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ABSTRACT: Metastatic breast cancer (mBC) is a leading cause
of cancer death in women. Most breast cancer patients are
administered estrogen-receptor-targeted endocrine therapies to
treat or prevent progressive metastatic disease. Development of
endocrine resistance through acquisition of mutations in the
estrogen receptor gene, ESR1, that constitutively activate the
estrogen receptor leads to relapse. Complete antagonism of both
WT and mutant ESR1 (mutESR1) with an oral therapeutic that
persistently antagonizes ER-driven oncogenic transcriptional
activities is a requirement for efficacy. Here, we describe our
discovery of the investigational drug OP-1250 (palazestrant). OP-
1250 is a potent complete estrogen receptor antagonist (CERAN)
and selective estrogen receptor degrader (SERD) that is active in
both WT and mutESR1 breast cancer tumors. OP-1250's effective induction of tumor regression either as a single agent or in
combination with a CDK4/6 inhibitor has led to the rapid advancement of this compound into a Phase 3 clinical trial (OPERA-01).

■ INTRODUCTION
Breast cancer is the second most common cause of cancer
death in women worldwide after lung cancer.1 In 2023,
approximately 298,000 women in the U.S. were diagnosed with
breast cancer. Around 80% of all breast cancers express
estrogen receptor alpha (ER).2 The transcriptional regulatory
activities of ER occur via two activation functions (AF), AF1
and AF2 (Figure 1). Endogenous 17β-estradiol (E2) interacts
with the ER ligand binding domain (LBD), leading to ER
dimerization, ER binding to estrogen response elements, and
the transcription of genes under the promotion of AF2.
Transcription via AF1 in the N terminus is hormone-
independent and can be promoted by a range of growth
factors.3 For complete inhibition of ER-driven transcription,
both AF1 and AF2 must be blocked.3a,b In the absence of this
complete blockade, AF1 is free to drive uncontrolled cell
proliferation, tumor growth, and metastasis in ER+ breast
cancers.
Current endocrine therapy (ET) options include aromatase

inhibitors (AIs), selective estrogen modulators (SERMs), and
selective estrogen receptor downregulators or degraders

(SERDs) (Figure 2). AIs reduce the production of endogenous
E2. However, prolonged use of AIs places selective pressure on
the tumor that promotes the emergence of activating somatic
ESR1 mutations.4 Tyr537 and Asp538 loci in the ligand-
binding domain are two of the most common mutational
hotspots. Tyr537Ser/Asn/Cys and Asp538Gly mutations
enable estrogen-free constitutive transcriptional activity in
the absence of E2 by stabilizing the receptor in the AF2 active
conformation, thereby diminishing the effectiveness of AIs.5

These mutations also reduce the binding affinity of ligands
(both agonists and antagonists) to the LBD.
SERMs, such as tamoxifen 1a and its active metabolite 4-

hydroxytamoxifen 1b, block only AF2 in the LBD,3b leaving
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AF1 free to stimulate tumor growth by activation through
signaling from growth factor receptors such as mTOR, PI3K,
MAPK, c-SRC, EGFR, FGFR, and IGFR (Figure 1, SERM).
Failure to block AF1 drives increased expression of genes
associated with cell cycle progression and proliferation.3c As a
result, SERMs display both estrogenic and antiestrogenic
profiles.
Elacestrant 2 (Orserdu, Figure 2), which exhibits a SERM

profile6,7 with modest SERD activity (Figure 12c), was recently
approved for second and third-line treatment of mBC patients
harboring Tyr537Ser and Asp538Gly mutESR1. However,
elacestrant 2 showed only a modest effect in progression-free
survival for ESR1 WT patients.8

Fulvestrant 3 (Faslodex, Figure 2), a mainstay of first-line
ET, competitively and potently inhibits binding of E2 to ER.9

In contrast to 4-hydroxytamoxifen 1b, fulvestrant 3 disrupts
signaling by both AF1 and AF2, leading to complete
antiestrogenic activity (Figure 1, CERAN). Additionally,
fulvestrant 3 induces ER proteasomal degradation and is a
SERD. The FIRST study10 demonstrated that fulvestrant 3
(500 mg), a CERAN/SERD, was clinically superior to
anastrozole (1 mg). The effectiveness of fulvestrant 3 is,
however, limited by its poor pharmacokinetic (PK) properties.
Fulvestrant 3 must be administered intramuscularly at 2 × 250
mg doses monthly. Drug exposure, even at this highest
administrable dose, is not sufficient to completely abrogate ER
signaling in the tumor.11 The decreased ligand affinity of the
activating mutant ER presents an even greater challenge for
drugs, such as fulvestrant 3, with limited exposure. Although

fulvestrant 3 is considered a SERD, antagonism of ER precedes
degradation,12 and full ER degradation is not observed.6 In the
presence of fulvestrant 3, ER is modified with small-ubiquitin-
related modifiers 1/2/3 (SUMO1/2/3), which reduces the
ability of ER to bind to estrogen response elements on
chromatin.13 Levels of ligand-induced SUMOylation of ER
have been shown to correlate with higher antagonist activity of
fulvestrant 3 (CERAN/SERD) as compared to elacestrant 2
(SERM/SERD) and 4-hydroxytamoxifen 1b (SERM).12 Addi-
tionally, the degradation of ER by fulvestrant is not required
for antagonist efficacy.14

SERDs elicit proteasomal degradation of ERα to varying
degrees. In addition to the monovalent degrader activity, an ER
ligand also displays functional activity on the available estrogen
receptor. There are ER full agonist/SERDs (e.g., E215),
SERM/SERDs (e.g., elacestrant 2, AZD949616 4), and
CERAN/SERDs (e.g., fulvestrant 3, camizestrant17 5,
giredestrant18 6, GDC-092719 7, imlunestrant20 8, and
amcenestrant21 9 (Figures 2 and 3)). Unless degradation
occurs quickly and the SERD degrades nearly all of the
estrogen receptor, the ER antagonism rather than the ER
degradation of the SERD will determine the degree of efficacy.
As a strategy, we chose to focus our medicinal chemistry efforts
on optimizing for full antagonist activity, regardless of efficacy
from induced ER degradation. Although our investigational
drug 21 was confirmed as a SERD (Figure 12) in addition to
its CERAN activity, we will focus on the antagonist activity of
compounds in this paper and refer to them as CERANs. Other
groups15−21 have focused on ER degradation as the primary
metric for guiding medicinal chemistry programs, a strategy
that has also led to the development of effective CERAN/
SERDs. In addition to monovalent degraders, a bivalent
degrader targeting ER has been advanced into the clinic by
Arvinas.22 The advancement of numerous CERAN/SERDs
into clinical development emphasizes the significant unmet
need for a next-generation orally bioavailable CERAN/SERD
that is well tolerated and can treat all ER+ mBC patients.23

The combination of ET with a CDK4/624 inhibitor
(palbociclib, ribociclib, or abemaciclib) is currently the
standard-of-care (SOC) in the first-line setting for patients
with (HR+/HER2-) mBC. Ribociclib is emerging as a leader
among the CDK4/6 inhibitors. The driving force behind this
shift in practice was the observation that ribociclib showed an
overall survival (OS) benefit relative to other CDK4/6
inhibitors in combination with ET.25 In spite of the promising

Figure 1. Complete estrogen receptor antagonist (CERAN) effectively blocks transcription mediated by both AF1 and AF2.

