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ABSTRACT
◥

Nearly 30% of patients with relapsed breast cancer present
activating mutations in estrogen receptor alpha (ERa) that confer
partial resistance to existing endocrine-based therapies. We previ-
ously reported the development of H3B-5942, a covalent ERa
antagonist that engages cysteine-530 (C530) to achieve potency
against both wild-type (ERaWT) and mutant ERa (ERaMUT).
Anticipating that the emergence of C530 mutations could promote
resistance to H3B-5942, we applied structure-based drug design to
improve the potency of the core scaffold to further enhance the
antagonistic activity in addition to covalent engagement. This effort
led to the development of the clinical candidate H3B-6545, a
covalent antagonist that is potent against both ERaWT/MUT, and

maintains potency even in the context of ERa C530 mutations.
H3B-6545 demonstrates significant activity and superiority over
standard-of-care fulvestrant across a panel of ERaWT and ERaMUT

palbociclib sensitive and resistant models. In summary, the com-
pelling preclinical activity of H3B-6545 supports its further devel-
opment for the potential treatment of endocrine therapy–resistant
ERaþ breast cancer harboring wild-type or mutant ESR1, as
demonstrated by the ongoing clinical trials (NCT03250676,
NCT04568902, NCT04288089).

Summary:H3B-6545 is an ERa covalent antagonist that exhibits
encouraging preclinical activity against CDK4/6i na€�ve and resistant
ERaWT and ERaMUT tumors.

Introduction
A large fraction of breast cancers are dependent on estrogen

receptor alpha (ERa) signaling for their oncogenic growth. The
development of therapies that reduce ERa pathway activity, either
by blocking synthesis of estrogens or through direct targeting of
estrogen receptor, has proven to be a highly effective strategy for
treating a subset of ERaþ breast cancer. Unfortunately, innate and
acquired resistance to these ER-directed therapies hinders efficacy,
leading to poor clinical outcomes. One mechanism of escape found
in nearly 30% of resistant metastases is mutations of ERa, resulting
in ligand-independent activation of the ERa pathway (1–3).
Because a significant proportion of endocrine-resistant metastases

remain dependent on ERa signaling and existing endocrine ther-
apies exhibit reduced efficacy against ERa mutations, there is a
pressing need to develop next-generation ERa antagonists that can
effectively suppress residual ERaMUT activity. Recent efforts have
focused on developing selective estrogen receptor degraders (SERDs)
that are orally bioavailable with better pharmacokinetic properties
than fulvestrant. Indeed, several oral SERDs, including RAD1901
(Elacestrant), GDC-9545 (Giredestrant), SAR439859 (Amcenestrant),
and AZD9833 (Camizestrant), have exhibited both preclinical and
clinical antitumor activity in the ERaWT and ERaMUT settings (4–12).
Despite these promising results, there remains an opportunity to
develop ERa antagonists with novel modes of action, potentially
capable of more effective suppression of ERaMUT activity.

Recently we described the development of H3B-5942, a member of
a novel class of ERa antagonist that potently inhibits ERaWT and
several common ERa mutations by covalently targeting a unique
cysteine residue [cysteine-530 (C530)] (13). However, because the
potency of H3B-5942 is critically dependent on covalency (13), it is
possible that C530 mutations could serve as an escape mechanism in
the therapeutic setting. With this potential liability in mind, we
developed H3B-6545, an antagonist with improved potency of the
core scaffold to further enhance the antagonistic activity in addition
to covalent engagement (14). H3B-6545 exhibits favorable drug-like
properties and demonstrates significant preclinical activity, with
single-digit nanomolar potency in vitro and superiority over fulves-
trant in vivo across CDK4/6i na€�ve and resistant ERaWT and ERaMUT

models. These promising preclinical data support further develop-
ment of this novel class of antagonist for treatment of patients
with ERaþ, HER2� breast cancer (NCT03250676, NCT04568902,
NCT04288089).
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Materials and Methods
Synthetic procedures

Synthesis of H3B-5942 and H3B-9224 has been described in
Discovery of Selective Estrogen Receptor Covalent Antagonists for
the treatment of ERaWT and ERa MUT breast cancer. Puyang and
colleagues Cancer Discov July 10 2018 DOI: 10.1158/2159-8290.CD-
17-1229 (13).

Synthesis of H3B-6545 has been described in Bock, M. and
colleagues (2017) United States Patent No. US 9,796,683 B2, Example
60 (14).

Synthesis of H3B-9709 has been described in Bock, M. (2018)
United States Patent Application Publication No. US 2018/0141913
A1, Example 2 (15).

Cell lines
MCF7 BUS cells (16) and MCF7-derived lines engineered to over-

express mutant forms of ERa were maintained in DMEM supple-
mented with 10% FBS, 4 mmol/L L-glutamine and 1� non-essential
amino acids. The patient-derived xenograft (PDX)-ERaY537S/WT

ST941 cell line was derived from a PDX tumor model and was
routinely cultured in DMEM supplemented with 20% FBS. Lenti-X
293T cells (Clontech, catalog no. 632180) were cultured in DMEM
supplemented with 10% FBS and 4mmol/L L-glutamine. All cells were
maintained prior to and during experiments at 37�C, 5% CO2, and at
95% relative humidity. Cells were passaged two to three times per week
and discarded when the passage number exceeded 20. For in vitro
experiments, cells were seeded at appropriate densities to provide
logarithmic growth during, and at least 24 hours beyond, the exper-
iment duration. The identities of all cell lines were confirmed by short
tandem repeat analysis of nine markers and were verified to be free of
Mycobacterium contamination before performing experiments.

Protein production, purification, and intact mass spectrometry
The various ERa protein constructs were expressed and purified as

described previously (13). The covalent engagement by H3B-6545 was
monitored by mass spectrometry after a 4�C overnight incubation
essentially as described previously (13). For the time course experi-
ment, the levels of covalently modified ERawere monitored at various
incubation times at room temperature (0, 2.5, 5, 10, 15, 30, 45, 90
minutes). The reaction was quenched by diluting the sample in 0.1%
formic acid in water and analyzed as described previously (13). The fits
and kobs values were determined using the GraphPad Prism software.

Crystallography
His-TEV-ERaY537S (307-554) was cloned into pET-28a (EMD

Millipore) and expressed in E. coli. In this construct, two surface
exposed cysteine mutations, C381S and C417S, were introduced to
improve protein behavior and yields. Soluble protein was obtained by
overnight induction at 20�C using 0.1 mmol/L IPTG (17). Cells were
harvested and protein was purified using Ni-NTA chromatography
followed by overnight TEV cleavage of the His-tag and a polishing
subtractive Ni-NTA step to remove the TEV. The flow-through was
concentrated and injected on a sephacryl S-300 column equilibrated in
50 mmol/L Tris pH 8, 150 mmol/L NaCl, 1 mmol/L TCEP, and 10%
glycerol. Peak fractions were pooled and concentrated to approxi-
mately 12.4mg/mL and flash frozen in liquid nitrogen. Cocrystals were
obtained by mixing compound and protein at 2:1 molar ratio at room
temperature for 1 hour to allow time for covalent bond formation,
followed by filtration to remove aggregates. Sitting drops were set up
using 0.5 mL protein þ 0.5 mL reservoir and equilibrated over a

reservoir containing 40% PEG 1000, 60 mmol/L NaCl, and
100 mmol/L TAPS pH 9. Crystals grew to full size in 1–3 weeks and
flash frozen using reservoir solution supplemented with 10% ethylene
glycol. Data were collected by HarkerBIO at the Diamond Light
Source, beamline I04. The structure was solved by molecular replace-
ment using MOLREP (18) and refined using Refmac (19) with ligand
coordinates generated using Schrodinger. The PDB identification code
for H3B-6545 is 6OWC.

