Rev. Mol. Cell Biol. 2003, 4, 46–55. [CrossRef]
21. Kim, H.P.; Lee, J.Y.; Jeong, J.K.; Bae, S.W.; Lee, H.K.; Jo, I. Nongenomic stimulation of nitric oxide release by estrogen is mediated

by estrogen receptor α localized in caveolae. Biochem. Biophys. Res. Commun. 1999, 263, 257–262. [CrossRef]
22. Acconcia, F.; Ascenzi, P.; Fabozzi, G.; Visca, P.; Marino, M. S-palmitoylation modulates human estrogen receptor-α functions.

Biochem. Biophys. Res. Commun. 2004, 316, 878–883. [CrossRef] [PubMed]
23. Razandi, M.; Pedram, A.; Merchenthaler, I.; Greene, G.L.; Levin, E.R. Plasma membrane estrogen receptors exist and functions as

dimers. Mol. Endocrinol. 2004, 18, 2854–2865. [CrossRef] [PubMed]
24. Migliaccio, A.; di Domenico, M.; Castoria, G.; de Falco, A.; Bontempo, P.; Nola, E.; Auricchio, F. Tyrosine kinase/p21ras/MAP-

kinase pathway activation by estradiol-receptor complex in MCF-7 cells. EMBO J. 1996, 15, 1292. [CrossRef] [PubMed]
25. Song, R.X.-D.; McPherson, R.A.; Adam, L.; Bao, Y.; Shupnik, M.; Kumar, R.; Santen, R.J. Linkage of rapid estrogen action to MAPK

activation by ERα-Shc association and Shc pathway activation. Mol. Endocrinol. 2002, 16, 116–127. [CrossRef]
26. Migliaccio, A.; Piccolo, D.; Castoria, G.; di Domenico, M.; Bilancio, A.; Lombardi, M.; Gong, W.; Beato, M.; Auricchio, F. Activation

of the Src/p21ras/Erk pathway by progesterone receptor via cross-talk with estrogen receptor. EMBO J. 1998, 17, 2008–2018.
[CrossRef] [PubMed]

27. Simoncini, T.; Hafezi-Moghadam, A.; Brazil, D.P.; Ley, K.; Chin, W.W.; Liao, J.K. Interaction of oestrogen receptor with the
regulatory subunit of phosphatidylinositol-3-OH kinase. Nature 2000, 407, 538–541. [CrossRef] [PubMed]

28. Razandi, M.; Pedram, A.; Greene, G.L.; Levin, E.R. Cell membrane and nuclear estrogen receptors (ERs) originate from a single
transcript: Studies of ERα and ERβ expressed in Chinese hamster ovary cells. Mol. Endocrinol. 1999, 13, 307–319. [CrossRef]
[PubMed]

29. Fang, J.; Akwabi-Ameyaw, A.; Britton, J.E.; Katamreddy, S.R.; Navas, F.; Miller, A.B.; Williams, S.P.; Gray, D.W.; Orband-Miller,
L.A.; Shearin, J. Synthesis of 3-alkyl naphthalenes as novel estrogen receptor ligands. Bioorg. Med. Chem. Lett. 2008, 18, 5075–5077.
[CrossRef]

30. Dai, S.Y.; Chalmers, M.J.; Bruning, J.; Bramlett, K.S.; Osborne, H.E.; Montrose-Rafizadeh, C.; Barr, R.J.; Wang, Y.; Wang, M.; Burris,
T.P. Prediction of the tissue-specificity of selective estrogen receptor modulators by using a single biochemical method. Proc. Natl.
Acad. Sci. USA 2008, 105, 7171–7176. [CrossRef]

31. Dykstra, K.D.; Guo, L.; Birzin, E.T.; Chan, W.; Yang, Y.T.; Hayes, E.C.; DaSilva, C.A.; Pai, L.-Y.; Mosley, R.T.; Kraker, B. Estrogen
receptor ligands. Part 16: 2-Aryl indoles as highly subtype selective ligands for ERα. Bioorg. Med. Chem. Lett. 2007, 17, 2322–2328.
[CrossRef]

http://doi.org/10.1210/mend.12.10.0185
http://doi.org/10.1126/science.270.5240.1354
http://doi.org/10.1007/s00280-005-0107-3
http://doi.org/10.1074/jbc.R100041200
http://doi.org/10.2174/1389557511313050004
http://www.ncbi.nlm.nih.gov/pubmed/23373648
http://www.ncbi.nlm.nih.gov/pubmed/7849264
http://doi.org/10.1002/j.1460-2075.1993.tb05756.x
http://doi.org/10.1128/MCB.20.23.8720-8730.2000
http://www.ncbi.nlm.nih.gov/pubmed/11073973
http://doi.org/10.1210/endo.137.5.8612509
http://doi.org/10.1016/S0960-0760(00)00108-4
http://doi.org/10.1038/nrm1009
http://doi.org/10.1006/bbrc.1999.1348
http://doi.org/10.1016/j.bbrc.2004.02.129
http://www.ncbi.nlm.nih.gov/pubmed/15033483
http://doi.org/10.1210/me.2004-0115
http://www.ncbi.nlm.nih.gov/pubmed/15231873
http://doi.org/10.1002/j.1460-2075.1996.tb00471.x
http://www.ncbi.nlm.nih.gov/pubmed/8635462
http://doi.org/10.1210/mend.16.1.0748
http://doi.org/10.1093/emboj/17.7.2008
http://www.ncbi.nlm.nih.gov/pubmed/9524123
http://doi.org/10.1038/35035131
http://www.ncbi.nlm.nih.gov/pubmed/11029009
http://doi.org/10.1210/mend.13.2.0239
http://www.ncbi.nlm.nih.gov/pubmed/9973260
http://doi.org/10.1016/j.bmcl.2008.07.121
http://doi.org/10.1073/pnas.0710802105
http://doi.org/10.1016/j.bmcl.2007.01.054


Pharmaceutics 2022, 14, 2523 36 of 43

32. Richardson, T.I.; Norman, B.H.; Lugar, C.W.; Jones, S.A.; Wang, Y.; Durbin, J.D.; Krishnan, V.; Dodge, J.A. Benzopyrans as selective
estrogen receptor β agonists (SERBAs). Part 2: Structure–activity relationship studies on the benzopyran scaffold. Bioorg. Med.
Chem. Lett. 2007, 17, 3570–3574. [CrossRef] [PubMed]

33. Richardson, T.I.; Dodge, J.A.; Durst, G.L.; Pfeifer, L.A.; Shah, J.; Wang, Y.; Durbin, J.D.; Krishnan, V.; Norman, B.H. Benzopyrans
as selective estrogen receptor β agonists (SERBAs). Part 3: Synthesis of cyclopentanone and cyclohexanone intermediates for
C-ring modification. Bioorg. Med. Chem. Lett. 2007, 17, 4824–4828. [CrossRef] [PubMed]

34. Vajdos, F.F.; Hoth, L.R.; Geoghegan, K.F.; Simons, S.P.; LeMotte, P.K.; Danley, D.E.; Ammirati, M.J.; Pandit, J. The 2.0 Å crystal
structure of the ERα ligand-binding domain complexed with lasofoxifene. Protein Sci. 2007, 16, 897–905. [CrossRef] [PubMed]

35. Hummel, C.W.; Geiser, A.G.; Bryant, H.U.; Cohen, I.R.; Dally, R.D.; Fong, K.C.; Frank, S.A.; Hinklin, R.; Jones, S.A.; Lewis, G. A
selective estrogen receptor modulator designed for the treatment of uterine leiomyoma with unique tissue specificity for uterus
and ovaries in rats. J. Med. Chem. 2005, 48, 6772–6775. [CrossRef]

36. Renaud, J.; Bischoff, S.F.; Buhl, T.; Floersheim, P.; Fournier, B.; Geiser, M.; Halleux, C.; Kallen, J.; Keller, H.; Ramage, P. Selective
estrogen receptor modulators with conformationally restricted side chains. Synthesis and structure-activity relationship of
ERα-selective tetrahydroisoquinoline ligands. J. Med. Chem. 2005, 48, 364–379. [CrossRef]

37. Blizzard, T.A.; DiNinno, F.; Morgan, J.D.; Chen, H.Y.; Wu, J.Y.; Kim, S.; Chan, W.; Birzin, E.T.; Yang, Y.T.; Pai, L.-Y. Estrogen
receptor ligands. Part 9: Dihydrobenzoxathiin SERAMs with alkyl substituted pyrrolidine side chains and linkers. Bioorg. Med.
Chem. Lett. 2005, 15, 107–113. [CrossRef]

38. Wu, Y.-L.; Yang, X.; Ren, Z.; McDonnell, D.P.; Norris, J.D.; Willson, T.M.; Greene, G.L. Structural basis for an unexpected mode of
SERM-mediated ER antagonism. Mol. Cell 2005, 18, 413–424. [CrossRef]

39. Kim, S.; Wu, J.Y.; Birzin, E.T.; Frisch, K.; Chan, W.; Pai, L.-Y.; Yang, Y.T.; Mosley, R.T.; Fitzgerald, P.M.; Sharma, N. Estrogen
receptor ligands. II. Discovery of benzoxathiins as potent, selective estrogen receptor α modulators. J. Med. Chem. 2004, 47,
2171–2175. [CrossRef]

40. Leduc, A.-M.; Trent, J.O.; Wittliff, J.L.; Bramlett, K.S.; Briggs, S.L.; Chirgadze, N.Y.; Wang, Y.; Burris, T.P.; Spatola, A.F. Helix-
stabilized cyclic peptides as selective inhibitors of steroid receptor–coactivator interactions. Proc. Natl. Acad. Sci. USA 2003, 100,
11273–11278. [CrossRef]