Figure 2. Example of SERM, tamoxifen 1a and it is active metabolite,
4-hydroxytamoxifen (4OHT) 1b, SERM/SERD elacestrant 2 and
CERAN/SERD fulvestrant, (FULV) 3.
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clinical efficacy of these compounds, on-target toxicity remains
a challenge. Hematologic and gastrointestinal toxicities
complicate their use in combination with ET and may lead
to tolerability issues due to drug−drug interaction (DDI).26
Any new CERAN/SERDs in clinical development will be
evaluated for their compatibility with CDK4/6 inhibitors.
As we began in 2014 to direct our medicinal chemistry

program toward new ET drugs, we focused on addressing
limitations of current drugs at the time: (1) incomplete ER
antagonism of both WT and mutESR1 (Tyr537Ser,
Asp538Gly); and (2) suboptimal PK profile (i.e., poor oral
bioavailability, short half-life, etc.).
We have recently described the details of key assays used for

the identification of promising new ET.6 The ovariectomized
mouse uterine weight model is used to distinguish partial from
complete ER antagonists by testing in both agonist mode (no
E2) and antagonist mode (in the presence of E2) (Figure 4).
Tamoxifen 1a shows strong agonist activity and weak
antagonist activity in this sensitive and informative model. By
contrast, fulvestrant 3 compares to vehicle in both the agonist
and antagonist modes. This result is characteristic of a CERAN
in this model. To accelerate the evaluation of potential new
antiestrogens, we sought an ex vivo model that would
recapitulate the results of the in vivo uterine wet weight
model. To achieve this objective, we employed an assay using
cultured human uterine (Ishikawa) cells that have estrogen
receptors and an AF1-responsive gene, alkaline phosphatase
(AP), to assess ER functional activity (agonism/antagonism)
by different ER ligands.27 Compounds were incubated with
Ishikawa cells for 72 h in the presence of E2 (antagonist mode)
to measure ERα agonism (% Emax) through induction of
alkaline phosphatase. CERANs are defined as those molecules
that induce <15% Emax AP activity (agonist mode). Partial
agonists exhibit 15−50% Emax activity, and full agonists show
>50% Emax AP activity in the agonist format. In our studies,

optimization of CERAN activity leads to complete receptor
blockade and effective antitumor activity in ER+ breast cancer
models.
While we monitored degradation of ER throughout the lead

optimization effort, we view degradation as an epiphenomenon
and not central to the drug optimization process, and viewed
optimizing compound activity on ER degradation alone as
insufficient.6,14,28 Consistent with this view, Eikon has reported
a poor correlation between ER degradation and efficacy, as
assessed by cell proliferation in MCF7 and T47D cells.29 To
achieve robust tumor shrinkage, complete antagonism of any
present ER is required.14

Using these tools, we initially identified benzopyran-based
antagonists. Benzopyrans 1030 and 1131 (Figure 5) completely

antagonized ER when tested in the AP assay (antag. mode).
High-resolution X-ray cocrystal structures showed that the
CERAN properties of benzopyran 10 can be attributed at least
in part to the impact of the absolute configuration of the 3R-
methyl of the pyrrolidine on the interaction of benzopyran 10
with ER.30 This 3R-methyl interacts with helix 12 (H12),
resulting in destabilization of the ER in this region. In contrast,
the 3S-methyl does not disrupt H12. These data formed the
basis of a structure-based hypothesis for the CERAN activity.
Compound 10 is a potent CERAN; however, we found that

the PK properties of 10 did not justify further development.30

Seragon has reported high clearance and low bioavailability of
similar bis-phenol chromenes.19 Although benzopyran 10 was
ultimately abandoned as a lead molecule, the protein structural
clues (H12 destabilization) provided by the cocrystal

Figure 3. Select examples of previously disclosed SERM/SERD
AZD9496 4 and CERAN/SERDs camizestrant 5, giredestrant 6,
GDC-0927 7, imlunestrant 8, and amcenestrant 9.

Figure 4. Fulvestrant 3 and tamoxifen 1a tested in agonist (−E2) and
antag. (+E2) modes in the ovariectomized mouse uterine weight
model.6 Adapted in part with permission from Mol. Cancer Ther.
2024, 23 (3), 285−300. Copyright 2024, AACR Inc.

Figure 5. Benzopyrans 10 (pIC50 = 9.7 (AP, antag.)) and 11 (pIC50 =
10 (AP, antag.)) and tetrahydro-β-carboline ER hit 12 (pIC50 = 5.9
(binding)).
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structures of benzopyran 10 with the ER (PDB: 5UFX) guided
further optimization, culminating in CERAN 21.
We sought out a potent CERAN demonstrating complete

WT and mutESR1 blockade with a long half-life, leading to
steady-state plateau levels with minimal peak-to-trough
variability to support once daily oral dosing. To produce a
CERAN with superior PK properties, we leveraged the ER
binding hit, tetrahydro-β-carboline 12, reported by AstraZe-
neca.16 Tetrahydro-β-carboline 12 was unusual, as it does not
contain a phenol mimicking similar functionality on the A-ring
of E2. For E2, the A-ring phenol moiety contributes
substantially to binding to the ER.32 Indeed, a hydrogen
bond between the tetrahydro-β-carboline NH and Leu346 of
ERα replaces the key hydrogen bond made by the A-ring
phenol of 10 with Glu353 and Arg394. Other groups have
subsequently explored the tetrahydro-β-carboline scaffold as a
starting point for developing CERAN/SERDs.17,18,33−35

■ RESULTS AND DISCUSSION
Based on our group’s and others’ work16 at the time, we
believed that the core heterocyclic structure of the carboline
mimicked the interaction of E2 with ER and that the polycyclic
core (Figures 5) would map onto the A-D rings of the steroid
core (Figure 1 showing fulvestrant 3 with steroid A-D ring
labels). Based on our experience, we hypothesized that the ER
binding motif and the H12 interacting side chain, termed “E-
ring,” could be optimized to some extent independently. We
remained, however, mindful of the observation that side chain
SAR had been shown not to be fully portable from one ER
binding motif to another.36 We had previously shown30 that R
side chains containing basic amine functionality, such as
pyrrolidine and azetidine, preferentially conferred superior
antiestrogenicity through interaction with Asp351 and
perturbation of H12 (Figure 6). Given that benzopyran 11
was a potent CERAN, we explored azetidine-containing side
chains on the tetrahydro-β-carboline ER binding motif. We

believed that this combination would permit optimization of
CERAN and PK properties.30

Chemistry. Tetrahydro-β-carboline analogs were prepared
from commercially available chiral Boc-protected tryptamine.
After the removal of the Boc protecting group, tryptamine 16
was N-alkylated to introduce the D-ring mimic (DRM)
(Scheme 1). Due to the steric hindrance around the alkyl