Jump dilution experiments
The jump dilution experiments using unlabeled compound and

3H-E2were performed as described previously (13). The jump dilution
experiment using 3H-H3B-9709 was performed by incubating
30 nmol/L ERa protein with 75 nmol/L 3H-H3B-9709. After a 5-hour
incubation, the mixture was diluted 20-fold and 200 nmol/L of
unlabeled E2 was added to half the samples. The diluted sample was
further incubated for 22 hours at 4�C followed by binding to the HAP
resin and scintillation counting as described previously (13).

Intact mass spectrometry to assess covalency of H3B-6545
ERa wild-type (297-554) and mutant proteins (297-554) were

incubated in 50 mmol/L Tris pH 8.0, 150 mmol/L NaCl, 5% glycerol,
and 1 mmol/L TCEP with a 2-fold excess of compound (2 mmol/L
H3B-6545: 1 mmol/L ERa protein solution) at 4�C overnight. Mass
analyses were carried out on a Thermo Fisher Scientific Q-Exactive
HRM (ESI source, 4.0 kV ionization voltage, 250�C capillary temper-
ature, 10 arb sheath gas, S-lens RF level 65) coupled with an Accela
Open AS 1250. Samples (10 mL) were desalted on a C4 column
(Thermo Fisher Scientific Accucore 2.1 � 150 mm, 2.6 mm) with a
gradient from5% to 95%Bover 10minutes. EluentA consisted of 0.1%
formic acid in water, and eluent B consisted of 0.1% formic acid in
acetonitrile. The flow was set to 400 nL/minute. All solvents were LC/
MS grade (Thermo Fisher Scientific). The mass spectrometer was run
in positivemode collecting full scan at R¼ 70,000 fromm/z 500 tom/z
2,000. Data were collected with the Xcalibur 3.1 software. Xcalibur raw
files were processed using BioPharma Finder 2.0 (Thermo Fisher
Scientific) and the ReSpect deconvolution algorithm. The peak was
averaged over the selected retention time to generate source spectra
from the TIC chromatogram trace, and the chromatogram parameters
set to m/z 700 to 2,000. Outputs from the deconvolution algorithm
include model mass range from 10,000 to 160,000, mass tolerance
20 ppm, charge state range from 10 to 100. The target mass is the
estimated mass of protein or protein þ compounds, with noise
rejection of 95% confidence.

Monitoring of covalent protein labeling using tritiated
compounds

The incorporation of a 3H-dimethylamino group in H3B-6545 and
H3B-9709 was performed at Moravek Biochemicals Inc. Specific
activities of 26.0 and 15.1 Ci/mmol/L were obtained, respectively.
The monitoring of covalent protein labeling was performed by incu-
bating 750 nmol/L 3H-H3B-6545 or 150 nmol/L 3H-H3B-9709 with
60 nmol/L ERa at room temperature in a 750 mL reaction volume.
At various timepoints (0, 5, 15, 30, 60, and 120 minutes) 75 mL of
the reaction was removed and quenched with 30 mL 4 N HCl for
10 minutes. ERa protein was then precipitated with 700 mL tricar-
boxylic acid (TCA; 10% final). The samples were centrifuged and
washed once with 500 mL 10% TCA, and the protein pellet containing
covalently bound radiolabeled compound was resolubilized in 500 mL
88% formic acid and quantified by liquid scintillation counting. Thefits
and kobs values were determined using the GraphPad Prism software.
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Immunoblot analysis in whole-cell lysates
Cells were lysed in loading buffer (Invitrogen, catalog no. NP0007)

containing protease inhibitor (Roche, catalog no. 05892791001) and
DTT (Invitrogen, catalog no. NP0009), sonicated and subsequently
boiled for 5 minutes. Approximately 30 mg of protein was loaded per
lane and resolved by SDS polyacrylamide electrophoresis. Protein
was transferred onto nitrocellulose membranes, blocked in 5% low-
fat milk and probed overnight with antibodies to ER (SP1; Spring
Bioscience, catalog no. M3012), a�Tubulin (Sigma, catalog no.
T6199) or GAPDH (Sigma, catalog no. G9545). Membranes were
incubated with horseradish peroxidase–conjugated anti-rabbit sec-
ondary antibody (Cell Signaling Technology, catalog no. 7074) or
anti-mouse secondary antibody (Cell Signaling Technology, catalog
no. 7076) for 1 hour and signal was developed using the ECL
method (GE Healthcare).

RNA extraction and quantitative real-time PCR analysis
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN,

catalog no. 74104) according to the manufacturer’s instructions and
cDNAwasmade using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, catalog no. 4374966. Following completion of
the RT reaction, qPCR reactions were set up in triplicate for each
biological replicate using the TaqMan Gene Expression Master Mix
(Applied Biosystems, catalog no. 4370074) and gene-specific probes
GREB1 (Hs00536409_m1/FAM) or PGR (Hs201556702_m1/FAM.
GAPDH (Hs02758991_g1/VIC_PL) or GUSB (Hs.PT.58v.27737538/
Cy5) served as the endogenous control.

RNA-sequencing analysis
MCF7 parental cells were treated with various compounds at

100 nmol/L. Media and compounds were refreshed after 3 days, and
cell lysates were collected 6 days following treatment initiation in
TRIzol and immediately frozen with liquid nitrogen prior to anal-
ysis. Cell cultures were in log phase growth for the duration of the
experiment.

For principal component analysis, TPM values were subjected to
logarithmic transformation calculated by Kallisto v0.43.0 (20). Genes
withmaximumTPMvalues< 1 across all samples and geneswithmean
absolute deviation (MAD) values < 0.2 were filtered out.

For differential gene expression analysis of RNA-sequencing
data, the read count values estimated by Kallisto (20) were used
as input for the differential expression analysis. TMM in R package
edgeR (21) was used for normalization, and limma voom (22) was
used for differential gene analysis. Fold change of 2 and adjusted
P value of 0.05 was used as the cutoff to call significantly differential
expressed genes, which were used for the Venn diagram presented
in Supplementary Fig. S4B.