41. Renaud, J.; Bischoff, S.F.; Buhl, T.; Floersheim, P.; Fournier, B.; Halleux, C.; Kallen, J.; Keller, H.; Schlaeppi, J.-M.; Stark, W. Estrogen
receptor modulators: Identification and structure-activity relationships of potent ERα-selective tetrahydroisoquinoline ligands. J.
Med. Chem. 2003, 46, 2945–2957. [CrossRef]

42. Wärnmark, A.; Treuter, E.; Gustafsson, J.-Å.; Hubbard, R.E.; Brzozowski, A.M.; Pike, A.C. Interaction of transcriptional inter-
mediary factor 2 nuclear receptor box peptides with the coactivator binding site of estrogen receptor α. J. Biol. Chem. 2002, 277,
21862–21868. [CrossRef] [PubMed]

43. Gangloff, M.; Ruff, M.; Eiler, S.; Duclaud, S.; Wurtz, J.M.; Moras, D. Crystal structure of a mutant hERα ligand-binding domain
reveals key structural features for the mechanism of partial agonism. J. Biol. Chem. 2001, 276, 15059–15065. [CrossRef] [PubMed]

44. Shiau, A.K.; Barstad, D.; Loria, P.M.; Cheng, L.; Kushner, P.J.; Agard, D.A.; Greene, G.L. The structural basis of estrogen
receptor/coactivator recognition and the antagonism of this interaction by tamoxifen. Cell 1998, 95, 927–937. [CrossRef]

45. Tanenbaum, D.M.; Wang, Y.; Williams, S.P.; Sigler, P.B. Crystallographic comparison of the estrogen and progesterone receptor’s
ligand binding domains. Proc. Natl. Acad. Sci. USA 1998, 95, 5998–6003. [CrossRef]

46. Brzozowski, A.M.; Pike, A.C.; Dauter, Z.; Hubbard, R.E.; Bonn, T.; Engström, O.; Öhman, L.; Greene, G.L.; Gustafsson, J.-Å.;
Carlquist, M. Molecular basis of agonism and antagonism in the oestrogen receptor. Nature 1997, 389, 753–758. [CrossRef]
[PubMed]

47. Burslem, G.M.; Crews, C.M. Small-molecule modulation of protein homeostasis. Chem. Rev. 2017, 117, 11269–11301. [CrossRef]
[PubMed]

48. Ottis, P.; Crews, C.M. Proteolysis-targeting chimeras: Induced protein degradation as a therapeutic strategy. ACS Chem. Biol.
2017, 12, 892–898. [CrossRef]

49. Negi, A.; Voisin-Chiret, A.S. Strategies to Reduce the On-Target Platelet Toxicity of Bcl-xL Inhibitors: PROTACs, SNIPERs and
Prodrug-Based Approaches. ChemBioChem 2022, 23, e202100689. [CrossRef]

50. Ma, Z.; Ji, Y.; Yu, Y.; Liang, D. Specific non-genetic IAP-based protein erasers (SNIPERs) as a potential therapeutic strategy. Eur. J.
Med. Chem. 2021, 216, 113247. [CrossRef]

51. Zhong, Y.; Chi, F.; Wu, H.; Liu, Y.; Xie, Z.; Huang, W.; Shi, W.; Qian, H. Emerging targeted protein degradation tools for innovative
drug discovery: From classical PROTACs to the novel and beyond. Eur. J. Med. Chem. 2022, 231, 114142. [CrossRef]

52. Wang, C.; Zhang, Y.; Wang, J.; Xing, D. VHL-based PROTACs as potential therapeutic agents: Recent progress and perspectives.
Eur. J. Med. Chem. 2022, 227, 113906. [CrossRef] [PubMed]

53. Negi, A.; Murphy, P.V. Development of Mcl-1 inhibitors for cancer therapy. Eur. J. Med. Chem. 2021, 210, 113038. [CrossRef]
[PubMed]

54. Lin, X.; Xiang, H.; Luo, G. Targeting estrogen receptor α for degradation with PROTACs: A promising approach to overcome
endocrine resistance. Eur. J. Med. Chem. 2020, 206, 112689. [CrossRef] [PubMed]

55. Culig, Z.; Klocker, H.; Bartsch, G.; Steiner, H.; Hobisch, A. Androgen receptors in prostate cancer. J. Urol. 2003, 170, 1363–1369.
[CrossRef] [PubMed]

56. Parkin, D.M.; Bray, F.; Ferlay, J.; Pisani, P. Global cancer statistics. CA A Cancer J. Clin. 2005, 55, 74–108. [CrossRef]

http://doi.org/10.1016/j.bmcl.2007.04.051
http://www.ncbi.nlm.nih.gov/pubmed/17485205
http://doi.org/10.1016/j.bmcl.2007.06.052
http://www.ncbi.nlm.nih.gov/pubmed/17614275
http://doi.org/10.1110/ps.062729207
http://www.ncbi.nlm.nih.gov/pubmed/17456742
http://doi.org/10.1021/jm050723z
http://doi.org/10.1021/jm040858p
http://doi.org/10.1016/j.bmcl.2004.10.036
http://doi.org/10.1016/j.molcel.2005.04.014
http://doi.org/10.1021/jm034243o
http://doi.org/10.1073/pnas.1934759100
http://doi.org/10.1021/jm030086h
http://doi.org/10.1074/jbc.M200764200
http://www.ncbi.nlm.nih.gov/pubmed/11937504
http://doi.org/10.1074/jbc.M009870200
http://www.ncbi.nlm.nih.gov/pubmed/11278577
http://doi.org/10.1016/S0092-8674(00)81717-1
http://doi.org/10.1073/pnas.95.11.5998
http://doi.org/10.1038/39645
http://www.ncbi.nlm.nih.gov/pubmed/9338790
http://doi.org/10.1021/acs.chemrev.7b00077
http://www.ncbi.nlm.nih.gov/pubmed/28777566
http://doi.org/10.1021/acschembio.6b01068
http://doi.org/10.1002/cbic.202100689
http://doi.org/10.1016/j.ejmech.2021.113247
http://doi.org/10.1016/j.ejmech.2022.114142
http://doi.org/10.1016/j.ejmech.2021.113906
http://www.ncbi.nlm.nih.gov/pubmed/34656901
http://doi.org/10.1016/j.ejmech.2020.113038
http://www.ncbi.nlm.nih.gov/pubmed/33333396
http://doi.org/10.1016/j.ejmech.2020.112689
http://www.ncbi.nlm.nih.gov/pubmed/32829249
http://doi.org/10.1097/01.ju.0000075099.20662.7f
http://www.ncbi.nlm.nih.gov/pubmed/14501770
http://doi.org/10.3322/canjclin.55.2.74


Pharmaceutics 2022, 14, 2523 37 of 43

57. Huggins, C. Endocrine-induced regression of cancers. Science 1967, 156, 1050–1054. [CrossRef]
58. Ellis, M.J.; Coop, A.; Singh, B.; Mauriac, L.; Llombert-Cussac, A.; Jänicke, F.; Miller, W.R.; Evans, D.B.; Dugan, M.; Brady,

C. Letrozole is more effective neoadjuvant endocrine therapy than tamoxifen for ErbB-1–and/or ErbB-2–positive, estrogen
receptor–positive primary breast cancer: Evidence from a phase III randomized trial. J. Clin. Oncol. 2001, 19, 3808–3816.
[CrossRef]

59. Buzdar, A.U. Advances in endocrine treatments for postmenopausal women with metastatic and early breast cancer. Oncol. 2003,
8, 335–341. [CrossRef]

60. Clarke, R.; Skaar, T.; Leonessa, F.; Brankin, B.; James, M.; Brünner, N.; Lippman, M.E. Acquisition of an antiestrogen-resistant
phenotype in breast cancer: Role of cellular and molecular mechanisms. Drug Resist. 1996, 87, 263–283.

61. Santen, R.J. Endocrine treatment of prostate cancer. Endocrinologist 1992, 2, 384–392. [CrossRef]
62. Savarese, D.; Halabi, S.; Hars, V.; Akerley, W.; Taplin, M.; Godley, P.; Hussain, A.; Small, E.; Vogelzang, N. Phase II study of

docetaxel, estramustine, and low-dose hydrocortisone in men with hormone-refractory prostate cancer: A final report of CALGB.
J. Clin. Oncol. 2001, 19, 2509–2516. [CrossRef] [PubMed]

63. Culig, Z.; Hobisch, A.; Cronauer, M.V.; Radmayr, C.; Trapman, J.; Hittmair, A.; Bartsch, G.; Klocker, H. Androgen receptor
activation in prostatic tumor cell lines by insulin-like growth factor-I, keratinocyte growth factor, and epidermal growth factor.
Cancer Res. 1994, 54, 5474–5478. [CrossRef] [PubMed]

64. Gaddipati, J.P.; McLeod, D.G.; Heidenberg, H.B.; Sesterhenn, I.A.; Finger, M.J.; Moul, J.W.; Srivastava, S. Frequent detection of
codon 877 mutation in the androgen receptor gene in advanced prostate cancers. Cancer Res. 1994, 54, 2861–2864. [PubMed]

65. Bubendorf, L.; Kononen, J.; Koivisto, P.; Schraml, P.; Moch, H.; Gasser, T.C.; Willi, N.; Mihatsch, M.J.; Sauter, G.; Kallioniemi, O.-P.
Survey of gene amplifications during prostate cancer progression by high-throughput fluorescence in situ hybridization on tissue
microarrays. Cancer Res. 1999, 59, 803–806.