DRM, a triflate is preferred as the leaving group. This
substituted tryptamine was then condensed with substituted
benzaldehydes under Pictet-Spengler conditions to afford the
corresponding tetrahydro-β-carbolines. In the examples shown,
the Pictet-Spengler reaction occurs with high trans diaster-
eoselectivity (10:1 to >20:1). The major (1R, 3R) trans
diastereoisomer is readily purified by chromatography. We
established the trans stereochemistry by solving a small
molecule X-ray structure of 21-ACN solvate. We also
confirmed the relative stereochemistry by preparing the (1S,
3R) cis isomer37 (Supporting Information) and examining the
proton NOE enhancements when the proton resonances on
the chiral carbon centers are irradiated. The trans diaster-
eoselectivity of the Pictet-Spengler reaction on N-substituted
tryptamines has been previously studied.38 The preparation of
tetrahydro-β-carboline 21 is shown in Scheme 1. (See the
Supporting Information for additional compound properties
and characterization.)
Pharmacology. Previous SAR studies36 on SERMs have

shown that a three-atom linker between the phenyl E-ring and
the basic amine (needed for interaction with Asp351) was
preferred for antagonist activity. To test whether a 3-atom
linker was suitable for CERAN activity in the context of the
tetrahydro-β-carboline scaffold, analogs with tails D and E
containing an n-propyl and an ethyleneoxy linker, respectively
(Table 1) were prepared. Tails D and E have the azetidine
distal to the E-ring. To assess the effect of rigidity in the 3-
atom linker, compounds bearing tails F and G with the
azetidine proximal to the E-ring were also evaluated. These
combinations allowed for exploration of the relationship
between the flexibility of the tail and functional activity. For
tails E and G, oxygen was introduced in the linker to reduce
possible oxidative metabolism at the benzylic position. Others
also have reported exploration of Core C with Tail E and G.35a

Tail D on core A and C, as shown in analogs 22 and 29, did
not show antagonist activity and showed full agonist activity

Figure 6. X-ray cocrystal structure of compound 21 (PDB: 8VV1) in
green overlaid with 10 in blue.

Scheme 1. Synthesis of 21a

aReagents and conditions: (a) LiAlH4, diethyl ether, 0 °C, 63%; (b)
Tf2O, 2,6-lutidine, DCM, 0 °C, 86%; (c) DIEA, 1,4-dioxane, 90 °C,
32%; (d) Cs2CO3, DMF, 95 °C, 54% (e) AcOH, toluene, 80 °C, 22%.
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with % Emax > 50 (Table 1). Analog 25, which contains tail D
on core B, showed partial agonist activity with an Emax of 22%.
Tail D, among the 4 tail groups, confers the least antagonist
activity. In contrast, tail F with the azetidine appended
proximal to the E-ring shows improved antagonist activity but
still retains low levels of agonist activity. The oxygen-
containing tails E and G show no measurable agonism and
the best antagonist activity across cores A, B, and C. Several
analogs (21, 23, 24, 26, 27, and 29−32) showed
antiproliferative activity (pIC50 7.1−7.7) in the CAMA-1 cell
proliferation assay. CAMA-1 is an immortalized ER+, HER2-
breast cancer cell line that expresses wildtype ESR1 and
demonstrates transcriptional and maximal antiproliferative
responses that align with the agonist/antagonist classifications
determined using the AP assay.6 We identified complete
antagonists 21, 23, 30, and 32 having the lowest % Emax (<1)
when tested in AP agonist mode.
The length of the N-alkyl group of tail G-like compounds

was briefly explored on Core A (Table 2). We found that the
N-propyl chain length of tetrahydro-β-carboline 21 was
optimal for full antagonist activity, whereas shorter or longer
alkyl chain lengths led to a loss of antagonist activity. For
example, analogue 35 with an n-butyl alkyl chain is a partial
agonist. Further extension of the alkyl chain length to n-pentyl
led to a full agonist, 36. This steep functional activity cliff is
difficult to rationalize by utilizing receptor docking models. A
post hoc computational study using extended molecular
dynamics simulations was conducted (see below for the
discussion) to explain this observation.
A short study of DRM variation on Core L with Tail G was

performed (Table 3). Compared to analogue 21, analogs 38,
40, and 41 showed comparable or better antagonist activity in
the AP assay. Removal of the hydrogen bond donor (HBD) of
38 by replacing OH with OMe led to a 1.5 log of potency loss

as seen in analog 41. Modeling indicated that the hydroxyl of
DRM N is within hydrogen bonding distance of His524. Steric
bulk near the hydroxyl 39 led to a decrease in potency. In the
CAMA-1 WT cell proliferation assay, analogue 21 exhibited
better potency than analogs 38, 40, and 41.
Antagonists 21, 23, 30, and 32 were selected for further

evaluation. These compounds exhibited good stability in
mouse and human hepatocytes, showing half-lives >60 min
(Table 4). The LipE of these compounds was in a range
between 2.9 and 4.4. All of these compounds had shown low %
Emax (<1; AP agonist mode). All four remained in contention
and were advanced into in vivo evaluation (see in vivo
assessment).
Structural Biology. Compound 21 Favors a unique ERα

conformation compared to that of 4OHT 1b.
To determine if compound 21, when bound to ERα, would

induce the receptor to adopt a conformation consistent with

Table 1. Data for Basic Side Chain Variation in the Ph, and 3-F-Ph, and 2,6-diF-Ph E-Ring Seriesa

cpd core tail ER binding pIC50 AP (antag.) pIC50 AP % Emax cell prolif. pIC50
fulvestrant 3 9.0 8.5 0.1 7.9
21 A G 8.7 8.5 0.3 7.7
22 A D 8.8 NA 52 6.7
23 A E 8.8 8.9 0.3 7.4
24 A F 8.4 8.5 8.5 7.3
25 B D 8.4 8.1 22 6.1
26 B E 8.6 8.7 2.1 7.4
27 B F 8.7 8.3 7.4 7.1
28 B G 8.4 8.0 3.1 6.6
29 C D 8.6 NA 79 7.3
30 C E 8.6 9.1 0 7.6
31 C F 8.3 8.8 5.4 7.5
32 C G 8.7 8.8 0.3 7.4

aAP assays were run in Ishikawa cells in both antag. mode (+E2) and agonist mode. Cell proliferation assay was conducted in CAMA-1 WT cells.
Arithmetic mean values are shown, 95% Confidence intervals (when n ≥ 3) can be found in Tables S1−S3 of the Supporting Information.