Single-dose pharmacokinetic and pharmacodynamics tumor
analysis and efficacy study in MCF7 xenograft model

The ERawild-type human breast cancer cell line MCF7(P)-AP2, a
serially in vivo passaged cell line derived from the MCF7-ATCC
tumors at Aurigene Discovery Technologies Limited, was cultured in
EMEM supplemented with 10% FBS at 37�C in a 5% CO2 atmo-
sphere and kept in the exponential growth phase as described
previously (13). For harvesting, the cells were washed with PBS,
incubated with 0.25% trypsin-EDTA, and suspended in a 1:1 mixture
of Matrigel (Corning 354234) and Hank’s Balanced Salt Solution at
a final concentration of 5 � 107 cells/mL. To generate xenografts,
0.2 mL of the inoculum was injected into the third mammary fat
pad of 6–8 weeks old female Balb/c nude mice (6–8 weeks old,

Balb/cOlaHsd-Foxn1nu), giving a final concentration of 1� 107 cells/
mouse. Three days prior to inoculation, mice were implanted with
0.72 mg, 90-day release estrogen pellets (Innovative Research of
America). For pharmacokinetic and pharmacodynamic analysis,
tumors were allowed to reach an average volume of approximately
300 mm3 prior to randomization (N ¼ 3/group). H3B-6545 at 1, 3,
10, or 30 mg/kg was administered once (QD�1) by oral gavage.
Tumor xenografts were collected at 1, 2, 4, 8, 24, 48, and 72 hours
postdose. The oral administration volume [10 mL/kg body weight
(BW)] was calculated from the BW prior to compound administra-
tion. All procedures relating to animal care, handling, and treatment
were performed in accordance and with the approval of the Insti-
tutional Animal Ethics Committee of Aurigene Discovery Techno-
logies Ltd. All doses were well tolerated with no clinical signs
observed in all studies presented. For plasma bioanalysis, samples
from vehicle groups (0 mg/kg) and H3B-6545-treatment groups were
placed in K2EDTA tubes on wet ice until centrifugation (within 30
minutes of sample collection). Following centrifugation, two aliquots
of plasma were transferred into uniquely labeled polypropylene
tubes, prior to being flash frozen. Tumor samples for bioanalysis
and PCR studies were immediately snap-frozen and stored at�80�C.
Plasma and tumor samples were analyzed at Aurigene Discovery
Technologies Limited.

For the efficacy study, treatments were initiated once the average
tumor volume reached approximately 200 mm3 and the study was
terminated on day 17. BWwas measured daily whereas tumor volume
(TV) was measured twice a week.

Repeat dose pharmacokinetic and pharmacodynamic tumor
analysis and efficacy study in the ST941 PDX model

The ST941 PDX model representing an ERaY537S/WT-mutated
human ER-positive (ERþ) breast cancer was propagated in athymic
Nudemice. To generate patient-derived xenografts, solid tumor tissues
from the ERaY537S/WT-positive xenograft model were cut into 70 mg
pieces, mixed with Matrigel (Corning, 354234) and subcutaneously
implanted into the right flank of 12-week-old female athymic Nude
(Crl:NU(NCr)-Foxn1nu) mice supplied with drinking water contain-
ing E2 (Sigma-Aldrich, catalog no. E1024-25G). When the mean
TV reached approximately 300 mm3, animals were selected on the
basis of TV and randomized into treatment groups of 3 animals per
group for the pharmacokinetic and pharmacodynamic analysis.
Beginning three days prior to treatment and for the remainder of
the studies, exogenous E2 was removed from the drinking water.
H3B-6545was administered orally QD�5 at 3, 10, 30, and 100mg/kg.
Plasma and tumor xenografts were collected at 1, 2, 4, 8, 24, 48, and
72 hours postdose. The oral administration volume (10 mL/kg BW)
was calculated from the BW prior to compound administration.
Plasma and tumor pharmacokinetic analyses were performed at
Agilux Laboratories Inc.

For the efficacy studies, when the mean TV reached approximately
200 mm3, animals were selected on the basis of TV and randomized
into treatment groups. Tamoxifen was given subcutaneously TIW,
H3B-6545, and palbociclib were dosed orally once daily, whereas
fulvestrant was given subcutaneously once weekly. Each treatment
was administered on the basis of BW(10mL/kg), except tamoxifen and
fulvestrant, which were flat dosed (both formulated as described
above). Beginning 3 days prior to treatment and for the remainder
of the studies, exogenous E2was removed from the drinkingwater. BW
measurements were performed daily and TV measurements were
recorded twice per week. All studies were performed under guidelines
and with the approval of the START Institutional Animal Care and
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Use Committee (IACUC) and defined in the STARTAnimal Care and
Use Program (Protocol 09-001). All doses and regimens were well
tolerated.

End-of-study tumor samples were formalin-fixed and paraffin-
embedded (FFPE) at START and subsequently shipped to Cancer
Genetics Inc. for sectioning, and staining. In brief, 5-mm sections of
FFPE tissue xenograft samples were stained for PR and Ki67 using the
Ventana rabbit monoclonal primary antibodies ER (SP1), progester-
one receptor (PR; 1E2), and Ki-67 (30-9). IHC assays were run on the
Ventana BenchMark IHC/ISH automated slide staining instrument
with ultraView Universal DAB detection kit. PR and Ki-67 stained
slides were scored for % positive tumor cells by a board certified MD
pathologist at Cancer Genetics Inc. Scanned images, pathologist
scores, and interpretations were made available to H3 Biomedicine
Inc., for review and data analysis.

ERaWT ST986 and ST1799 PDX tumor xenograft generation,
dosing, and measurement of antitumor activity

The ST986 and ST1799 PDX models representing ERaWT human
ERþ breast cancer were propagated in female athymic Nude mice. To
generate PDXs, solid tumor tissues from the ERaWT xenograft models
were cut into 70 mg pieces, mixed with Matrigel (Corning, 354234),
and subcutaneously implanted into the right flank of 12-week-old
female athymic Nude (Crl:NU(NCr)-Foxn1nu) mice supplied with
drinking water containing E2 (Sigma-Aldrich, catalog no. E1024-
25G). When the mean TV reached approximately 125–200 mm3,
animals were selected on the basis of TV and randomized into
treatment groups. H3B-6545 was administered orally once daily,
tamoxifen was given subcutaneously three times a week, fulvestrant
was given subcutaneously once weekly, and palbociclib was admin-
istered orally once daily. Each treatment was administered on the basis
of BW (10 mL/kg), except tamoxifen and fulvestrant, which were flat-
dosed. Tamoxifen was formulated in 90% peanut oil/10% ethanol, and
clinical grade fulvestrant was administered without further dilution.
Exogenous E2 was supplemented in the drinking water during the
course of the study. BW measurements were performed daily and TV
measurements were recorded twice per week. All studies were per-
formed under guidelines and with the approval of the START IACUC
and defined in the START Animal Care and Use Program (Protocol
09-001). All doses and regimens were well tolerated.