66. Craft, N.; Shostak, Y.; Carey, M.; Sawyers, C.L. A mechanism for hormone-independent prostate cancer through modulation of
androgen receptor signaling by the HER-2/neu tyrosine kinase. Nat. Med. 1999, 5, 280–285. [CrossRef]

67. Taplin, M.-E.; Bubley, G.J.; Ko, Y.-J.; Small, E.J.; Upton, M.; Rajeshkumar, B.; Balk, S.P. Selection for androgen receptor mutations
in prostate cancers treated with androgen antagonist. Cancer Res. 1999, 59, 2511–2515.

68. Godoy-Tundidor, S.; Hobisch, A.; Pfeil, K.; Bartsch, G.; Culig, Z. Acquisition of agonistic properties of nonsteroidal antiandrogens
after treatment with oncostatin M in prostate cancer cells. Clin. Cancer Res. 2002, 8, 2356–2361.

69. Ueda, T.; Bruchovsky, N.; Sadar, M.D. Activation of the androgen receptor N-terminal domain by interleukin-6 via MAPK and
STAT3 signal transduction pathways. J. Biol. Chem. 2002, 277, 7076–7085. [CrossRef]

70. Bakin, R.E.; Gioeli, D.; Sikes, R.A.; Bissonette, E.A.; Weber, M.J. Constitutive activation of the Ras/mitogen-activated protein
kinase signaling pathway promotes androgen hypersensitivity in LNCaP prostate cancer cells. Cancer Res. 2003, 63, 1981–1989.

71. Franco, O.E.; Onishi, T.; Yamakawa, K.; Arima, K.; Yanagawa, M.; Sugimura, Y.; Kawamura, J. Mitogen-activated protein kinase
pathway is involved in androgen-independent PSA gene expression in LNCaP cells. Prostate 2003, 56, 319–325. [CrossRef]

72. Sakamoto, K.M.; Kim, K.B.; Verma, R.; Ransick, A.; Stein, B.; Crews, C.M.; Deshaies, R.J. Development of Protacs to target
cancer-promoting proteins for ubiquitination and degradation. Mol. Cell. Proteom. 2003, 2, 1350–1358. [CrossRef] [PubMed]

73. Verma, R.; Chen, S.; Feldman, R.; Schieltz, D.; Yates, J.; Dohmen, J.; Deshaies, R.J. Proteasomal proteomics: Identification of
nucleotide-sensitive proteasome-interacting proteins by mass spectrometric analysis of affinity-purified proteasomes. Mol. Biol.
Cell 2000, 11, 3425–3439. [CrossRef] [PubMed]

74. Karin, M.; Ben-Neriah, Y. Phosphorylation meets ubiquitination: The control of NF-(kappa) B activity. Annu. Rev. Immunol. 2000,
18, 621. [CrossRef] [PubMed]

75. Rodriguez-Gonzalez, A.; Cyrus, K.; Salcius, M.; Kim, K.; Crews, C.; Deshaies, R.; Sakamoto, K. Targeting steroid hormone
receptors for ubiquitination and degradation in breast and prostate cancer. Oncogene 2008, 27, 7201–7211. [CrossRef] [PubMed]

76. Kim, W.Y.; Kaelin, W.G. Role of VHL gene mutation in human cancer. J. Clin. Oncol. 2004, 22, 4991–5004. [CrossRef]
77. Schneekloth, J.S., Jr.; Fonseca, F.N.; Koldobskiy, M.; Mandal, A.; Deshaies, R.; Sakamoto, K.; Crews, C.M. Chemical genetic control

of protein levels: Selective in vivo targeted degradation. J. Am. Chem. Soc. 2004, 126, 3748–3754. [CrossRef]
78. Zhang, D.; Baek, S.-H.; Ho, A.; Kim, K. Degradation of target protein in living cells by small-molecule proteolysis inducer. Bioorg.

Med. Chem. Lett. 2004, 14, 645–648. [CrossRef]
79. Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic, A.; Asara, J.M.; Lane, W.S.; Kaelin, W.G., Jr. HIFα targeted for

VHL-mediated destruction by proline hydroxylation: Implications for O2 sensing. Science 2001, 292, 464–468. [CrossRef]
80. Jaakkola, P.; Mole, D.R.; Tian, Y.-M.; Wilson, M.I.; Gielbert, J.; Gaskell, S.J.; Kriegsheim, A.v.; Hebestreit, H.F.; Mukherji, M.;

Schofield, C.J. Targeting of HIF-α to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science
2001, 292, 468–472. [CrossRef]

81. Cyrus, K.; Wehenkel, M.; Choi, E.Y.; Lee, H.; Swanson, H.; Kim, K.B. Jostling for Position: Optimizing Linker Location in the
Design of Estrogen Receptor-Targeting PROTACs. ChemMedChem 2010, 5, 979–985. [CrossRef]

82. Kuduk, S.D.; Harris, C.R.; Zheng, F.F.; Sepp-Lorenzino, L.; Ouerfelli, Q.; Rosen, N.; Danishefsky, S.J. Synthesis and evaluation of
geldanamycin–testosterone hybrids. Bioorg. Med. Chem. Lett. 2000, 10, 1303–1306. [CrossRef]

83. Kuduk, S.D.; Zheng, F.F.; Sepp-Lorenzino, L.; Rosen, N.; Danishefsky, S.J. Synthesis and evaluation of geldanamycin-estradiol
hybrids. Bioorg. Med. Chem. Lett. 1999, 9, 1233–1238. [CrossRef]

84. Wakeling, A.E. Regulatory mechanisms in breast cancer. Steroidal pure antiestrogens. Cancer Treat. Res. 1991, 53, 239–257.

http://doi.org/10.1126/science.156.3778.1050
http://doi.org/10.1200/JCO.2001.19.18.3808
http://doi.org/10.1634/theoncologist.8-4-335
http://doi.org/10.1097/00019616-199211000-00006
http://doi.org/10.1200/JCO.2001.19.9.2509
http://www.ncbi.nlm.nih.gov/pubmed/11331330
http://doi.org/10.1159/000475232
http://www.ncbi.nlm.nih.gov/pubmed/7750532
http://www.ncbi.nlm.nih.gov/pubmed/8187068
http://doi.org/10.1038/6495
http://doi.org/10.1074/jbc.M108255200
http://doi.org/10.1002/pros.10258
http://doi.org/10.1074/mcp.T300009-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/14525958
http://doi.org/10.1091/mbc.11.10.3425
http://www.ncbi.nlm.nih.gov/pubmed/11029046
http://doi.org/10.1146/annurev.immunol.18.1.621
http://www.ncbi.nlm.nih.gov/pubmed/10837071
http://doi.org/10.1038/onc.2008.320
http://www.ncbi.nlm.nih.gov/pubmed/18794799
http://doi.org/10.1200/JCO.2004.05.061
http://doi.org/10.1021/ja039025z
http://doi.org/10.1016/j.bmcl.2003.11.042
http://doi.org/10.1126/science.1059817
http://doi.org/10.1126/science.1059796
http://doi.org/10.1002/cmdc.201000146
http://doi.org/10.1016/S0960-894X(00)00208-0
http://doi.org/10.1016/S0960-894X(99)00185-7


Pharmaceutics 2022, 14, 2523 38 of 43

85. Wakeling, A.; Bowler, J. Development of novel oestrogen-receptor antagonists. Biochem. Soc. Trans. 1991, 19, 899–901. [CrossRef]
86. Osborne, C.; Wakeling, A.; Nicholson, R. Fulvestrant: An oestrogen receptor antagonist with a novel mechanism of action. Br. J.

Cancer 2004, 90, S2–S6. [CrossRef] [PubMed]
87. Campos, S.; Harling, J.; Miah, A.; Smith, I. Proteolysis targeting chimeras (protacs) directed to the modulation of the estrogen

receptor. WO Patent WO2014108452A1, 17 July 2014.
88. Hu, J.; Hu, B.; Wang, M.; Xu, F.; Miao, B.; Yang, C.-Y.; Wang, M.; Liu, Z.; Hayes, D.F.; Chinnaswamy, K. Discovery of ERD-308 as a

highly potent proteolysis targeting chimera (PROTAC) degrader of estrogen receptor (ER). J. Med. Chem. 2019, 62, 1420–1442.
[CrossRef] [PubMed]

89. Zhou, B.; Hu, J.; Xu, F.; Chen, Z.; Bai, L.; Fernandez-Salas, E.; Lin, M.; Liu, L.; Yang, C.-Y.; Zhao, Y. Discovery of a small-molecule
degrader of bromodomain and extra-terminal (BET) proteins with picomolar cellular potencies and capable of achieving tumor
regression. J. Med. Chem. 2018, 61, 462–481. [CrossRef]

90. Qin, C.; Hu, Y.; Zhou, B.; Fernandez-Salas, E.; Yang, C.-Y.; Liu, L.; McEachern, D.; Przybranowski, S.; Wang, M.; Stuckey,
J. Discovery of QCA570 as an exceptionally potent and efficacious proteolysis targeting chimera (PROTAC) degrader of the
bromodomain and extra-terminal (BET) proteins capable of inducing complete and durable tumor regression. J. Med. Chem. 2018,
61, 6685–6704. [CrossRef]

91. Bai, L.; Zhou, B.; Yang, C.-Y.; Ji, J.; McEachern, D.; Przybranowski, S.; Jiang, H.; Hu, J.; Xu, F.; Zhao, Y. Targeted Degradation
of BET Proteins in Triple-Negative Breast CancerSmall-Molecule Degraders of BET Proteins in TNBC. Cancer Res. 2017, 77,
2476–2487. [CrossRef]

92. Martin, L.-A.; Ribas, R.; Simigdala, N.; Schuster, E.; Pancholi, S.; Tenev, T.; Gellert, P.; Buluwela, L.; Harrod, A.; Thornhill, A.
Discovery of naturally occurring ESR1 mutations in breast cancer cell lines modelling endocrine resistance. Nat. Commun. 2017, 8,
1–15. [CrossRef]