Table 2. Data for Core A; Tail G Alkyl Chain Length
Variation

cpd ER binding pIC50 AP (antag.) pIC50 AP % Emax
33 9.3 8.1 10
34 9.3 8.2 4.6
21 8.7 8.5 0.3
35 8.8 NA 27
36 8.6 NA 93
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antagonism (similar to that seen for 10 (PDB: 5UFX)),30 an
X-ray cocrystal (2.0 Å) structure of compound 21 in complex
with ERα ligand binding domain (LBD) was solved (PDB:
8VV1). Figure 6 shows a superposition of the 21 and 10-
bound ERα LBD cocrystal structures. A Cys381Ser/
Cys417Ser/Cys530Ser/Leu536Ser mutant was used to facili-
tate crystallization while maintaining a WT-like antagonist
conformation of H12.16 Compound 21 does not have the polar
interaction that compound 10 has with His524 (Figure 6). The
interaction map (Figure 7, MOE) shows the expected
hydrogen bond between the tetrahydro-β-carboline NH and
Leu346 of ERα. The hydrogen bond between the protonated
azetidine nitrogen and Asp351, commonly seen in cocrystal
structures of antagonist-ER (PDB: 6ZOS;16 PDB: 6WOK33),
is also observed. Compound 21 is well-ordered in the
orthosteric hormone binding pocket in each monomer of the

canonical homodimer (Figure 8A). We were gratified to find
that in this structure, helix 12 (H12) adopts the antagonist
conformation by docking in the AF2 cleft via an LXXML
motif.39 This H12 orientation is homologous to that induced
by other ER antagonists and is known to effectively block AF2
transcriptional coactivator binding in the AF2 cleft.39,40

The 21-bound X-ray cocrystal structure also revealed what
may be the molecular basis of its ER-degrading activities.
Fulvestrant 3 destabilizes H12, exposing hydrophobic amino
acids to solvent and inducing proteasomal degradation.28a,41

SERDs, like 10, exert similar effects on H12 but also increase
the conformational mobility of the loop connecting helices 11
and 12 (H11−H12 loop).30 Conversely, SERMs like 4-
hydroxytamoxifen 1b stabilize the H11−H12 loop and H12
and attenuate ER degradation.44 The 21-ER LBD X-ray
cocrystal structure shows increased disorder of H12 and an
overall poorly resolved loop connecting H11 to H12 (H11−
H12 loop), as shown with increased b-factors, similar to the
10-bound structure (Figure 8B).30 In contrast, a SERM-like
stabilization of this region is observed in the 1b-bound X-ray
cocrystal structure (Figure 8C).5a

It should be noted that crystal contacts were found near the
H11−H12 loop and H12 in the B chain of the 21/ERα LBD
structure. All analysis is based solely on chain A. Likewise, the
PDB: 5W9C model of 4-hydroxytamoxifen 1b bound to ERα
LBD was chosen because it is the same construct that was used
for the 21/ERα LBD cocrystal structure.42 Together, these
data show that compound 21 favors unique H11−H12 loop
and H12 conformations compared to 4OHT 1b.

Compound 21 Differentially Impacts ER LBD Structural
Features in Solution Compared to Fulvestrant (3). Structural
analysis of the 21-ERα LBD complex suggested that it

Table 3. Data for D-Ring Mimic (DRM) Variation in the Ph E-Ring Series

cpd DRMa ER binding pIC50 APc (antag.) pIC50 AP % Emax cell prolif. pIC50
37 M 9.3 8.0 0.7 6.6
38 N 9.0 9.8 0 7.2
39 O 8.9 6.4 2.0 7.0
40 P 8.9 8.5 0.4 6.5
41 Q 9.0 8.3 0.9 6.5
42 R 7.8 7.3 0 <6

Table 4. Mouse and Human Hepatocyte Stability Dataa

cpd mouse hepatocyte Clint (μL/min/106 cells); half-life (min) human hepatocyte Clint (μL/min/106 cells); half-life (min) cLogD7.4 LipE

21 <3.9; >360 10.7; 130 5.5 3.0
23 4.3; 322 6.1; 229 4.5 4.4
26 6.1; 227 5.1; 273 5.0 3.6
30 <3.9; >360 5.1; 270 5.0 4.1
31 <3.9; >360 <3.9; >360 5.2 3.5
32 <3.9; >360 4.3; 324 5.9 2.9
38 6.0; 230 18.2; 76 4.7 4.9
40 7.6; 183 8.8; 157 4.3 4.3
41 18.2; 76 14.1; 99 5.3 3.1

aLipE is calculated based on AP (antag.) pIC50.

Figure 7. Interaction map showing Leu346 forming a hydrogen bond
with indolic NH and Asp351 forming a hydrogen bond with the
protonated azetidine of compound 21.
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mobilized the H11−H12 loop and H12. However, it was
unclear as to whether it did so in a unique way compared to
the aliphatic CERAN/SERD, fulvestrant 3. As there is no
published X-ray cocrystal structure of fulvestrant 3 in complex
with ERα LBD, we used differential hydrogen−deuterium
exchange mass spectrometry (HDX-MS) to understand how
compound 21 affected ERα LBD dynamics in solution
compared to unliganded (apo) and 3-bound states. In HDX-
MS, protein structural mobility correlates to a relative time-
dependent exchange of deuterium (D2O) with amide hydro-
gens. Highly dynamic regions will exchange more deuterium
over time relative to rigid regions.43 The profile of fulvestrant 3
agrees with an earlier HDX-MS study.5a,44 Overall, CERAN/
SERDs 21 and 3 show similar HDX-MS profiles when
compared with unliganded (apo) LBD (Figure S3). Direct
comparison of 3 to tetrahydro-β-carboline 21 shows significant

dynamic differences in the H11−H12 loop and H12 region
(residues 530−550). The H11−H12 loop and most H12 are
less stable (more dynamic) in the presence of fulvestrant 3
compared to tetrahydro-β-carboline 21 at early time points.
Eventually, these differences become less apparent. Conversely,
the C-terminal end of helix 12 appears to be more stable in
solution when compound 21 is bound to ER LBD compared to
fulvestrant 3 (Figure 6E).
In the absence of an experimental structure of the 3-ER LBD

complex, we can only speculate that its long aliphatic side arm
directly perturbs residues near the N-terminus of H12,
including Leu536, Tyr537, and Asp538, to mobilize this
region. While more time is required for fulvestrant 3 to exert
the same effects on this region. At the same time, compound
21 can access spaces within the hormone binding pocket that
are likely sterically precluded for the long side arm of
fulvestrant 3, allowing for H12 structural perturbations near
the c-terminus. Together, these data show that compound 21
and fulvestrant 3 favor distinctive ERα conformational
ensembles in solution, and further studies are needed to
mechanistically define how these different structures impact
ER biology.
Molecular Dynamics Simulations. Interplay of Ligand

Energetics, Dynamics, and Protein Fluctuations Drive
CERAN Activities. Our X-ray cocrystal structural analysis
suggested that the n-propyl group of tetrahydro-β-carboline
21 near the H11−H12 loop and H12 likely adopted multiple
torsion angle geometries. Further, HDX-MS showed a D2O
uptake profile indicating that tetrahydro-β-carboline 21
differentially affects the dynamics of this LBD region in
solution compared to fulvestrant 3. To better understand the
structural basis of CERAN activities, we performed atomistic
molecular dynamics simulations of tetrahydro-β-carboline 21,
alongside analogous compounds with terminal alkyl chain
lengths between n-ethyl 34, n-butyl 35, and n-pentyl 36. Across
the simulations, interaction analysis shows that, as suggested in
the crystal structure, the n-propylazetidine of tetrahydro-β-
carboline 21 adopts a significantly different pose between the
start and the end of the simulation (Supporting Information
Figure S6A). Whereby, it is initially positioned near H3, then
reorients to form a hydrogen bond with Asp351 and interacts
with Pro535. In doing so, a water molecule can now infiltrate
and sample a hydrogen bond with the azetidine group. During
the simulation, Phe404 picks up a π-π interaction with the
benzo-ring of 21’s core, further stabilizing the complex, unlike
compounds 34, 35, and 36. Interaction analysis also shows that
the n-propyl group is the ideal carbon length to interact with
H12. Ethylazetidine of tetrahydro-β-carboline 34 stays docked
near H3 throughout the simulation and is not predicted to
affect H12 in the same way that would favor the antagonist
conformation of the receptor (Supporting Information Figure
S6B). Increasing the length to n-butyl 35 and n-pentyl 36
groups favors the H11−H12 loop and H12 facing orientation
throughout the simulation, but no new interactions are
observed with the extra carbons heading out toward solvent
(Supporting Information Figure S6C/D). Therefore, these
ligands are less efficient than the n-propyl group at inducing
the therapeutically critical receptor conformation. In this case,
where receptor docking was not helpful, MD simulations
showed a preference for the n-propylazetidine of tetrahydro-β-
carboline 21.
In Vivo Assessment. Mouse pharmacokinetic data for

compounds 21, 23, 30, and 32 are summarized in Table 5.