ERaY537S ST2177 PDX tumor xenograft generation, dosing, and
measurement of antitumor activity

The ST2177 PDX model representing an ERaY537S-mutant human
ERþ breast cancer was propagated in mice. To generate PDXs, solid
tumor tissues from the ERaY537S xenograft model were cut into 70 mg
pieces, mixed with Matrigel (Corning, 354234), and subcutaneously
implanted into the right flank of 7–12 weeks old female athymic Nude
(Crl:NU(NCr)-Foxn1nu) mice supplied with drinking water contain-
ing E2 (Sigma-Aldrich, catalog no. E1024). When the mean TV
reached approximately 125–200 mm3, animals were selected on the
basis of TV and randomized into treatment groups of 7–8 animals per
group. H3B-6545 was administered orally once daily, and fulvestrant
was given subcutaneously once weekly. Each treatment was admin-
istered on the basis of BW (10 mL/kg), except fulvestrant which were
flat dosed. Exogenous E2 was supplemented in the drinking water
during the course of the study. BW measurements were performed
daily and TVmeasurements were recorded twice per week. All studies
were performed under guidelines with the approval of the START
IACUC and defined in the START Animal Care and Use Program
(Protocol 09-001). All doses and regimens were well tolerated.

ERaY537S ST2056 PDX tumor xenograft generation, dosing, and
measurement of antitumor activity

The ST2056 PDXmodel representing an ERaY537S-mutated human
ERþ breast cancer was propagated in mice. Efficacy study in ST2056
PDX model was performed as previously described for other PDX
models (13). H3B-6545 was administered orally once daily, and
clinical-grade fulvestrant was administered subcutaneously once
weekly. BW measurements were performed daily, and TV measure-
ments were recorded twice per week. Mice with at least 20% BW loss
compared with day 0 BW were euthanized to prevent any pain or
suffering to the animal. All studies were performed under guidelines
and the approval of the START IACUC and defined in the START
Animal Care and Use Program (Protocol 09-001). All doses and
regimens were well tolerated.

ERaWT ST1799-PBR and ERaY537S/WT ST941-PBR PDX tumor
xenograft generation, dosing, and measurement of antitumor
activity

The ST1799-PBR and ST941-PBR palbociclib-resistant PDX mod-
els representing ERaWT and ERaY537S/WT human ERþ breast cancer,
respectively, were propagated in mice. To generate palbociclib-
resistant models, palbociclib was continuously administered once the
mean TV reached approximately 125–200 mm3 until tumors reached
approximately 2,000 mm3. Fragments from the stable palbociclib-
resistant tumors were implanted into study mice, H3B-6545 was
administered orally once daily, fulvestrant was administered subcu-
taneously once weekly, and palbociclib was administered orally once
daily. Exogenous E2 was supplemented in the drinking water during
the course of the study for the ST1799-PBR model whereas E2 was
removed 3 days prior to dosing in the ST941-PBR model. BW
measurements were performed daily and TV measurements were
recorded twice per week. All studies were performed under guidelines
andwith the approval of the START IACUCanddefined in the START
Animal Care and Use Program (Protocol 09-001). All doses and
regimens were well tolerated.

Assessment of H3B-6545 effects on bone density and uterus in
ovariectomized rats

Six-month-old female Sprague-Dawley rats (Charles River Canada)
were randomly assigned to groups that underwent either sham or
ovariectomy (OVX) surgery followed by a one month bone depletion
period. At the end of the 1-month period, all ovariectomized rats
received once daily oral gavage doses of vehicle control [0.5% (w/v)
methylcellulose and 0.2% (w/v) Tween 80 in ultrapure water], H3B-
6545 (3, 10, and 30 mg/kg/day in vehicle), 17b-estradiol (Sigma,
0.01 mg/kg/day in corn oil) or tamoxifen (Sigma, 1 mg/kg/day in
corn oil) for 6 weeks (N ¼ 20/group). Sham group (N ¼ 20) received
daily administration of vehicle solution as a negative control. Bone
scans were performed on the right femur in all animals using dual
energy X-ray absorptiometry (DXA). Scans were acquired once prior
to initiation of dosing and once during the dosing period (week 5/6).
Bone mineral density (BMD, g/cm2) data derived from the scans were
used to assess the effects of H3B-6545 on OVX-induced bone loss. At
the end of the 6-week treatment period, all animals were euthanized.
BW and uterus weight were recorded for each animal. Uterus tissues
were collected and evaluated for histopathologic changes. For statis-
tical analysis, pairwise comparisons were conducted between each
treatment group andOVX control group usingDunnett test. Statistical
significance is defined by P < 0.05. The conduct of the animal study
followed the Standard Operating Procedure guidelines and approval
by Charles River Montreal.
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Statistical analysis
In vitro data are expressed as mean � SEM or mean � SD as

indicated. Statistical significance was determined by two-sided t test
analysis. Efficacy data are expressed as mean � SEM for TV. The
differences in TV on the final day of TV measurements between the
vehicle and treatment groups were analyzed by multiple unpaired
t tests with significance determined using the Holm-Sidak method
with alpha set to 0.05 and without assuming a consistent SD. Statistical
analyses were performed using GraphPad Prism version 5.04
(GraphPad Software).

Data availability
The data for the indicated studies are publicly available in Gene

Expression Omnibus at GSE178373. The PDB identification code for

H3B-6545 is 6OWC.All other data are available from the authors upon
reasonable request.

Results
Development of H3B-6545

Previously we described H3B-5942, a first-in-class ERa antagonist
that derives potency against both ERaWT and ERaMUT by forming a
specific covalent bondwithC530 of ERa (Fig. 1A andB;Table 1) (13).
As previously shown, mutations in C530 do not significantly impact
basal or estradiol (E2)-mediated ERa function (13, 23), but they
may confer resistance to this class of covalent inhibitors. With this
potential liability in mind, we aimed to develop an improved antag-
onist with optimal pharmacologic and pharmacokinetic properties

B
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T347

E353
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Figure 1.

Identification of H3B-6545, a covalent antagonist with improved potency. A, Structural comparison between H3B-5942 and H3B-6545. B, X-ray crystal structure of
H3B-5942 bound in the ligand-binding domain of ERaY537S. H3B-5942 is rendered as a stick model. The hydrophobic pocket is indicated by the semitransparent
surface. H-bonding interactions are rendered as a green dashed line. Other key residues are labeled. C, X-ray crystal structure of H3B-6545 bound in the ligand-
bindingdomainof ERaY537S. Theprotein is rendered as a cartoonmodel in graywhile the ligand is depicted inyellowas a stickmodel. The2Fo-Fc electrondensitymap
is illustrated as a blue mesh and contoured at 1 sigma. The co-complex structure was crystallized as a dimer in the asymmetric unit. The protein and ligand
conformations are identical in chain A andBwith the exception of the tail acrylamide of the ligand, which ismore flexible.D,Comparison of the cocrystal structures of
H3B-5942 and H3B-6545 in complex with ERa. The structure of H3B-5942 and H3B-6545 in the cocrystal structure are shown as yellow and magenta stick models,
respectively. ERa conformation in chain B of the H3B-6545 cocrystal structure is shown in cyan cartoon model and ERa conformation in chain B of H3B-5942
cocrystal structure shown in gray cartoon model.
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that would continue to achieve differentiated biological activity over
standard-of-care (SoC) therapies but not remain exclusively reliant on
covalency for antagonism (24). To achieve this goal, we conducted
medicinal chemistry on modifying three areas of the molecule, as
exemplified by H3B-5942. The crystal structure of ERaY537S bound to
H3B-5942 (PDB 6CHW) revealed that the core binds in a hydrophobic
pocket (Fig. 1B). We explored whether modification of the ethyl side
chain of the core with small lipophilic substituents might enhance
these hydrophobic interactions. In the crystal structure, we also
observed an H-bond interaction between the side chain of E353 and
the N1 hydrogen of the indazole. Furthermore, we evaluated
whether the C ring of the ligand was sufficiently proximal to the
hydroxyl side chain of residue T347 to facilitate hydrogen-bonding
or electrostatic interaction. We determined that a pyridine substit-
uent at the C ring would achieve this novel H-bond with T347,
further enhancing binding affinity while at the same time improving
the overall polarity. These structure-based design evaluations ulti-
mately led to incorporation of the trifluoro substitution of the ethyl
side chain, 3-fluoro substitution of the indazole, and 3-pyridine
substituent at the C ring in the clinical candidate H3B-6545
(Fig. 1A, bottom). Taken together, these substitutions afford
the best cellular potency while maintaining acceptable physical-
chemical properties (Fig. 1A; Table 1).