93. Toy, W.; Shen, Y.; Won, H.; Green, B.; Sakr, R.A.; Will, M.; Li, Z.; Gala, K.; Fanning, S.; King, T.A. ESR1 ligand-binding domain
mutations in hormone-resistant breast cancer. Nat. Genet. 2013, 45, 1439–1445. [CrossRef]

94. Robinson, D.R.; Wu, Y.-M.; Vats, P.; Su, F.; Lonigro, R.J.; Cao, X.; Kalyana-Sundaram, S.; Wang, R.; Ning, Y.; Hodges, L. Activating
ESR1 mutations in hormone-resistant metastatic breast cancer. Nat. Genet. 2013, 45, 1446–1451. [CrossRef] [PubMed]

95. Toy, W.; Weir, H.; Razavi, P.; Lawson, M.; Goeppert, A.U.; Mazzola, A.M.; Smith, A.; Wilson, J.; Morrow, C.; Wong, W.L. Activating
ESR1 mutations differentially affect the efficacy of ER antagonists. Cancer Discov. 2017, 7, 277–287. [CrossRef] [PubMed]

96. Weis, K.E.; Ekena, K.; Thomas, J.A.; Lazennec, G.; Katzenellenbogen, B.S. Constitutively active human estrogen receptors
containing amino acid substitutions for tyrosine 537 in the receptor protein. Mol. Endocrinol. 1996, 10, 1388–1398. [PubMed]

97. Gonzalez, T.L.; Hancock, M.; Sun, S.; Gersch, C.L.; Larios, J.M.; David, W.; Hu, J.; Hayes, D.F.; Wang, S.; Rae, J.M. Targeted
degradation of activating estrogen receptor α ligand-binding domain mutations in human breast cancer. Breast Cancer Res. Treat.
2020, 180, 611–622. [CrossRef]

98. Deveraux, Q.L.; Reed, J.C. IAP family proteins—Suppressors of apoptosis. Genes Dev. 1999, 13, 239–252. [CrossRef]
99. Ndubaku, C.; Cohen, F.; Varfolomeev, E.; Vucic, D. Targeting inhibitor of apoptosis proteins for therapeutic intervention. Future

Med. Chem. 2009, 1, 1509–1525. [CrossRef]
100. Deveraux, Q.L.; Takahashi, R.; Salvesen, G.S.; Reed, J.C. X-linked IAP is a direct inhibitor of cell-death proteases. Nature 1997, 388,

300–304. [CrossRef]
101. Hao, Y.; Sekine, K.; Kawabata, A.; Nakamura, H.; Ishioka, T.; Ohata, H.; Katayama, R.; Hashimoto, C.; Zhang, X.; Noda, T. Apollon

ubiquitinates SMAC and caspase-9, and has an essential cytoprotection function. Nat. Cell Biol. 2004, 6, 849–860. [CrossRef]
102. Suzuki, Y.; Nakabayashi, Y.; Takahashi, R. Ubiquitin-protein ligase activity of X-linked inhibitor of apoptosis protein promotes

proteasomal degradation of caspase-3 and enhances its anti-apoptotic effect in Fas-induced cell death. Proc. Natl. Acad. Sci. USA
2001, 98, 8662–8667. [CrossRef]

103. Kikuchi, R.; Ohata, H.; Ohoka, N.; Kawabata, A.; Naito, M. APOLLON protein promotes early mitotic CYCLIN A degradation
independent of the spindle assembly checkpoint. J. Biol. Chem. 2014, 289, 3457–3467. [CrossRef]

104. Eckelman, B.P.; Salvesen, G.S.; Scott, F.L. Human inhibitor of apoptosis proteins: Why XIAP is the black sheep of the family.
EMBO Rep. 2006, 7, 988–994. [CrossRef] [PubMed]

105. Eckelman, B.P.; Salvesen, G.S. The human anti-apoptotic proteins cIAP1 and cIAP2 bind but do not inhibit caspases. J. Biol. Chem.
2006, 281, 3254–3260. [CrossRef] [PubMed]

106. Gyrd-Hansen, M.; Darding, M.; Miasari, M.; Santoro, M.M.; Zender, L.; Xue, W.; Tenev, T.; da Fonseca, P.C.; Zvelebil, M.; Bujnicki,
J.M. IAPs contain an evolutionarily conserved ubiquitin-binding domain that regulates NF-κB as well as cell survival and
oncogenesis. Nat. Cell Biol. 2008, 10, 1309–1317. [CrossRef] [PubMed]

107. Imoto, I.; Tsuda, H.; Hirasawa, A.; Miura, M.; Sakamoto, M.; Hirohashi, S.; Inazawa, J. Expression of cIAP1, a target for 11q22
amplification, correlates with resistance of cervical cancers to radiotherapy. Cancer Res. 2002, 62, 4860–4866.

108. Imoto, I.; Yang, Z.-Q.; Pimkhaokham, A.; Tsuda, H.; Shimada, Y.; Imamura, M.; Ohki, M.; Inazawa, J. Identification of cIAP1 as a
candidate target gene within an amplicon at 11q22 in esophageal squamous cell carcinomas. Cancer Res. 2001, 61, 6629–6634.

109. Tamm, I.; Kornblau, S.M.; Segall, H.; Krajewski, S.; Welsh, K.; Kitada, S.; Scudiero, D.A.; Tudor, G.; Qui, Y.H.; Monks, A. Expression
and prognostic significance of IAP-family genes in human cancers and myeloid leukemias. Clin. Cancer Res. 2000, 6, 1796–1803.

110. Scott, D.E.; Bayly, A.R.; Abell, C.; Skidmore, J. Small molecules, big targets: Drug discovery faces the protein–protein interaction
challenge. Nat. Rev. Drug Discov. 2016, 15, 533–550. [CrossRef]

http://doi.org/10.1042/bst0190899
http://doi.org/10.1038/sj.bjc.6601629
http://www.ncbi.nlm.nih.gov/pubmed/15094757
http://doi.org/10.1021/acs.jmedchem.8b01572
http://www.ncbi.nlm.nih.gov/pubmed/30990042
http://doi.org/10.1021/acs.jmedchem.6b01816
http://doi.org/10.1021/acs.jmedchem.8b00506
http://doi.org/10.1158/0008-5472.CAN-16-2622
http://doi.org/10.1038/s41467-017-01864-y
http://doi.org/10.1038/ng.2822
http://doi.org/10.1038/ng.2823
http://www.ncbi.nlm.nih.gov/pubmed/24185510
http://doi.org/10.1158/2159-8290.CD-15-1523
http://www.ncbi.nlm.nih.gov/pubmed/27986707
http://www.ncbi.nlm.nih.gov/pubmed/8923465
http://doi.org/10.1007/s10549-020-05564-y
http://doi.org/10.1101/gad.13.3.239
http://doi.org/10.4155/fmc.09.116
http://doi.org/10.1038/40901
http://doi.org/10.1038/ncb1159
http://doi.org/10.1073/pnas.161506698
http://doi.org/10.1074/jbc.M113.514430
http://doi.org/10.1038/sj.embor.7400795
http://www.ncbi.nlm.nih.gov/pubmed/17016456
http://doi.org/10.1074/jbc.M510863200
http://www.ncbi.nlm.nih.gov/pubmed/16339151
http://doi.org/10.1038/ncb1789
http://www.ncbi.nlm.nih.gov/pubmed/18931663
http://doi.org/10.1038/nrd.2016.29


Pharmaceutics 2022, 14, 2523 39 of 43

111. Cong, H.; Xu, L.; Wu, Y.; Qu, Z.; Bian, T.; Zhang, W.; Xing, C.; Zhuang, C. Inhibitor of apoptosis protein (IAP) antagonists in
anticancer agent discovery: Current status and perspectives. J. Med. Chem. 2019, 62, 5750–5772. [CrossRef]

112. US National Institutes of Health. US National Library of Medicine. ClinicalTrials.gov. Clinical Study to Investigate the Effect of the
Combination of Psychotropic Drugs and an Opioid on Ventilation. Available online: https://clinicaltrials.gov/ct2/show/NCT
(accessed on 15 May 2020).

113. Sekine, K.; Takubo, K.; Kikuchi, R.; Nishimoto, M.; Kitagawa, M.; Abe, F.; Nishikawa, K.; Tsuruo, T.; Naito, M. Small molecules
destabilize cIAP1 by activating auto-ubiquitylation. J. Biol. Chem. 2008, 283, 8961–8968. [CrossRef]

114. Itoh, Y.; Kitaguchi, R.; Ishikawa, M.; Naito, M.; Hashimoto, Y. Design, synthesis and biological evaluation of nuclear receptor-
degradation inducers. Bioorg. Med. Chem. 2011, 19, 6768–6778. [CrossRef]

115. Demizu, Y.; Okuhira, K.; Motoi, H.; Ohno, A.; Shoda, T.; Fukuhara, K.; Okuda, H.; Naito, M.; Kurihara, M. Design and synthesis
of estrogen receptor degradation inducer based on a protein knockdown strategy. Bioorg. Med. Chem. Lett. 2012, 22, 1793–1796.
[CrossRef] [PubMed]

116. Laïos, I.; Journe, F.; Laurent, G.; Nonclercq, D.; Toillon, R.-A.; Seo, H.-S.; Leclercq, G. Mechanisms governing the accumulation of
estrogen receptor alpha in MCF-7 breast cancer cells treated with hydroxytamoxifen and related antiestrogens. J. Steroid Biochem.
Mol. Biol. 2003, 87, 207–221. [CrossRef] [PubMed]