Figure 8. (a) X-ray cocrystal structure of compound 21 (green) in
complex with ERα LBD. 2mFo-DFc map (blue mesh) contoured to
1.5 σ shows difference density in the absence of fit ligand. H11−H12
loop and H12 (magenta) are highlighted. (b) B-factor putty
representation of the 21-ERα LBD complex (PDB: 8VV1). (c) B-
factor peptide representation of the 4-hydroxytamoxifen 1b-ERα LBD
complex (PDB: 5W9C). Cool (blue) colors and smaller diameter
tubes indicate reduced B-factors, whereas hot (red) colors and larger
diameter tubes indicate higher B-factors and increased conformational
mobility. (d) Representation of HDX-MS data showing regions of
ERα LBD with increased conformational mobility in the presence of
compound 3 compared to compound 21. (e) HDX-MS time-course
heatmap for compound 3 versus compound 21 in the H11−H12 loop
and H12. Hotter colors (red) indicate regions of relatively increased
D2O exchange or solvent accessibility, which are likely more
conformationally mobile. Cooler colors (blues) indicate regions of
less exchange that are more rigid.
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Compounds 21 and 32 had the highest total drug exposure
and the longest half-lives among these compounds.

However, compound 32 had the lowest free fraction and the
lowest free drug exposure. Total plasma drug concentrations of
all four compounds over 24 h (sparse blood sampling at 1, 4, 8,
and 24 h) are depicted in Figure 9. As compounds 21 and 23

had relatively higher free plasma exposures (free AUCinf,
estimated based on the percent free fraction), they were
advanced to the mouse uterine wet weight and xenograft
studies.
In the uterine wet weight studies, compounds 21 and 23

were evaluated for their ability to inhibit an E2-induced
increase in uterine wet weight (Figure 10). Both compounds
inhibited uterine wet weight gain in a dose-dependent manner.
A comparable E2-induced inhibition comparable to that of
fulvestrant 3 was observed at or above 1 mg/kg doses of
compounds 21 and 23. Doses that resulted in 50% inhibition
of E2-induced uterine wet weight (ID50) are presented in
Table 6. Compound 21 was more potent than compound 23 in
this assay.
Characterization of compounds 21, 23, 30, and 32 indicated

that they displayed comparable antiproliferative effects in
MCF7 cells (Table S4). In an ER+ breast cancer (MCF7)
mouse xenograft model, compounds 21 and 23 were evaluated
for the ability to inhibit tumor growth at oral doses of 10 mg/
kg/day for 36 days (Figure 11a). This dose was chosen based
on anticipated pharmacokinetics to be within the efficacious
range.

Both compounds caused complete tumor growth inhibition
(TGI), but compound 21 showed a qualitatively better
response across the entire group, with the least mean tumor
volume at the end of the study on day 36 (Figure 11b). Vehicle
group animals were euthanized on day 22, and the individual
tumor volumes on that day across all groups were presented in
Figure 11b. Similar to the results of the uterine wet weight
study, compound 21 was better than compound 23 in the
xenograft study. As a result, compound 21 was advanced to
further development.
In a reporter assay of gene transcription activity, compound

21 inhibited both ERα- and ERβ-mediated gene activity with

Table 5. In Vivo Mouse Oral Single Dose PK Data for
Compounds 21, 23, 30, and 32

mouse PK

cpd
Cmax

(ng/mL)
t1/2
(h)

total AUCinf
(h·ng/mL) % free drug in plasma

free AUCinf
(h·ng/mL)

21 121 18 2477 0.06 1.5
23 186 7 2289 0.17 3.9
30 112 11 2090 0.04 0.8
32 219 15 2743 0.01 0.3

Figure 9. Total drug concentrations in mouse for compounds 21, 23,
30, and 32 from single dose oral PK studies.

Figure 10. Mouse uterine weight data for compounds (a) 21 and (b)
23 (statistically significant differences from vehicle group is denoted
by asterisks; *p < 0.05; **p < 0.01, ***p < 0.001).

Table 6. Mouse Uterine Weight Data for Compounds 21
and 23

cpd uterine wet weight ID50 (mg/kg)

21 <0.001
23 <0.1
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pIC50 values of 9.0 and 8.5, respectively (Table 7). Compound
21 demonstrated no agonist cross-reactivity on GR, PR, or AR.
However, compound 21 did inhibit agonist-induced activity of
AR in a reporter assay with a pIC50 of 5.8.
Compound 21 was profiled in vitro using Ishikawa and

CAMA-1 cells engineered to express Asp538Gly or Tyr537Ser
mutant ER, as well as the patient-derived line, ST941/C,45

which heterozygously expresses ESR1Tyr537Ser. In all assays,

compound 21 demonstrated antagonist activity, however,
potency was reduced in cells harboring the activating
mutations, Asp538Gly and Tyr537Ser, compared to WT
(Table 8). Compound 21 was also found to be an effective

degrader of ERα (Figure 12a−c). In both WT and
ESR1Tyr537Ser mutant cell lines and compound 21 demonstrated
comparable degradation activity to imlunestrant 8. In the
ESR1Asp538Gly mutant cell line, the degradation activity of
compound 21 was comparable to camizestrant 5 and
giredestrant 6. In the MCF-7 cell line, the degradation activity
of compound 21 and fulvestrant 3 was also comparable (Figure
12d).
Compound 21 is highly plasma protein-bound (>99%)

across all species, including humans. Plasma free drug
percentages in mouse/rat/dog/cyno/hu are 0.06/0.24/0.04/
0.13/0.08, respectively. The human unbound fraction of
compound 21 is highly comparable in both nonclinical efficacy
evaluation species (mouse) and toxicity evaluation species
(rats and dogs). All nonclinical efficacy and safety evaluations
are likely to be pertinent to the clinical efficacy and safety. Low
risk of transporter inhibition by compound 21 was determined
by in vitro P-gp and BCRP assays (IC50 = 4 and >5 μM,
respectively). No inhibitory activity was observed for the CYP
3A4 isoform (IC50 > 10 μM). Based on these data, no clinically
relevant drug−drug interaction liability is anticipated against
substrates of these enzymes. Compound 21 did not inhibit the
human ether a-go-go related gene (hERG) protein at 30 μM
and hence does not carry cardiac arrhythmia liability.
Compound 21 is orally bioavailable and has low clearance

and a long half-life in the mouse, rat, dog, and monkey (Table
9). The half-lives after a single oral dose in the mouse, rat, dog,
and monkey were 10, 16, 106, and 34 h, respectively. The in
vivo clearance in mice was found to be in good agreement with
that predicted from the in vitro hepatocyte data.
In ST941/C, an ESR1Tyr537Ser patient derived xenograft

model, a dose-dependent increase in tumor growth inhibition
and regression was observed (Figure 13), Compound 21 at 3
and 10 mg/kg doses were superior to fulvestrant 3 in this
model.