Structural characterization of H3B-6545
We determined the crystal structure of ERaY537S bound to H3B-

6545 at 1.85 Å resolution. The crystal structure and intact mass
spectrometry confirmed a covalent bond between the acrylamide
and C530 (Fig. 1C; Supplementary Fig. S1). Overall, the binding
mode of H3B-6545 is similar to that of H3B-5942. A structural
overlay of the two ligands showed that the indazole ring, ethyl side
chain, and B and C rings superimpose closely (Fig. 1D). However,
the salient interactions between the substituted fluorine atoms of
H3B-6545 and Helices-5 and Helices-7 induced conformational
changes in ERa. As evident from Fig. 1D, two residues on Hel-11,
H524, and M528, reorient their side chains; the loop linking Hel-6
to Hel-7 moves closer to Hel-3 and, most notably, the length of
Hel-3 extends by one helical turn (S338-S341) in its C-terminal end,
placing Hel-3 in direct contact with Hel-5. All these modifications
resulted in a more compact structure of the ligand-binding pocket
of ERa that would impart stronger interactions with the core
scaffold of H3B-6545. Indeed, differential scanning fluorimetry
(DSF) confirmed that H3B-6545 bestows greater stabilization to
the receptor than H3B-5942 (Table 1). Importantly, consistent the
selectivity profile previously noted for H3B-5942 (13), H3B-6545
also binds ERa/b with comparable affinities without impacting the
function of other closely related nuclear hormone receptors (PRa,
PRb, AR, GR, and MR; Supplementary Table S1).

H3B-6545 is less dependent on covalency for ERa antagonism
To determine the relative contribution of the various unique

functional groups of H3B-6545 for driving its interaction with ERa,
we synthesized variants of H3B-6545 and H3B-5942 lacking the
Michael acceptor, H3B-9709 and H3B-9224, respectively (Fig. 2A)
(13, 15). Using these tool compounds, we first performed jump
dilution experiments to assess whether the additional interactions
between ligand and ERa would increase residence time. Here,
ERaWT or ERaY537S was first saturated with ligand, then diluted
20-fold in the presence of an excess of 3H-E2 to titrate the available
ERa sites after ligand dissociation over the course of the 22-hour
experiment. This allowed us to rank the relative off rates of this
set of compounds. We observed the binding of H3B-5942 and
H3B-6545 to be irreversible, consistent with their covalent mech-
anism-of-action (MoA; Fig. 2B, left). In the same jump dilution
experiments, 4-hydroxytamoxifen (4-OHT), fulvestrant, and
H3B-9224 (saturated analog of H3B-5942) were clearly reversible,
readily dissociating from ERa after dilution. Remarkably, and in
contrast to H3B-9224, the saturated analog of H3B-6545 (H3B-9709)
appeared irreversibly bound to both ERaWT and ERaY537S. This
result was confirmed using 3H-H3B-9709 jump dilution experi-
ments with unlabeled E2 in which more than 85% of 3H-H3B-9709
remained bound to ERa after dilution (Fig. 2B, right). The nature of
the interaction between ERa and 3H-H3B-9709 was confirmed to be
noncovalent by denaturation of the protein-ligand complex fol-
lowed by scintillation counting to detect any covalently bound
compound. In this experiment, ERaWT or ERaY537S was almost
fully modified by 3H-H3B-6545 within an hour, whereas binding of
3H-H3B-9709 was not observed (Fig. 2C). These data collectively
suggest that relative to H3B-5942, the modifications of H3B-6545
make it less dependent on covalent engagement for prolonged
occupancy on ERa.

Having confirmed reduced dependence of H3B-6545 on C530 for
ERa occupancy, we next aimed to assess the impact of covalency on
cellular potency. In the cellular setting, both H3B-6545 and H3B-9709
were confirmed to be nondegraders (Fig. 2D; Supplementary Fig. S2),
had similar global DNA-binding patterns (Supplementary Fig. S3),
and nearly identical impact on global gene expression changes
(Fig. 2E; Supplementary Fig. S4). Importantly, both H3B-6545 and
H3B-9709 also similarly suppressed cellular proliferation in ERaWT

and ERaY537S overexpressing MCF7 lines with or without C530
mutations (Fig. 2F; Supplementary Table S2), confirming reduced
dependence on covalency.

H3B-6545 and H3B-9709 are equipotent across a panel of cell
lines expressing various clinically relevant hotspot ERaMUT

To confirm the equipotent activity of H3B-6545 andH3B-9709, we
broadly profiled the two agents across an expanded panel of MCF7
lines expressing the most frequently occurring ERa hotspot muta-
tions. Consistent with our earlier observation, both compounds
demonstrated equal potency across the panel (Supplementary
Table S3), suggesting that unlike H3B-5942, H3B-6545 is relatively
less dependent on covalency for anti-ERa activity. Interestingly,
although H3B-6545 and fulvestrant showed comparable potency in
a short-term 6-day proliferation assay in MCF7 engineered lines
(Supplementary Table S3), a longer-term confluency assessment
revealed that H3B-6545 was capable of maintaining growth suppres-
sion longer than fulvestrant at the doses tested in the PDX-derived
ST941 cell line (Fig. 3A), perhaps owing to its enhanced residence
time on ERa.

Table 1. Comparison of GI50 viability and DSF data between H3B-
5942 and H3B-6545.

Viability (nmol/L) DSF (�C)
Compounds WT Y537S DTMWT DTMMUT

4-OHT 1.7 � 0.4 33.8 � 20 13.25 13.05
Fulvestrant 0.9 � 0.2 5.2 � 3.1 8.74 8.24
Raloxifene 1.0 � 0.4 26 � 24.8 12.74 12.01
H3B-5942 1.3 � 0.6 15.4 � 8 15.3 15.3
H3B-6545 0.6 � 0.2 5.3 � 3.1 16.7 16.6
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Figure 2.