117. Okuhira, K.; Demizu, Y.; Hattori, T.; Ohoka, N.; Shibata, N.; Nishimaki-Mogami, T.; Okuda, H.; Kurihara, M.; Naito, M.
Development of hybrid small molecules that induce degradation of estrogen receptor-alpha and necrotic cell death in breast
cancer cells. Cancer Sci. 2013, 104, 1492–1498. [CrossRef] [PubMed]

118. Valley, C.C.; Métivier, R.; Solodin, N.M.; Fowler, A.M.; Mashek, M.T.; Hill, L.; Alarid, E.T. Differential regulation of estrogen-
inducible proteolysis and transcription by the estrogen receptor α N terminus. Mol. Cell. Biol. 2005, 25, 5417–5428. [CrossRef]

119. Fulda, S.; Vucic, D. Targeting IAP proteins for therapeutic intervention in cancer. Nat. Rev. Drug Discov. 2012, 11, 109–124.
[CrossRef]

120. Cohen, P.; Tcherpakov, M. Will the ubiquitin system furnish as many drug targets as protein kinases? Cell 2010, 143, 686–693.
[CrossRef]

121. Varfolomeev, E.; Blankenship, J.W.; Wayson, S.M.; Fedorova, A.V.; Kayagaki, N.; Garg, P.; Zobel, K.; Dynek, J.N.; Elliott, L.O.;
Wallweber, H.J. IAP antagonists induce autoubiquitination of c-IAPs, NF-κB activation, and TNFα-dependent apoptosis. Cell
2007, 131, 669–681. [CrossRef]

122. Vince, J.E.; Wong, W.W.-L.; Khan, N.; Feltham, R.; Chau, D.; Ahmed, A.U.; Benetatos, C.A.; Chunduru, S.K.; Condon, S.M.;
McKinlay, M. IAP antagonists target cIAP1 to induce TNFα-dependent apoptosis. Cell 2007, 131, 682–693. [CrossRef]

123. Bertrand, M.J.; Milutinovic, S.; Dickson, K.M.; Ho, W.C.; Boudreault, A.; Durkin, J.; Gillard, J.W.; Jaquith, J.B.; Morris, S.J.; Barker,
P.A. cIAP1 and cIAP2 facilitate cancer cell survival by functioning as E3 ligases that promote RIP1 ubiquitination. Mol. Cell 2008,
30, 689–700. [CrossRef]

124. Ohoka, N.; Morita, Y.; Nagai, K.; Shimokawa, K.; Ujikawa, O.; Fujimori, I.; Ito, M.; Hayase, Y.; Okuhira, K.; Shibata, N.
Derivatization of inhibitor of apoptosis protein (IAP) ligands yields improved inducers of estrogen receptor α degradation. J. Biol.
Chem. 2018, 293, 6776–6790. [CrossRef]

125. Hennessy, E.J.; Saeh, J.C.; Sha, L.; MacIntyre, T.; Wang, H.; Larsen, N.A.; Aquila, B.M.; Ferguson, A.D.; Laing, N.M.; Omer, C.A.
Discovery of aminopiperidine-based Smac mimetics as IAP antagonists. Bioorg. Med. Chem. Lett. 2012, 22, 1690–1694. [CrossRef]
[PubMed]

126. Flygare, J.A.; Beresini, M.; Budha, N.; Chan, H.; Chan, I.T.; Cheeti, S.; Cohen, F.; Deshayes, K.; Doerner, K.; Eckhardt, S.G.
Discovery of a potent small-molecule antagonist of inhibitor of apoptosis (IAP) proteins and clinical candidate for the treatment
of cancer (GDC-0152). J. Med. Chem. 2012, 55, 4101–4113. [CrossRef] [PubMed]

127. Ohoka, N.; Okuhira, K.; Ito, M.; Nagai, K.; Shibata, N.; Hattori, T.; Ujikawa, O.; Shimokawa, K.; Sano, O.; Koyama, R. In vivo
knockdown of pathogenic proteins via specific and nongenetic inhibitor of apoptosis protein (IAP)-dependent protein erasers
(SNIPERs). J. Biol. Chem. 2017, 292, 4556–4570. [CrossRef]

128. Itoh, Y.; Ishikawa, M.; Naito, M.; Hashimoto, Y. Protein knockdown using methyl bestatin− ligand hybrid molecules: Design and
synthesis of inducers of ubiquitination-mediated degradation of cellular retinoic acid-binding proteins. J. Am. Chem. Soc. 2010,
132, 5820–5826. [CrossRef] [PubMed]

129. Shibata, N.; Miyamoto, N.; Nagai, K.; Shimokawa, K.; Sameshima, T.; Ohoka, N.; Hattori, T.; Imaeda, Y.; Nara, H.; Cho, N.
Development of protein degradation inducers of oncogenic BCR-ABL protein by conjugation of ABL kinase inhibitors and IAP
ligands. Cancer Sci. 2017, 108, 1657–1666. [CrossRef]

130. Shimokawa, K.; Shibata, N.; Sameshima, T.; Miyamoto, N.; Ujikawa, O.; Nara, H.; Ohoka, N.; Hattori, T.; Cho, N.; Naito, M.
Targeting the allosteric site of oncoprotein BCR-ABL as an alternative strategy for effective target protein degradation. ACS Med.
Chem. Lett. 2017, 8, 1042–1047. [CrossRef]

131. Ohoka, N.; Nagai, K.; Shibata, N.; Hattori, T.; Nara, H.; Cho, N.; Naito, M. SNIPER (TACC3) induces cytoplasmic vacuolization
and sensitizes cancer cells to Bortezomib. Cancer Sci. 2017, 108, 1032–1041. [CrossRef]

132. Okuhira, K.; Ohoka, N.; Sai, K.; Nishimaki-Mogami, T.; Itoh, Y.; Ishikawa, M.; Hashimoto, Y.; Naito, M. Specific degradation of
CRABP-II via cIAP1-mediated ubiquitylation induced by hybrid molecules that crosslink cIAP1 and the target protein. FEBS Lett.
2011, 585, 1147–1152. [CrossRef]

http://doi.org/10.1021/acs.jmedchem.8b01668
https://clinicaltrials.gov/ct2/show/NCT
http://doi.org/10.1074/jbc.M709525200
http://doi.org/10.1016/j.bmc.2011.09.041
http://doi.org/10.1016/j.bmcl.2011.11.086
http://www.ncbi.nlm.nih.gov/pubmed/22277276
http://doi.org/10.1016/j.jsbmb.2003.09.011
http://www.ncbi.nlm.nih.gov/pubmed/14672741
http://doi.org/10.1111/cas.12272
http://www.ncbi.nlm.nih.gov/pubmed/23992566
http://doi.org/10.1128/MCB.25.13.5417-5428.2005
http://doi.org/10.1038/nrd3627
http://doi.org/10.1016/j.cell.2010.11.016
http://doi.org/10.1016/j.cell.2007.10.030
http://doi.org/10.1016/j.cell.2007.10.037
http://doi.org/10.1016/j.molcel.2008.05.014
http://doi.org/10.1074/jbc.RA117.001091
http://doi.org/10.1016/j.bmcl.2011.12.109
http://www.ncbi.nlm.nih.gov/pubmed/22264476
http://doi.org/10.1021/jm300060k
http://www.ncbi.nlm.nih.gov/pubmed/22413863
http://doi.org/10.1074/jbc.M116.768853
http://doi.org/10.1021/ja100691p
http://www.ncbi.nlm.nih.gov/pubmed/20369832
http://doi.org/10.1111/cas.13284
http://doi.org/10.1021/acsmedchemlett.7b00247
http://doi.org/10.1111/cas.13198
http://doi.org/10.1016/j.febslet.2011.03.019


Pharmaceutics 2022, 14, 2523 40 of 43

133. Oost, T.K.; Sun, C.; Armstrong, R.C.; Al-Assaad, A.-S.; Betz, S.F.; Deckwerth, T.L.; Ding, H.; Elmore, S.W.; Meadows, R.P.;
Olejniczak, E.T. Discovery of potent antagonists of the antiapoptotic protein XIAP for the treatment of cancer. J. Med. Chem. 2004,
47, 4417–4426. [CrossRef]

134. Cohen, F.; Koehler, M.F.; Bergeron, P.; Elliott, L.O.; Flygare, J.A.; Franklin, M.C.; Gazzard, L.; Keteltas, S.F.; Lau, K.; Ly, C.Q.
Antagonists of inhibitor of apoptosis proteins based on thiazole amide isosteres. Bioorg. Med. Chem. Lett. 2010, 20, 2229–2233.
[CrossRef]

135. Harling, J.D.; Smith, I.E.D. 1AP E3 Ligase Directed Proteolysis Targeting Chimeric Molecules. U.S. Patent 10,336,744, 2 July 2019.
136. Kim, K.S.; Zhang, L.; Williams, D.; Perez, H.L.; Stang, E.; Borzilleri, R.M.; Posy, S.; Lei, M.; Chaudhry, C.; Emanuel, S. Discovery of

tetrahydroisoquinoline-based bivalent heterodimeric IAP antagonists. Bioorg. Med. Chem. Lett. 2014, 24, 5022–5029. [CrossRef]
[PubMed]

137. Demizu, Y.; Ohoka, N.; Nagakubo, T.; Yamashita, H.; Misawa, T.; Okuhira, K.; Naito, M.; Kurihara, M. Development of a
peptide-based inducer of nuclear receptors degradation. Bioorg. Med. Chem. Lett. 2016, 26, 2655–2658. [CrossRef] [PubMed]

138. Shang, Y.; Brown, M. Molecular determinants for the tissue specificity of SERMs. Science 2002, 295, 2465–2468. [CrossRef]
[PubMed]