■ CONCLUSIONS
Exploration of tetrahydro-β-carboline as a steroidal core
mimic, followed by optimization of the E-ring for complete
antagonist activity, led to the discovery of tetrahydro-β-
carboline 21. Complete antagonism was confirmed by the lack
of ER agonism observed in the AP assay and the immature
ovariectomized mouse uterus model. Furthermore, tetrahydro-
β-carboline 21 demonstrated robust antitumor efficacy in both
MCF-7 and ST941/C mouse xenograft tumor models. Overall,
these data supported the advancement of palazestrant (21,
OP-1250) as a new investigational drug in the oral CERAN/
SERD class. Structural biology studies confirmed the binding
of 21 in ERα and the resulting movement of H12, consistent

Figure 11. (a) Change in tumor volume over time after daily oral
dosing with 21 and 23 at 10 mg/kg in MCF-7 tumor model; (b)
tumor volume (mm3) on Day 22 after daily oral dosing with 21 and
23 at 10 mg/kg in the MCF-7 tumor model.

Table 7. Nuclear Hormone Receptor Off-Target activity for
21

mode

ERα Erβ GR PR AR

pIC50 pIC50 pIC50 pIC50 pIC50
agonist mode <5.5 <5.5 <5.5 <5.5 <5.5
antag. mode 9.0 8.5 <5.5 <5.5 5.8

Table 8. In Vitro Mutant ESR1 Cell Activity of Compound
21

AP (antag.) CAMA-1 cell prolif. ST941/C cell prolif.

pIC50 pIC50 pIC50
ESR1WT 8.6 8.8 NA
ESR1Asp5378Gly 7.5 8.2 NA
ESR1Tyr537Ser 7.3 7.9 7.5
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with an antagonist receptor conformation. Palazestrant (21) is
currently being evaluated in a phase 3 clinical trial in patients
with advanced ER-positive breast cancer.

■ EXPERIMENTAL SECTION
Chemistry. Unless otherwise stated, all chemicals were

purchased from commercial suppliers and used without further
purification. Thin-layer chromatography (TLC) was performed
using glass-backed silica-coated plates. TLC plates were
visualized under ultraviolet light and/or with stains (potassium
permanganate, phosphomolybdic acid, p-anisaldehyde). The
1H NMRs were recorded on Bruker Avance III HD 400/
Bruker Avance III HD 500/Bruker Avance NEO 400/Bruker
Avance NEO 500, [1H (400 MHz/500 MHz), 13C (100 MHz/
125 MHz)] with complete proton decoupling for 13C.
Chemical shifts were analyzed on Topspin software. Chemical
shifts are reported in parts per million with the solvent
resonance as the internal standard (CDCl3, 1H: δ 7.26 ppm,
13C: δ 76.99 ppm). Coupling constants are reported in Hertz
(Hz). Abbreviations are used as follows: s = singlet, d =
doublet, t = triplet, q = quartet, hept = heptet, m = multiplet,
and dd = doublet of doublet. Samples were analyzed on an
LC−MS with Waters Acquity UPLC-MS (Acquity UPLC BEH
C18 50 mm × 2.1 mm or YMC Trait C18, 30 mm × 2.1 mm)
mass spectrometer (electrospray ionization) liquid chromato-
graph system. Waters e-2965 HPLC-MS (X-bridge C18, 100
mm × 4.6 mm) mass spectrometer (electrospray ionization)
liquid chromatograph system equipped with 2998PDA
detector and Agilent1260-II ELSD detector. HPLC was
analyzed with a Waters Acquity UPLC (Acquity UPLC BEH
C18 100 × 2.1 mm or an X-bridge C18 150 × 4.6 mm) liquid
chromatograph system with a 2998 PDA detector. Optical
rotation of chiral materials was analyzed with a JASCO P-2000
Polarimeter. HRMS samples were analyzed with a Thermo
Scientific Orbitrap Exploris 240 mass spectrometer (Electro-
spray ionization- ESI), a liquid chromatograph system. VCD
samples were analyzed by the FVS-6000 instrument using the
MCT_V detector. Chiral SFC samples were analyzed with
Waters Acquity UPC2; chiral column: (R,R) WHELK-01 (4.6
× 150) mm, 3.5 μm, with liquid carbon dioxide and 0.5%
diethylamine in methanol as eluent, equipped with 2998PDA
detector.
All compounds are >95% pure by HPLC.
2-Fluoro-2-methylpropanol 14. LiAlH4 (176 mL, 1 M in

THF) was added to anhydrous diethyl ether (300 mL) at 0 °C.
Methyl 2-fluoro-2-methylpropionate (14.6 g, 118.0 mmol) was
added dropwise over 1 h. The suspension was stirred for 1.5 h.
Ten milliliters of water were added dropwise, followed by 10
mL of 2 M NaOH and another 10 mL of water. The quenched
reaction mixture was stirred overnight (heated to rt). The
white suspension was filtered, and the filter cake was washed
with CH2Cl2. The filtrate was concentrated to give the title
product (7.2 g, 63% yield). 1H NMR (CDCl3, 300 MHz): δ
3.56 (dd, 2H, J = 20.4, 6.3 Hz), 1.85 (t, 1H, J = 6.2 Hz), 1.40
(s, 3H), 1.33 (s, 3H).

2-Fluoro-2-methylpropyl Trifluoromethanesulfonate 15.
Trifluoromethanesulfonic anhydride (5.0 mL, 29.7 mmol) was

Figure 12. ERα protein levels following 24 h treatment with 316 nM
of compound 21, and competitor molecules in (a) CAMA-1 ESR1WT,
(b) CAMA-1 ESR1Asp538Gly, (c) CAMA-1 ESR1Tyr537Ser, and (d) ERα

Figure 12. continued

protein levels following 24 h treatment with dose response of
compound 21 and fulvestrant 3 in MCF-7 cells.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c11023
ACS Omega 2025, 10, 22685−22700

22694

https://pubs.acs.org/doi/10.1021/acsomega.4c11023?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11023?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11023?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11023?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


added dropwise to a 0 °C solution of 2-fluoro-2-methyl-
propanol (2.1 g, 22.7 mmol) and 2,6-lutidine (3.4 mL, 29.4
mmol) in CH2Cl2 (25 mL) over 30 min. After 2 h, the solution
changed from red to light brown. TLC indicated that the
starting material was not present. The reaction mixture was
washed with 1 M HCl (2 × 20 mL) and saturated aqueous
sodium bicarbonate solution (2 × 20 mL), and the aqueous
layers were each back-extracted with CH2Cl2 (20 mL). The
combined organic layers were dried over sodium sulfate, and
the solution was concentrated under reduced pressure to yield
the title product (4.39 g, 86% yield). 1H NMR (CDCl3, 300
MHz): δ 4.41 (d, 2H, J = 18.6 Hz), 1.46 (d, 6H, J = 20.4 Hz),
19F NMR (CDCl3, 282 MHz): δ −147.1, −74.5.