H3B-6545 is not solely dependent on covalency for anti-ERa activity. A, Structures of H3B-9224 and H3B-9709, the saturated analogs of H3B-5942 and H3B-6545,
respectively. B, Jump dilution experiment to evaluate reversibility of binding of E2 and various inhibitors to ERaWT (yellow bars) and ERaY537S (green bars). SoC
agents 4-OHT and fulvestrant, covalent antagonists H3B-5942 and H3B-6545, and saturated analogs H3B-9224 and H3B-9709 were tested in the assay. Left, ERa
was incubated with saturating concentrations of binders followed by 20-fold dilution. A 15-fold final molar excess (7.5 nmol/L) of 3H-E2:binder was then used to
titrate the number of ERa sites that were no longer bound to the initial binder after dilution. The assay was performed as described previously (13). Right, The assay
was performed similarly except that saturating concentrations of 3H-H3B-9709 were used followed by dilution and incubation with an excess of unlabeled E2 to
titrate unbound ERa. C, Kinetics of covalent engagement monitored by 3H-protein labeling for ERaWT and ERaY537S. ERawas incubated with 3H-H3B-6545 and 3H-
H3B-9709 at room temperature for various times followed by protein denaturation and precipitation. The protein pellet was resolubilized and 3H-labeling was
quantified by liquid scintillation counting. kobs values of (1.2 � 0.2) � 10�3 second�1 and (1.7 � 0.3) � 10�3 second�1 were obtained for the labeling of ERaWT and
ERaY537S by 3H-H3B-6545, respectively.D,Western blot analysis of ERa expression following a24-hour treatmentwith the indicated compounds at 100nmol/L in the
MCF7 parental line (MCF7-Parental) and the ST941 PDX model derived cell line (PDX-ERaY537S/WT). GAPDH was used as loading control. E, Representative plots
showing dose-dependent suppression in GREB1 expression in ERaWT (left) and ERaY537S (right) expressing MCF7 cells following a 6-day treatment with H3B-6545
(green solid) and H3B-9709 (green dotted). F, Representative graphs showing a dose-dependent decrease in proliferation of ERaWT and ERaY537S MCF7
overexpressing lines with or without C530S mutation in ERa following 6-day treatment with H3B-6545 (left) and H3B-9709 (right).
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H3B-6545 demonstrates potency against the clinically relevant
ERaH524L

On the basis of the data presented, it is likely that reduced depen-
dence on covalency can be attributed to additional noncovalent
interactions by the abovementioned functionalities. However, we

could not rule out the involvement of the positional changes observed
in H524 and M528 following binding of H3B-6545 relative to
H3B-5942 (Fig. 1D). Previous studies have implicated the role of
H524 in binding to E2, fulvestrant, and raloxifene through formation
of a keyH-bond interaction with the ligands (25, 26), and interestingly,
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Figure 3.

H3B-6545 demonstrates potent antagonist activity across a panel of ERaWT/MUT cell lines and SERM activity in bone and uterine tissues. A, IncuCyte-based
confluency assessment of ST941 cells following treatment with H3B-6545, 4-OHT, fulvestrant, and GDC-0810 at the indicated concentrations. Data represent the
mean confluence � SD. B, Western blot analysis for ERa confirming H524 L overexpression in MCF7 lines overexpressing ERaWT or ERaY537S with a-tubulin as a
loading control (left) and table showing antiproliferative activity (GI50) for indicated compounds in ERaWT and ERaY537S overexpressing MCF7 cells with or without
H524 L ESR1mutation (right). C,X-ray cocrystal structures of 4-OHT (pdb: 3ERT) in complexwith ERa, H3B-6545 (pdb: 6OWC) in complexwith ERaY537S, H3B-6545
(homologymodel) in complexwith ERaH524L, fulvestrant analog ICI164384 (pdb: 1HJ1) and raloxifene (pdb: 1ERR) (right) in complexwith ERaWT.D, Left, femur global
BMDmeasured by DXA in rats that underwent sham or OVX surgery followed by daily treatment with 17b-estradiol (E2, 0.01 mg/kg/day), tamoxifen (TAM, 1 mg/kg/
day), andH3B-6545 (3, 10, and30mg/kg/day) for 6weeks. Data represent thepercentageof change atweek5/6after treatment comparedwith pretreatment (mean
�SEM,N¼20). � ,P<0.05; �� ,P<0.01 versusOVXcontrol.D, (Right), the relative uterusweight (vsBW) in rats that underwent shamorOVX surgery followedbydaily
treatment with E2, TAM, and H3B-6545 for 6 weeks. Data represent the mean � SEM (N ¼ 20). � , P < 0.05; �� , P < 0.01 versus OVX control.
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Figure 4.

H3B-6545 demonstrates single-agent antitumor activity in ERaWT andERaMUT xenograftmodels.A,Antitumor activity of H3B-6545 comparedwith fulvestrant in the
ERaWT ST986 PDX model. H3B-6545 was administered orally once daily at 100 mg/kg in mice bearing xenograft tumors representing ERaWT breast cancer.
Fulvestrant was dosed subcutaneous once weekly at 5 mg/mouse. Data represent the mean tumor volume� SEM (N¼ 6 for H3B-6545 treatment arm, N¼ 6 for all
other treatments). Statistical significance assessed on day 60. B,Antitumor activity of H3B-6545 compared to fulvestrant in the ERaWTMCF7 CDXmodel. H3B-6545
was administered orally once daily at 1, 3, 10, and 30 mg/kg whereas fulvestrant was dosed subcutaneously once weekly at 5 mg/mouse. Data represent the mean
tumor volume� SEM (N¼ 6). Statistical significance assessed on day 17. C, Antitumor activity of H3B-6545 compared with tamoxifen and fulvestrant in the ERaWT