139. Arpino, G.; Wiechmann, L.; Osborne, C.K.; Schiff, R. Crosstalk between the estrogen receptor and the HER tyrosine kinase
receptor family: Molecular mechanism and clinical implications for endocrine therapy resistance. Endocr. Rev. 2008, 29, 217–233.
[CrossRef]

140. Galande, A.K.; Bramlett, K.S.; Trent, J.O.; Burris, T.P.; Wittliff, J.L.; Spatola, A.F. Potent inhibitors of LXXLL-based protein–protein
interactions. ChemBioChem 2005, 6, 1991–1998. [CrossRef]

141. Nagakubo, T.; Demizu, Y.; Kanda, Y.; Misawa, T.; Shoda, T.; Okuhira, K.; Sekino, Y.; Naito, M.; Kurihara, M. Development of
cell-penetrating R7 fragment-conjugated helical peptides as inhibitors of estrogen receptor-mediated transcription. Bioconjugate
Chem. 2014, 25, 1921–1924. [CrossRef]

142. Demizu, Y.; Misawa, T.; Nagakubo, T.; Kanda, Y.; Okuhira, K.; Sekino, Y.; Naito, M.; Kurihara, M. Structural development of
stabilized helical peptides as inhibitors of estrogen receptor (ER)-mediated transcription. Bioorg. Med. Chem. 2015, 23, 4132–4138.
[CrossRef]

143. Dragovich, P.S.; Adhikari, P.; Blake, R.A.; Blaquiere, N.; Chen, J.; Cheng, Y.-X.; den Besten, W.; Han, J.; Hartman, S.J.; He, J.
Antibody-mediated delivery of chimeric protein degraders which target estrogen receptor alpha (ERα). Bioorg. Med. Chem. Lett.
2020, 30, 126907. [CrossRef]

144. Ali, S.M.; Ahmad, A.; Shahabuddin, S.; Ahmad, M.U.; Sheikh, S.; Ahmad, I. Endoxifen is a new potent inhibitor of PKC: A
potential therapeutic agent for bipolar disorder. Bioorg. Med. Chem. Lett. 2010, 20, 2665–2667. [CrossRef]

145. Johnson, M.D.; Zuo, H.; Lee, K.-H.; Trebley, J.P.; Rae, J.M.; Weatherman, R.V.; Desta, Z.; Flockhart, D.A.; Skaar, T.C. Pharmacologi-
cal characterization of 4-hydroxy-N-desmethyl tamoxifen, a novel active metabolite of tamoxifen. Breast Cancer Res. Treat. 2004,
85, 151–159. [CrossRef]

146. Dragovich, P.S.; Blake, R.A.; Chen, C.; Chen, J.; Chuh, J.; den Besten, W.; Fan, F.; Fourie, A.; Hartman, S.J.; He, C. Conjugation of
Indoles to Antibodies through a Novel Self-Immolating Linker. Chem.–A Eur. J. 2018, 24, 4830–4834. [CrossRef] [PubMed]

147. Joseph, J.D.; Darimont, B.; Zhou, W.; Arrazate, A.; Young, A.; Ingalla, E.; Walter, K.; Blake, R.A.; Nonomiya, J.; Guan, Z. The
selective estrogen receptor downregulator GDC-0810 is efficacious in diverse models of ER+ breast cancer. Elife 2016, 5, e15828.
[CrossRef] [PubMed]

148. Bessire, A.J.; Ballard, T.E.; Charati, M.; Cohen, J.; Green, M.; Lam, M.-H.; Loganzo, F.; Nolting, B.; Pierce, B.; Puthenveetil,
S. Determination of antibody–drug conjugate released payload species using directed in vitro assays and mass spectrometric
interrogation. Bioconjugate Chem. 2016, 27, 1645–1654. [CrossRef] [PubMed]

149. Doronina, S.O.; Toki, B.E.; Torgov, M.Y.; Mendelsohn, B.A.; Cerveny, C.G.; Chace, D.F.; DeBlanc, R.L.; Gearing, R.P.; Bovee, T.D.;
Siegall, C.B. Development of potent monoclonal antibody auristatin conjugates for cancer therapy. Nat. Biotechnol. 2003, 21,
778–784. [CrossRef]

150. Dubowchik, G.M.; Firestone, R.A. Cathepsin B-sensitive dipeptide prodrugs. A model study of structural requirements for
efficient release of doxorubicin. Bioorg. Med. Chem. Lett. 1998, 8, 3341–3346. [CrossRef]

151. Renault, K.; Fredy, J.W.; Renard, P.-Y.; Sabot, C. Covalent modification of biomolecules through maleimide-based labeling
strategies. Bioconjugate Chem. 2018, 29, 2497–2513. [CrossRef]

152. Junutula, J.R.; Raab, H.; Clark, S.; Bhakta, S.; Leipold, D.D.; Weir, S.; Chen, Y.; Simpson, M.; Tsai, S.P.; Dennis, M.S. Site-specific
conjugation of a cytotoxic drug to an antibody improves the therapeutic index. Nat. Biotechnol. 2008, 26, 925–932. [CrossRef]

153. Shen, B.-Q.; Xu, K.; Liu, L.; Raab, H.; Bhakta, S.; Kenrick, M.; Parsons-Reponte, K.L.; Tien, J.; Yu, S.-F.; Mai, E. Conjugation site
modulates the in vivo stability and therapeutic activity of antibody-drug conjugates. Nat. Biotechnol. 2012, 30, 184–189. [CrossRef]

154. Sussman, D.; Westendorf, L.; Meyer, D.; Leiske, C.; Anderson, M.; Okeley, N.; Alley, S.; Lyon, R.; Sanderson, R.; Carter, P.
Engineered cysteine antibodies: An improved antibody-drug conjugate platform with a novel mechanism of drug-linker stability.
Protein Eng. Des. Sel. 2018, 31, 47–54. [CrossRef]

155. Edelman, G.M.; Cunningham, B.A.; Gall, W.E.; Gottlieb, P.D.; Rutishauser, U.; Waxdal, M.J. The covalent structure of an entire γG
immunoglobulin molecule. Proc. Natl. Acad. Sci. USA 1969, 63, 78–85. [CrossRef]

156. Buecheler, J.W.; Winzer, M.; Tonillo, J.; Weber, C.; Gieseler, H. Impact of payload hydrophobicity on the stability of antibody–drug
conjugates. Mol. Pharm. 2018, 15, 2656–2664. [CrossRef] [PubMed]

http://doi.org/10.1021/jm040037k
http://doi.org/10.1016/j.bmcl.2010.02.021
http://doi.org/10.1016/j.bmcl.2014.09.022
http://www.ncbi.nlm.nih.gov/pubmed/25278234
http://doi.org/10.1016/j.bmcl.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27086122
http://doi.org/10.1126/science.1068537
http://www.ncbi.nlm.nih.gov/pubmed/11923541
http://doi.org/10.1210/er.2006-0045
http://doi.org/10.1002/cbic.200500083
http://doi.org/10.1021/bc500480e
http://doi.org/10.1016/j.bmc.2015.06.067
http://doi.org/10.1016/j.bmcl.2019.126907
http://doi.org/10.1016/j.bmcl.2010.02.024
http://doi.org/10.1023/B:BREA.0000025406.31193.e8
http://doi.org/10.1002/chem.201800859
http://www.ncbi.nlm.nih.gov/pubmed/29493023
http://doi.org/10.7554/eLife.15828
http://www.ncbi.nlm.nih.gov/pubmed/27410477
http://doi.org/10.1021/acs.bioconjchem.6b00192
http://www.ncbi.nlm.nih.gov/pubmed/27206324
http://doi.org/10.1038/nbt832
http://doi.org/10.1016/S0960-894X(98)00609-X
http://doi.org/10.1021/acs.bioconjchem.8b00252
http://doi.org/10.1038/nbt.1480
http://doi.org/10.1038/nbt.2108
http://doi.org/10.1093/protein/gzx067
http://doi.org/10.1073/pnas.63.1.78
http://doi.org/10.1021/acs.molpharmaceut.8b00177
http://www.ncbi.nlm.nih.gov/pubmed/29809017


Pharmaceutics 2022, 14, 2523 41 of 43

157. Ohri, R.; Bhakta, S.; Fourie-O’Donohue, A.; Cruz-Chuh, J.d.; Tsai, S.P.; Cook, R.; Wei, B.; Ng, C.; Wong, A.W.; Bos, A.B. High-
throughput cysteine scanning to identify stable antibody conjugation sites for maleimide-and disulfide-based linkers. Bioconjugate
Chem. 2018, 29, 473–485. [CrossRef] [PubMed]

158. Vollmar, B.S.; Wei, B.; Ohri, R.; Zhou, J.; He, J.; Yu, S.-F.; Leipold, D.; Cosino, E.; Yee, S.; Fourie-O’Donohue, A. Attachment site
cysteine thiol p K a is a key driver for site-dependent stability of THIOMAB antibody–drug conjugates. Bioconjugate Chem. 2017,
28, 2538–2548. [CrossRef] [PubMed]

159. Zhang, D.; Le, H.; Cruz-Chuh, J.d.; Bobba, S.; Guo, J.; Staben, L.; Zhang, C.; Ma, Y.; Kozak, K.R.; Phillips, G.D.L. Immolation of
p-aminobenzyl ether linker and payload potency and stability determine the cell-killing activity of antibody–drug conjugates
with phenol-containing payloads. Bioconjugate Chem. 2018, 29, 267–274. [CrossRef]

160. Sadowsky, J.D.; Pillow, T.H.; Chen, J.; Fan, F.; He, C.; Wang, Y.; Yan, G.; Yao, H.; Xu, Z.; Martin, S. Development of Efficient
Chemistry to Generate Site-Specific Disulfide-Linked Protein–and Peptide–Payload Conjugates: Application to THIOMAB
Antibody–Drug Conjugates. Bioconjugate Chem. 2017, 28, 2086–2098. [CrossRef] [PubMed]

161. Rosario, G. Decoupling stability and release in disulfide bonds with antibody-small molecule conjugates. Chem. Sci. 2017, 8,
366–370.