(R)-N-(1-(1H-indol-3-yl)propan-2-yl)-2-fluoro-2-methyl-
propan-1-amine 17. 2-Fluoro-2-methylpropyl trifluorometha-
nesulfonate (2.5 g, 11.0 mmol) was added to an anhydrous
solution of (2R)-1-(1H-indol-3-yl)propan-2-amine (1.2 g, 6.9
mmol) and DIEA (1.1 g, 8.4 mmol) in 1,4-dioxane (30 mL),
and the mixture was heated to 90 °C for 16 h. EtOAc (40 mL)
was added, and the solution was washed with saturated
aqueous sodium bicarbonate solution (2 × 20 mL). The
combined aqueous layers were back-extracted with EtOAc (2
× 20 mL), and the combined organic layers were dried over
sodium sulfate, filtered, and dried in vacuo. The crude product
was purified via flash silica gel chromatography in 0−10%
MeOH in DCM to give the title product (550 mg, 32% yield).
1H NMR (CDCl3, 300 MHz): δ 8.18 (br s, 1H), 7.64 (d, 1H),
7.36 (d, 1H), 7.26−7.11 (m, 2H), 7.03 (d, 1H), 3.05 (m 1H),
2.95−2.68 (m, 4H), 1.37 (dd, 6H, J = 21.9 Hz), 1.13 (d, 3H).
19F NMR (CDCl3, 282 MHz): δ −144.2.

4-((1-Propylazetidin-3-yl)oxy)benzaldehyde 20. 4-Fluoro-
benzaldehyde (2.8 mL, 25.3 mmol), 1-propylazetidin-3-ol (3.2
g, 27.8 mmol), cesium carbonate (17.2 g, 52.8 mmol), and
DMF (60 mL) were stirred under argon at 95 °C for 6 h and
allowed to cool to room temperature. The solid was removed
under filtration, and the filtrate was concentrated. The
resulting residue was diluted with EtOAc (100 mL) and
water (80 mL). The organic layer was washed with brine (5 ×
50 mL), dried over sodium sulfate, filtered, and dried in vacuo.
The crude product was purified via flash silica gel
chromatography in 0−50% EtOAc in hexanes to give the
title product (3.0 g, 54% yield). 1H NMR (CDCl3, 300 MHz):
δ 9.88 (s, 1H), 7.81 (d, 2H, J = 8.7 Hz), 6.87 (d, 2H, J = 8.1
Hz), 4.89−4.85 (m, 1H), 3.83 (t, 2H, J = 6.0 Hz), 3.11 (t, 2H,
J = 7.4 Hz), 2.48 (t, 2H, J = 7.5 Hz), 1.44−1.37 (m, 2H), 0.91
(t, 3H, J = 7.2 Hz).

(1R,3R)-2-(2-Fluoro-2-methylpropyl)-3-methyl-1-(4-((1-
propylazetidin-3-yl)oxy)phenyl)-2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indole 21. 4-((1-Propylazetidin-3-yl)oxy)-
benzaldehyde (124 mg, 0.6 mmol) was added to a solution

of (R)-N-(1-(1H-indol-3-yl)propan-2-yl)-2-fluoro-2-methyl-
propan-1-amine (100 mg, 0.4 mmol), glacial acetic acid
(0.50 mL, 8.7 mmol), and dry toluene (5.0 mL, 47.2 mmol)
over 4 Å molecular sieves. The solution was stirred at 80 °C for
10 h. The reaction was allowed to cool to room temperature
and diluted with CH2Cl2, washed with saturated aqueous
sodium bicarbonate solution, dried over sodium sulfate, and
dried in vacuo. The crude was purified via reverse-phase HPLC
(Kinetex 5 μm C18 100 Å column; size: 100 mm × 30.0 mm;
40−90% ACN in water) to give the title product as a white
solid (39 mg, 22% yield). 1H NMR (400 MHz, CDCl3): δ 8.00
(brs, 1H), 7.52 (d, J = 7.2 Hz, 1H), 7.26−7.24 (m, 1H), 7.17
(d, J = 8.4 Hz, 1H), 7.14−7.08 (m, 3H), 6.64 (dd, J = 2.8 Hz,
11.2 Hz, 2H), 5.00 (brs, 1H), 4.62 (quin, J = 5.6 Hz, 1H),
3.79−3.73 (m, 2H), 3.33 (brs, 1H), 3.02 (t, J = 6.8 Hz, 2H),
2.75−2.45 (m, 4H), 2.44−2.42 (m, 2H), 1.44 (d, J = 21.6 Hz,
3H), 1.39−1.33 (m, 2H), 1.28 (d, J = 21.6 Hz, 3H), 1.07 (d, J
= 6.8 Hz, 3H), 0.89 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz,
CDCl3): 156.4, 136.4, 135.1, 133.4, 130.4, 127.4, 121.5, 119.2,
118.1, 114.1, 110.8, 110.1, 97.9 (d, J = 165.1 Hz), 66.6, 62.0,
61.6, 61.5, 54.3, 47.6, 25.7 (d, J = 23.2 Hz), 25.01 (d, J = 24.8
Hz), 21.0, 11.8. 19F NMR (376 MHz, CDCl3): −140.30.
HRMS (ESI): C28H37FN3O [M + H]+ calcd 450.2916, found:
450.2915. HPLC: 99.23%. Chiral purity = 99.8% de; 99.8% ee.
[α]20D: −4 (c 0.1, acetonitrile).
Reagents, Cells, and In Vitro Studies. CAMA-1 and

Ishikawa (originally ECC-1) cell lines were purchased from
ATCC (Manassas, VA, USA). The ST941C cell line was
obtained under a license from XenoSTART (San Antonio, TX,
USA). Cell lines were authenticated using short tandem repeat
(STR) DNA profiling and tested for mycoplasma at Laragen
(Culver City, CA, USA). Cells were cultured for no more than
30 passages following reanimation. Cell lines were cultured in
medium containing 10% fetal bovine serum (FBS)
(#SH30070.03, Cytiva; Marlborough, MA, USA) or medium
supplemented with the listed concentration of charcoal/
dextran stripped (CDS) FBS (#SH30068.03, Cytiva). Media
used were Richter’s IMEM (#A1048801 Gibco) supplemented
with nonessential amino acids (Gibco #11140-050) for
CAMA-1, RPMI 1640 (#A104910 Gibco) supplemented
with 10 mM HEPES (#15630-080 Gibco) and 1 mM sodium
pyruvate (#11360-070 Gibco) for Ishikawa, and RPMI 1640
(#A1049101 Gibco) for ST941C. All cell lines were addition-
ally supplemented with 1% GlutaMax (#35050061 Thermo-
Fisher Scientific; Waltham, MA, USA). E2 (no. E8875) and
fulvestrant (no. I4409) were purchased from Millipore Sigma
(Burlington, MA, USA).
ERα ligand binding was assayed using the LanthaScreen

time-resolved fluorescence energy transfer (TR-FRET) ERα
competitive binding assay (no. A15887 ThermoFisher