ST1799 PDXmodel. H3B-6545was administered orally once daily at 100mg/kg inmice bearing xenograft tumors representing ERaWT breast cancer. Tamoxifenwas
dosed subcutaneously three times a week at 1 mg/mouse whereas fulvestrant was dosed subcutaneously once weekly at 5 mg/mouse. Data represent the mean
tumor volume� SEM (N¼ 5 for H3B-6545 treatment arm, N¼ 6 for all other treatments). Statistical significance assessed on day 31. D, Antitumor activity of H3B-
6545 comparedwith tamoxifen and fulvestrant in the ERaY537S/WT ST941 PDXmodel. H3B-6545was administeredorally oncedaily at 3, 10, 30, and 100mg/kg inmice
bearing xenograft tumors representing ERaY537S/WT breast cancer. Tamoxifenwas dosed subcutaneously three times aweek at 1mg/mousewhereas fulvestrantwas
dosed subcutaneously once weekly at 5 mg/mouse. Data represent the mean tumor volume� SEM (N¼ 8 for vehicle, tamoxifen and fulvestrant arms, N¼ 6 for all
H3B-6545 treatments). Statistical significance assessed on day 28. E, Antitumor activity of H3B-6545 compared with fulvestrant in the ERaY537S ST2177 PDX
model. H3B-6545was administered orally once daily at 3, 10, and 30mg/kg inmice bearing xenograft tumors. Fulvestrant was dosed subcutaneously onceweekly at
5 mg/mouse. Data represent the mean tumor volume � SEM (N ¼ 6 for fulvestrant, N ¼ 7 for all other treatments). (Continued on the following page.)
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H524L/Y mutations have been noted at low frequency in relapsed/
metastatic breast cancer (27). We confirmed the enrichment of
H524L/Y in an independent cohort ofmetastatic breast cancer samples
relative to local breast cancer samples. H524L/Y mutations were not
significantly represented in The Cancer Genome Atlas primary
untreated (0 of 791) or Foundation Medicine (FMI) local samples
from breast biopsies (0 of 620). However, there were 20 cases noted
from FMI metastatic biopsy sites that harbored ESR1 H524L/Y
mutations (20 of 4,201; Supplementary Table S4). This pattern was
similar to ESR1 hotspot alterations at codons 380 and 536–538,
suggesting that H524L/Y recurrent mutations in ERa may affect
disease progression and/or response to current antiestrogens. To assess
whether H524 mutations might impact H3B-6545 activity, we tested
the potency of H3B-6545 and H3B-9709 in MCF7 lines engineered to
overexpress ERaWT or ERaY537S with or without the clinically relevant
H524L mutation (Fig. 3B, left). Convincingly, H3B-6545 showed
comparable activity across the various cell lines suggesting that
H524 is likely not a critical residue for activity. A similar observation
was also made for H3B-9709 and 4-OHT. In contrast, fulvestrant and
raloxifene showed greater dependence on H524 as a >30-fold drop in
potency was observed when mutated in the ERaY537S setting (Fig. 3B,
right). Whereas crystal structures for both the fulvestrant analog ICI
164384 (pdb: IHJ1) and raloxifene (pdb: 1ERR) suggest the formation
of strong hydrogen bonds with H524, corresponding crystal structures
for 4-OHT (pdb: 3ERT) and H3B-6545 (pdb: 6OWC) indicate only a
weak van derWaals contact with H524, potentially explaining why the
latter ligands remain effective in the H524L setting (Fig. 3C).

H3B-6545 presents tissue- and context-dependent SERM
activity

Having demonstrated significant antagonist activity of H3B-6545
across a large panel of ERa wild-type and variant lines, we next aimed
to assess SERM activity of H3B-6545 in the cancer and normal tissue
settings. We first analyzed the effect of various compounds on the
expression of a subset of the breast cancer–specific SERM discrimi-
natory genes following treatment ofMCF7 cells cultured in the absence
of E2 (4, 28). Relative to 4-OHT, H3B-6545 showed only a minor
reduction in agonist activity for the majority of the genes profiled.
Interestingly, although H3B-9709 shows comparable antagonism
potency as H3B-6545 in the MCF7 line cultured in the presence of
E2 (Supplementary Table S3), it presented modestly greater agonist
activity relative to H3B-6545 for many of the genes profiled in the
absence of E2 (Supplementary Fig. S5A). Interestingly, and consistent
with the differential SERM activity noted in the MCF7 cells, we
observed a similar trend in the endometrial carcinoma setting.Where-
as 4-OHT and H3B-9709 robustly enhanced proliferation of the
Ishikawa endometrial carcinoma cell line, H3B-6545 showed relatively
reduced agonist activity under the culture conditions tested (Supple-
mentary Fig. S5B). These data in aggregate imply that covalent
engagement with C530 of ERa in the cancer setting may modestly
blunt SERM activity relative to 4-OHT and non-covalent variants,

although more data with additional analogs are needed to strengthen
this observation.

Consistent with the cancer cell line setting, H3B-6545 also dem-
onstrated SERM activity in normal bone and endometrial tissues. As
expected, OVX of 6-month-old female rats significantly reduced bone
density (7% of sham control; Fig. 3D, left) and uterine weights
(Fig. 3D, right), whereas tamoxifen treatment restored bone density
loss to 82% of sham control (Fig. 3D, left) and enhanced uterine
weights to 82%–93% greater than OVX controls. Consistent with
tamoxifen, H3B-6545 treatment also reversed OVX-induced bone
density loss (133%, 135%, and 114% of sham control at 3, 10, and
30 mg/kg/day, respectively), and increased uterus weights in a dose-
independent manner to levels observed for tamoxifen. Collectively,
these data imply tissue- and context-dependent differential SERM
activity for H3B-6545.

H3B-6545 has potent antitumor activity in ERaWT and ERaMUT

breast tumor models
Having confirmed robust cellular potency of H3B-6545 and H3B-

9709 in vitro, we next aimed to assess antitumor activity across various
cell line-derived xenograft (CDX) and PDX tumor models harboring
ERaWT or ERaMUT. Analysis of the pharmacokinetic profile of both
agents in mice and rats revealed favorable properties for H3B-6545 in
both species. However, H3B-9709 demonstrated a less than desirable
profile with significantly reduced overall exposure (�30-fold reduc-
tion relative to H3B-6545) and enhanced volume of distribution
(Vss ¼ 9.7) in rats (Supplementary Table S5). In aggregate, the
favorable pharmacokinetic profile of H3B-6545 and reduced
in vitro SERM activity (Supplementary Fig. S5) contributed to the
selection of the covalent agent for further investigation.

We next aimed to determine the pharamacokinetic/pharmacody-
namic relationship for H3B-6545 in both ERaWT and ERaY537S/WT

models. In the ERaWT MCF7 tumor model, H3B-6545 dosed once
orally at 1–30 mg/kg showed a dose-proportional increase in plasma
and tumor exposure, and a concomitant dose-proportional decrease in
expression of ERa target genes, PGR and GREB1. Notably, a single
dose ofH3B-6545 at 30mg/kg was sufficient to suppress both PGR and
GREB1 for up to 72 hours postdose (Supplementary Fig. S6). Five daily
oral doses of H3B-6545 at 3–100 mg/kg in the ERaY537S/WT ST941
model suppressed the ERa target PR and the proliferationmarkerKi67
in a dose-proportional manner with 30 and 100 mg/kg doses main-
taining suppression for up to 72hours after last dose. Importantly, ERa
activity was suppressed without any impact on ERa levels, consistent
with the MoA of H3B-6545 (Supplementary Fig. S7).