162. Pillow, T.H.; Schutten, M.; Yu, S.-F.; Ohri, R.; Sadowsky, J.; Poon, K.A.; Solis, W.; Zhong, F.; del Rosario, G.; Go, M.A.T.
Modulating Therapeutic Activity and Toxicity of Pyrrolobenzodiazepine Antibody–Drug Conjugates with Self-Immolative
Disulfide LinkersSite-specific PBD ADCs with Immolating Disulfide Linkers. Mol. Cancer Ther. 2017, 16, 871–878. [CrossRef]

163. Ogitani, Y.; Aida, T.; Hagihara, K.; Yamaguchi, J.; Ishii, C.; Harada, N.; Soma, M.; Okamoto, H.; Oitate, M.; Arakawa, S. DS-8201a,
A Novel HER2-Targeting ADC with a Novel DNA Topoisomerase I Inhibitor, Demonstrates a Promising Antitumor Efficacy with
Differentiation from T-DM1Preclinical Efficacy of DS-8201a, a Novel HER2-Targeting ADC. Clin. Cancer Res. 2016, 22, 5097–5108.
[CrossRef]

164. Burke, P.J.; Hamilton, J.Z.; Pires, T.A.; Lai, H.W.; Leiske, C.I.; Emmerton, K.K.; Waight, A.B.; Senter, P.D.; Lyon, R.P.; Jeffrey, S.C.
Glucuronide-Linked Antibody–Tubulysin Conjugates Display Activity in MDR+ and Heterogeneous Tumor ModelsGlucuronide–
Tubulysin ADC Payloads. Mol. Cancer Ther. 2018, 17, 1752–1760. [CrossRef]

165. Neumann, C.S.; Olivas, K.C.; Anderson, M.E.; Cochran, J.H.; Jin, S.; Li, F.; Loftus, L.V.; Meyer, D.W.; Neale, J.; Nix, J.C. Targeted
Delivery of Cytotoxic NAMPT Inhibitors Using Antibody–Drug ConjugatesDelivery of NAMPT Inhibitors Using Antibody–Drug
Conjugates. Mol. Cancer Ther. 2018, 17, 2633–2642. [CrossRef]

166. Kern, J.C.; Cancilla, M.; Dooney, D.; Kwasnjuk, K.; Zhang, R.; Beaumont, M.; Figueroa, I.; Hsieh, S.; Liang, L.; Tomazela, D.
Discovery of pyrophosphate diesters as tunable, soluble, and bioorthogonal linkers for site-specific antibody–drug conjugates. J.
Am. Chem. Soc. 2016, 138, 1430–1445. [CrossRef] [PubMed]

167. Brandish, P.E.; Palmieri, A.; Antonenko, S.; Beaumont, M.; Benso, L.; Cancilla, M.; Cheng, M.; Fayadat-Dilman, L.; Feng, G.;
Figueroa, I. Development of anti-CD74 antibody–drug conjugates to target glucocorticoids to immune cells. Bioconjugate Chem.
2018, 29, 2357–2369. [CrossRef] [PubMed]

168. Klán, P.; Solomek, T.; Bochet, C.G.; Blanc, A.; Givens, R.; Rubina, M.; Popik, V.; Kostikov, A.; Wirz, J. Photoremovable protecting
groups in chemistry and biology: Reaction mechanisms and efficacy. Chem. Rev. 2013, 113, 119–191. [CrossRef] [PubMed]

169. Ang, J.M.; Riaz, I.B.; Kamal, M.U.; Paragh, G.; Zeitouni, N.C. Photodynamic therapy and pain: A systematic review. Photodiagnosis
Photodyn. Ther. 2017, 19, 308–344. [CrossRef] [PubMed]

170. Negi, A.; Kieffer, C.; Voisin-Chiret, A.S. Azobenzene photoswitches in proteolysis targeting chimeras: Photochemical control
strategies and therapeutic benefits. ChemistrySelect 2022, 7, e202200981. [CrossRef]

171. Negi, A.; Kesari, K.K.; Voisin-Chiret, A.S. Light-Activating PROTACs in Cancer: Chemical Design, Challenges, and Applications.
Appl. Sci. 2022, 12, 9674. [CrossRef]

172. Galdeano, C.; Gadd, M.S.; Soares, P.; Scaffidi, S.; van Molle, I.; Birced, I.; Hewitt, S.; Dias, D.M.; Ciulli, A. Structure-guided
design and optimization of small molecules targeting the protein–protein interaction between the von Hippel–Lindau (VHL) E3
ubiquitin ligase and the hypoxia inducible factor (HIF) alpha subunit with in vitro nanomolar affinities. J. Med. Chem. 2014, 57,
8657–8663. [CrossRef]

173. Yu, F.; White, S.B.; Zhao, Q.; Lee, F.S. HIF-1α binding to VHL is regulated by stimulus-sensitive proline hydroxylation. Proc. Natl.
Acad. Sci. USA 2001, 98, 9630–9635. [CrossRef]

174. Min, J.-H.; Yang, H.; Ivan, M.; Gertler, F.; Jr, W.G.K.; Pavletich, N.P. Structure of an HIF-1α-pVHL complex: Hydroxyproline
recognition in signaling. Science 2002, 296, 1886–1889. [CrossRef]

175. Hon, W.-C.; Wilson, M.I.; Harlos, K.; Claridge, T.D.; Schofield, C.J.; Pugh, C.W.; Maxwell, P.H.; Ratcliffe, P.J.; Stuart, D.I.; Jones,
E.Y. Structural basis for the recognition of hydroxyproline in HIF-1α by pVHL. Nature 2002, 417, 975–978. [CrossRef]

176. Zengerle, M.; Chan, K.-H.; Ciulli, A. Selective small molecule induced degradation of the BET bromodomain protein BRD. ACS
Chem. Biol. 2015, 10, 1770–1777. [CrossRef] [PubMed]

177. Bondeson, D.P.; Mares, A.; Smith, I.E.; Ko, E.; Campos, S.; Miah, A.H.; Mulholland, K.E.; Routly, N.; Buckley, D.L.; Gustafson, J.L.
Catalytic in vivo protein knockdown by small-molecule PROTACs. Nat. Chem. Biol. 2015, 11, 611–617. [CrossRef] [PubMed]

178. Ranhotra, H.S. The estrogen-related receptor alpha: The oldest, yet an energetic orphan with robust biological functions. J. Recept.
Signal Transduct. 2010, 30, 193–205. [CrossRef] [PubMed]

179. Schmidt, R.; Geissler, D.; Hagen, V.; Bendig, J. Mechanism of photocleavage of (coumarin-4-yl) methyl esters. J. Phys. Chem. A
2007, 111, 5768–5774. [CrossRef]

http://doi.org/10.1021/acs.bioconjchem.7b00791
http://www.ncbi.nlm.nih.gov/pubmed/29425028
http://doi.org/10.1021/acs.bioconjchem.7b00365
http://www.ncbi.nlm.nih.gov/pubmed/28885827
http://doi.org/10.1021/acs.bioconjchem.7b00576
http://doi.org/10.1021/acs.bioconjchem.7b00258
http://www.ncbi.nlm.nih.gov/pubmed/28636382
http://doi.org/10.1158/1535-7163.MCT-16-0641
http://doi.org/10.1158/1078-0432.CCR-15-2822
http://doi.org/10.1158/1535-7163.MCT-18-0073
http://doi.org/10.1158/1535-7163.MCT-18-0643
http://doi.org/10.1021/jacs.5b12547
http://www.ncbi.nlm.nih.gov/pubmed/26745435
http://doi.org/10.1021/acs.bioconjchem.8b00312
http://www.ncbi.nlm.nih.gov/pubmed/29923706
http://doi.org/10.1021/cr300177k
http://www.ncbi.nlm.nih.gov/pubmed/23256727
http://doi.org/10.1016/j.pdpdt.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/28716738
http://doi.org/10.1002/slct.202200981
http://doi.org/10.3390/app12199674
http://doi.org/10.1021/jm5011258
http://doi.org/10.1073/pnas.181341498
http://doi.org/10.1126/science.1073440
http://doi.org/10.1038/nature00767
http://doi.org/10.1021/acschembio.5b00216
http://www.ncbi.nlm.nih.gov/pubmed/26035625
http://doi.org/10.1038/nchembio.1858
http://www.ncbi.nlm.nih.gov/pubmed/26075522
http://doi.org/10.3109/10799893.2010.487493
http://www.ncbi.nlm.nih.gov/pubmed/20497091
http://doi.org/10.1021/jp071521c


Pharmaceutics 2022, 14, 2523 42 of 43

180. Kessler, D.; Bergner, A.; Böttcher, J.; Fischer, G.; Döbel, S.; Hinkel, M.; Müllauer, B.; Weiss-Puxbaum, A.; McConnell, D.B. Drugging
all RAS isoforms with one pocket. Future Med. Chem. 2020, 12, 1911–1923. [CrossRef]

181. Negi, A.; Zhou, J.; Sweeney, S.; Murphy, P.V. Ligand design for somatostatin receptor isoforms 4 and 5. Eur. J. Med. Chem. 2019,
163, 148–159. [CrossRef]

182. McHugh, M.A. Ligand-Gated Ion Channels: Putative Target Sites for Anthelmintic Therapy in Muscle and Intestine Cells of
Parasitic Nematodes. Ph.D. Thesis, Iowa State University, Ames, IA, USA, 2021.