Table 9. Single-Dose Pharmacokinetics of Compound 21 in the Mouse, Rat, Dog, and Monkey

species mouse rat dog monkey

route PO IV PO IV PO IV PO IV

dose (mg/kg) 5 0.5 5 0.5 10 10 10 3
Cmax (ng/mL) 91 29 138 313 1760 4060 170 651
Tmax (h) 1 NA 1.5 NA 1.5 NA 8 NA
AUC (ng·h/mL) 1030 161 2590 454 33700 41300 5090 3420
Vd (L/kg) NA 27 NA 8 NA 16 NA 49
CL (L/h/kg) NA 3.1 NA 0.8 NA 0.2 NA 0.8
T1/2 (h) 10 7 16 7 106 63 34 42
F (%) 72 NA 55 NA 89 NA 44.4 NA
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Scientific), per manufacturer’s protocol. Following 2-h
incubation at room temperature, compound binding was
measured as a decrease in TR-FRET and normalized to 10 μM
E2 and dimethyl sulfoxide (DMSO) vehicle.
For the AP assay, Ishikawa cells were plated in medium

containing 4.8% charcoal/dextran stripped (CDS) FBS. At
least 4 h later, cells were treated with compounds in the same
volume of media without CDS FBS. Cells were incubated for 3
days, the medium was removed, and the plates were frozen at
−80 °C. Thawed plates were incubated with a chromogenic
substrate of AP, p-nitrophenyl phosphate (#02212 Thermo-
Fisher Scientific), for 90 min at 37 °C, and absorbance was

read at 405 nm. For antagonist mode assays, cells were
cotreated with 500 pM E2.
Cellular proliferation of breast cancer cells was measured

using CyQUANT, a fluorescent DNA-binding dye (#C7026
Invitrogen; Waltham, MA, USA). Cells were treated with
compounds in duplicate in medium containing 4.8% CDS FBS
in the presence of 100 pM E2 unless otherwise noted. Treated
plates were incubated for 7 days prior to harvest. Following
incubation, the medium was removed and the plates were
frozen at −80 °C. Thawed plates were prepared and quantified
per the manufacturer’s protocol. Fluorescent activity was
normalized to the activity of E2 alone, and replicates with
values >130% of E2 vehicle were excluded from analysis.
Data for LanthaScreen, AP, and cellular proliferation assays

were normalized to the E2 vehicle control for each assay and
expressed as percent total response. IC50 or EC50 values were
calculated in Prism software using a four-parameter fit. Emax is
the percent effect at the highest drug concentration for each
treatment, where 100% represents maximal response and 0% is
no change from vehicle control.
To determine free fraction, plasma protein binding experi-

ments were conducted in a 48-well plate using a rapid
equilibrium dialysis format. One μM of test compounds was
incubated in undiluted plasma from humans, rats, mice, dogs,
and monkeys for 4 h at 37 °C to determine the percent
unbound drug using LC−MS/MS.
To evaluate the test compound 21 as a P-gp and BCRP

inhibitor, the solvent control, test compound, or inhibitors in
DMSO were added to the membrane vesicles (1% v/v of the
final reaction volume) and were preincubated for 15 min at 37
± 2 °C. After preincubation, the incubation was initiated by
the addition of the probe substrate and MgATP (4 mM) or
MgAMP (4 mM) in incubation medium and incubated for the
designated time. At the end of the incubation period, an
aliquot was collected for recovery measurement by LC−MS/
MS.
To evaluate the test compound 21 as an inhibitor of CYP

enzymes, the test compound was incubated with probe
substrate and human liver microsomes at approximately 37
± 2 °C in a buffer mixture (described in the table below) in
accordance with SOPL3250.13 or 0.14. Due to the possibility
that the test article may bind to microsomal protein or lipids,
experiments were performed using a low microsomal protein
concentration and short incubation time (5 min). Reactions
were initiated by the addition of cofactor and were terminated
by the addition of the appropriate stop reagent containing
internal standard (deuterated probe substrate metabolite). The
stop reagent was acetonitrile. The samples were centrifuged at
920 × g for 10 min at 10 °C, and the supernatant fractions
were analyzed by LC−MS/MS.
The hERG patch clamp assay uses ionic currents to

determine the inhibition potential of compound 21 in hERG
ion channels. Compound 21’s inhibition of hERG was tested at
concentrations ranging from 3 to 100 μM.
Animal Studies. Uterine wet weight studies were

performed using ovariectomized BALB/c mice (7−8 weeks
old), which were purchased from Charles River Laboratories.
Studies were conducted at Bayside BioSciences in accordance
with established protocol approved by the vendor’s Institu-
tional Animal Care and Use Committees (IACUC). On the
seventh day after ovariectomy, mice were administered vehicle
or E2 at 0.1 mg/mouse subcutaneously in combination with
vehicle or antiestrogenic compounds, orally, once daily, for 3

Figure 13. (a) Change in the tumor volume over time with different
doses of 21 in ST941/C (ESR1Tyr537Ser) tumor model; (b) waterfall
plot of percent change in the tumor volume of individual animals
within each group.
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days. The mice were euthanized 24 h after the last dose, and
uterine samples were harvested and weighed. Fulvestrant 3 was
administered at 5 mg/dose subcutaneously.
Pharmacokinetic studies were performed using BALB/c

mice, athymic nude mice, Sprague−Dawley rats, or Beagle
dogs that were administered the test article orally either as a
single dose or repeat dose, and the pharmacokinetic profile
over a 24 h period was measured on day 1 and at steady state
(28 days). The test article formulation used in pharmacoki-
netic studies was 0.5% CMC in 1xPBS.
Xenograft studies were performed using female, immuno-

deficient athymic nude mice (Taconic or Jackson) that were
supplemented with estradiol and implanted with an ER+ breast
cancer cell line, MCF7 or patient-derived XenoSTART cell line
ST941, subcutaneously in the mammary fat region. These
animals were randomized into groups when the tumor volume
reached ∼150 mm3. Mice were treated daily with either the
vehicle or the test article. The vehicle and test article
formulation used in both uterine wet weight and xenograft
studies was 2.5% DMSO, 97.5% of 0.5% CMC-Na suspension.
Tumor volume and body weights were recorded biweekly until
the end of the study.
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■ ABBREVIATIONS
ADME, absorption, distribution, metabolism, and elimination;
antag, antagonist; AP, alkaline phosphatase; AUCinf, area
under the concentration−time curve from time 0 extrapolated
to infinite time; BCRP, breast cancer resistance protein; Clint,
intrinsic clearance; cLogD7.4, calculated distribution coefficient
at pH 7.4; Cmax, maximum serum concentration; Cpd,
compound; cyno, cynomolgus monkey; CYP, cytochrome
P450; de, diastereomeric excess; DRM, D-ring mimic; ee,
enantiomeric excess; hu, human; ID50, half maximal inhibitory
dose; LipE, lipophilic efficiency (AP (antag.) pIC50−
cLogD7.4); mi, mouse; NA, no antagonist activity; NE, no
effect; NOE, Nuclear Overhauser Effect; P-gp, p-glycoprotein
1; pIC50, −log IC50; prolif, proliferation; QD, once daily
administration; qw, once weekly administration; T1/2, half-life;
WT, wild-type
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