183. Zhou, J.; Negi, A.; Mirallai, S.I.; Warta, R.; Herold-Mende, C.; Carty, M.P.; Ye, X.-S.; Murphy, P.V. N-Alkyl-1, 5-dideoxy-1,
5-imino-L-fucitols as fucosidase inhibitors: Synthesis, molecular modelling and activity against cancer cell lines. Bioorg. Chem.
2019, 84, 418–433. [CrossRef]

184. Olanders, G.; Brandt, P.; Sköld, C.; Karlén, A. Computational studies of molecular pre-organization through macrocyclization:
Conformational distribution analysis of closely related non-macrocyclic and macrocyclic analogs. Bioorg. Med. Chem. 2021, 49,
116399. [CrossRef]

185. Raynal, L.; Rose, N.C.; Donald, J.R.; Spicer, C.D. Photochemical Methods for Peptide Macrocyclisation. Chem. Eur. J. 2021, 27, 69.
[CrossRef]

186. Attwood, M.M.; Fabbro, D.; Sokolov, A.V.; Knapp, S.; Schiöth, H.B. Trends in kinase drug discovery: Targets, indications and
inhibitor design. Nat. Rev. Drug Discov. 2021, 20, 1–23. [CrossRef]

187. Cecchini, C.; Pannilunghi, S.; Tardy, S.; Scapozza, L. From conception to development: Investigating PROTACs features for
improved cell permeability and successful protein degradation. Front. Chem. 2021, 9, 672267. [CrossRef] [PubMed]

188. Zhou, J.; Reidy, M.; O’Reilly, C.; Jarikote, D.V.; Negi, A.; Samali, A.; Szegezdi, E.; Murphy, P.V. Decorated macrocycles via
ring-closing double-reductive amination. Identification of an apoptosis inducer of leukemic cells that at least partially antagonizes
a 5-HT2 receptor. Org. Lett. 2015, 17, 1672–1675. [CrossRef] [PubMed]

189. Negi, A.; Reilly, C.O.; Jarikote, D.V.; Zhou, J.; Murphy, P.V. Multi-targeting protein-protein interaction inhibitors: Evolution
of macrocyclic ligands with embedded carbohydrates (MECs) to improve selectivity. Eur. J. Med. Chem. 2019, 176, 292–309.
[CrossRef] [PubMed]

190. Nahta, R.; Yuan, L.X.; Zhang, B.; Kobayashi, R.; Esteva, F.J. Insulin-like growth factor-I receptor/human epidermal growth factor
receptor 2 heterodimerization contributes to trastuzumab resistance of breast cancer cells. Cancer Res. 2005, 65, 11118–11128.
[CrossRef]

191. Joshi, G.; Singh, P.K.; Negi, A.; Rana, A.; Singh, S.; Kumar, R. Growth factors mediated cell signalling in prostate cancer
progression: Implications in discovery of anti-prostate cancer agents. Chem. Biol. Interac. 2015, 240, 120–133. [CrossRef]

192. Hevener, K.E. Computational toxicology methods in chemical library design and high-throughput screening hit validation.
Comput. Toxicol 2018, 1800, 275–285.

193. Goya-Jorge, E.; Doan, T.; Scippo, M.-L.; Muller, M.; Giner, R.; Barigye, S.J.; Gozalbes, R. Elucidating the aryl hydrocarbon receptor
antagonism from a chemical-structural perspective. SAR QSAR Environ. Res. 2020, 31, 209–226. [CrossRef]

194. Singh, P.K.; Negi, A.; Gupta, P.K.; Chauhan, M.; Kumar, R. Toxicophore exploration as a screening technology for drug design
and discovery: Techniques, scope and limitations. Arch. Toxicol 2016, 90, 1785–1802. [CrossRef]

195. Negi, A.; Alex, J.M.; Amrutkar, S.M.; Baviskar, A.T.; Joshi, G.; Singh, S.; Banerjee, U.C.; Kumar, R. Imine/amide–imidazole
conjugates derived from 5-amino-4-cyano-N1-substituted benzyl imidazole: Microwave-assisted synthesis and anticancer activity
via selective topoisomerase-II-α inhibition. Bioorg. Med. Chem. 2015, 23, 5654–5661. [CrossRef]

196. Strittmatter, S.M. Overcoming drug development bottlenecks with repurposing: Old drugs learn new tricks. Nat. Med. 2014, 20,
590–591. [CrossRef]

197. Rastelli, G.; Pellati, F.; Pinzi, L.; Gamberini, M.C. Repositioning natural products in drug discovery. Molecules 2020, 25, 1154.
[CrossRef]

198. Negi, A.; Bhandari, N.; Shyamlal, B.R.K.; Chaudhary, S. Inverse docking based screening and identification of protein targets for
Cassiarin alkaloids against Plasmodium falciparum. Saudi Pharm. J. 2018, 26, 546–567. [CrossRef] [PubMed]

199. Thomford, N.E.; Senthebane, D.A.; Rowe, A.; Munro, D.; Seele, P.; Maroyi, A.; Dzobo, K. Natural products for drug discovery in
the 21st century: Innovations for novel drug discovery. Int. J. Mol. Sci. 2018, 19, 1578. [CrossRef] [PubMed]

200. Gollapudi, R.; Gallagher, R.J.; Negi, A.; Motohashi, N. The phytochemicals and health benefits of murraya koenigii. In Occurrences,
Structure, Biosynthesis, and Health Benefits Based on Their Evidences of Medicinal Phytochemicals in Vegetables and Fruits; Motohashi, N.,
Ed.; Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2017; pp. 113–182.

201. Negi, A.; Murphy, P.V. Natural products as Mcl-1 inhibitors: A comparative study of experimental and computational modelling
data. Chemistry 2022, 4, 983–1009. [CrossRef]

202. Joubert, N.; Denevault-Sabourin, C.; Bryden, F.; Viaud-Massuard, M.-C. Towards antibody-drug conjugates and prodrug strategies
with extracellular stimuli-responsive drug delivery in the tumor microenvironment for cancer therapy. Eur. J. Med. Chem. 2017,
142, 393–415. [CrossRef]

203. Negi, A.; Kesari, K.K. Chitosan Nanoparticle Encapsulation of Antibacterial Essential Oils. Micromachines 2022, 13, 1265.
[CrossRef]

204. Bellmann, L.; Klein, R.; Rarey, M. Calculating and Optimizing Physicochemical Property Distributions of Large Combinatorial
Fragment Spaces. J. Chem. Inf. Model. 2022, 62, 2800–2810. [CrossRef]

http://doi.org/10.4155/fmc-2020-0221
http://doi.org/10.1016/j.ejmech.2018.11.030
http://doi.org/10.1016/j.bioorg.2018.12.003
http://doi.org/10.1016/j.bmc.2021.116399
http://doi.org/10.1002/chem.202003779
http://doi.org/10.1038/s41573-021-00252-y
http://doi.org/10.3389/fchem.2021.672267
http://www.ncbi.nlm.nih.gov/pubmed/33959589
http://doi.org/10.1021/acs.orglett.5b00404
http://www.ncbi.nlm.nih.gov/pubmed/25774456
http://doi.org/10.1016/j.ejmech.2019.04.064
http://www.ncbi.nlm.nih.gov/pubmed/31112891
http://doi.org/10.1158/0008-5472.CAN-04-3841
http://doi.org/10.1016/j.cbi.2015.08.009
http://doi.org/10.1080/1062936X.2019.1708460
http://doi.org/10.1007/s00204-015-1587-5
http://doi.org/10.1016/j.bmc.2015.07.020
http://doi.org/10.1038/nm.3595
http://doi.org/10.3390/molecules25051154
http://doi.org/10.1016/j.jsps.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29844728
http://doi.org/10.3390/ijms19061578
http://www.ncbi.nlm.nih.gov/pubmed/29799486
http://doi.org/10.3390/chemistry4030067
http://doi.org/10.1016/j.ejmech.2017.08.049
http://doi.org/10.3390/mi13081265
http://doi.org/10.1021/acs.jcim.2c00334


Pharmaceutics 2022, 14, 2523 43 of 43

205. Gui, W.; Kodadek, T. Applications and Limitations of Oxime-Linked “Split PROTACs”. ChemBioChem 2022, 23, e202200275.
[CrossRef]

206. Negi, A.; Mirallai, S.I.; Konda, S.; Murphy, P.V. An improved method for synthesis of non-symmetric triarylpyridines. Tetrahedron
2022, 121, 132930. [CrossRef]

207. Hamilton, E.P.; Schott, A.F.; Nanda, R.; Lu, H.; Keung, C.F.; Gedrich, R.; Parameswaran, J.; Han, H.S.; Hurvitz, S.A. ARV-471, an
estrogen receptor (ER) PROTAC degrader, combined with palbociclib in advanced ER+/human epidermal growth factor receptor
2–negative (HER2-) breast cancer: Phase 1b cohort (part C) of a phase 1/2 study. J. Clin. Oncol. 2022, 40, TPS1120.

http://doi.org/10.1002/cbic.202200275
http://doi.org/10.1016/j.tet.2022.132930

	Introduction 
	Structure of Estrogen Receptors: Specificity of Ligand Binding Domain 
	Signaling of ER 
	Classical Ligand-Dependent 
	Ligand Independent 
	ERE-Independent Genomic Signaling of ER 
	Non-Genomic Signaling 

	Small Molecule Inhibitor Targeting Estrogen Receptor- 
	Strategies for Estrogen Receptor Degradation 
	Peptide PROTACs 
	Non-Peptidic PROTACs 

	SNIPERs 
	Non-Peptidic SNIPERs 
	Peptide-Based SNIPERs 

	Antibody Drug Conjugates Based PROTACs and SNIPERs 
	Photocaging PROTACs of Estrogen Receptor 
	Conclusions 
	References