Having determined that once daily dosing of H3B-6545 would
maintain pathway suppression, we next evaluated efficacy across three
ERaWT CDX/PDX models. In the ST986 PDX model, once weekly
subcutaneous dosing of fulvestrant at 5 mg/mouse or daily oral dosing
of H3B-6545 at 100 mg/kg resulted in near stasis (Fig. 4A). However,
whereas H3B-6545 and fulvestrant showed comparable efficacy in the
ST986 model, H3B-6545 demonstrated superiority in the ERaWT

(Continued.) Statistical significance assessed on day 56. F,Antitumor activity of H3B-6545 comparedwith fulvestrant in the ERaY537S ST2056 PDXmodel. H3B-6545
was administered orally once daily at 100mg/kgwhereas fulvestrantwas dosed subcutaneously onceweekly at 5mg/mouse inmice bearing xenograft tumors. Data
represent the mean tumor volume� SEM (N¼ 8). Statistical significance assessed on day 22. G, Antitumor activity of H3B-6545 in the palbociclib-resistant ST1799-
PBRmodel. H3B-6545 was administered orally once daily at 3, 10, and 30mg/kg and palbociclib was administered orally once daily at 75 mg/kg. Data represent the
mean tumor volume� SEM (N¼ 7 for vehicle arm,N¼ 8 for all other treatments). Statistical significance assessed on day46.H,Antitumor activity of H3B-6545 in the
palbociclib-resistant ST941-PBRmodel. H3B-6545 was administered orally once daily at 30mg/kg, palbociclib was administered orally once daily at 50 mg/kg, and
fulvestrantwas administered subcutaneouslyonceweekly at 5mg/mouse.Data represent themean tumor volume�SEM (N¼6). Statistical significance assessed on
day 42. � , P < 0.05 versus vehicle control (multiple unpaired t tests with significance determined using the Holm-Sidak method). All doses and regimens were well
tolerated.
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MCF7 and ST1799 CDX and PDX models, respectively. In the MCF7
model, whereas fulvestrant treatment resulted in tumor growth inhi-
bition (TGI) of 48%, H3B-6545 at 3 mg/kg suppressed tumor growth
by 75% (Fig. 4B). In contrast to the stasis observed in theMCF7model,
daily oral dosing of H3B-6545 at 100 mg/kg resulted in significant
regressions in the ST1799 model, superior to the stasis observed with
the SoC tamoxifen or fulvestrant (Fig. 4C). In a subsequent study, we
confirmed that regressions could be achieved atH3B-6545 doses as low
as 3 mg/kg in the ST1799 model (Supplementary Fig. S8A).

Having demonstrated antitumor activity of H3B-6545 across mul-
tiple ERaWT CDX/PDX models, we next evaluated H3B-6545 activity
across three ERaY537S PDX models. Oral once daily administration of
3, 10, 30, and 100 mg/kg H3B-6545 in the ERaY537S/WT ST941 model
resulted in dose-dependent inhibition of tumor growth (TGI on day
28 of 61%, 85%, 81%, and 85%, respectively; Fig. 4D), and dose-
dependent decrease in PR and Ki67 in endpoint tumors, with near
maximal suppression in pharmacodynamic expression observed at
10mg/kg, the saturating efficacious dose in thismodel (Supplementary
Fig. S8B). Although tamoxifen and fulvestrant also inhibited tumor
growth (TGI of 71% and 39%, respectively), H3B-6545 demonstrated
superior activity at the level of both pharmacodynamic modulation
and antitumor activity (Fig. 4D; Supplementary Fig. S8B). Consistent
with the significant antitumor activity in the ST941 model, H3B-6545
also demonstrated superior activity over SoC in two additional mutant
PDX tumor models harboring the ERaY537S mutation. Whereas
subcutaneous dosing of fulvestrant inhibited tumor growth in the
ST2177 model, resulting in near stasis (TGI on day 56 of 74%), daily
oral dosing of H3B-6545 at 3–30 mg/kg led to a dose-dependent
inhibition in tumor growth (TGI on day 56 of 87%, 94%, and 98%),
with regressions observed at 10–30 mg/kg (Fig. 4E). Consistent with
the superior activity observed in both the ST941 and ST2177 PDX
models, H3B-6545 at 10 and 30 mg/kg also demonstrated superior
anti-tumor activity over fulvestrant in the ERaY537S ST2056 PDX
model (Fig. 4F). Collectively, in vivo profiling confirmed H3B-6545
has potent single-agent antitumor activity in both the ERaWT and
ERaMUT setting at well-tolerated doses.

As the ERaWT and ERaMUT models described above were derived
frompatients not previously treatedwithCDK4/6 inhibitors, a therapy
approved first line in combination with endocrine therapies, we next
aimed to assess whether H3B-6545 could demonstrate single-agent
efficacy in the palbociclib-resistant ST1799-PBR and ST941-PBR
models, which were derived following continuous exposure to palbo-
ciclib in vivo. Whereas these tumor models are completely resistant to
palbociclib and fulvestrant treatments, significant antitumor activity
was achieved following single-agent H3B-6545 treatment (Fig. 4G
and H). In summary, the encouraging single-agent activity of H3B-
6545 across a range of animal models described above suggests that
H3B-6545 may be effective in both palbociclib-na€�ve and palbociclib-
resistant patients with ERþ breast cancer in the clinic.

Discussion
Previously, we showed H3B-5942 is highly dependent on covalent

engagement with C530 residue for antagonism, as mutation of this
residue or elimination of the Michael acceptor in H3B-5942 led to a
remarkable decrease in potency. Although somemutations in ERa can
compromise or enhance basal or E2-induced activity of ERa, several
laboratories have shown thatC530A/H/L/R/F/Y/V/Smutations donot
significantly impact the E2-induced transactivation activity of the
protein (13, 23), suggesting that these mutations could be selected by
the tumor to evade activity. In light of this potential liability, we aimed

to develop an improved antagonist that would continue to engage
selectively with C530 to promote differentiated mechanism of action
and biology but not remain critically dependent on this interaction for
ERa antagonism activity. Using the structure of ERa bound to H3B-
5942, we explored whether regions of the core could benefit from
additional, stronger interactions to enhance residence time on ERa
and thus, reduce dependence on covalency for ERa occupancy. Our
structure-based drug design efforts led to the identification of clinical
candidate H3B-6545. On the basis of the ERa-H3B-6545 cocrystal
structure (Fig. 1C), we noted a more compact structure of the ligand-
binding pocket relative to the ERa-H3B-5942 structure, suggesting
that the stronger network of interactions might be playing a role in
addition to covalent engagement for H3B-6545. Besides the potential
importance of additional hydrophobic and hydrophilic interactions,
we also tested the functional role of H524 on H3B-6545 potency as its
position varied between the H3B-5942 and H3B-6545 cocrystal struc-
tures with ERa. Interestingly, we found that whereas the H524 L
mutation did not significantly compromise H3B-6545 activity, the
mutation did blunt the activity of fulvestrant and raloxifene. Although
H524 has previously been shown to be critical for E2-induced trans-
activation (25, 26), its potential importance in fulvestrant/raloxifene
potency is less appreciated. A recent study by Chung and colleagues
(2017) (27) reported H524L/Y ESR1 variants by analyzing ctDNA
from patients with breast cancer bearing metastases. Independently,
we also confirmed these recurrent mutations are enriched at low
frequencies in the metastatic setting, suggesting they may functionally
promote disease progression and/or resistance to endocrine therapies.
It is interesting to note that although in vitro data supports ESR1-H524L
mutation as a potential resistance mechanism to fulvestrant, this
mutation is rarely observed in the clinic. One possible explaination
for this apparent in vitro-clinical disconnect may be the suboptimal
selection pressure achieved in the tumor setting due to the low
exposure of fulvestrant noted in the clinic. It will be interesting to
continue to monitor the genomic landscape as more potent ERa
antagonists with improved pharmacokinetic properties are introduced
into the clinic, particularly for those agents that derive potency from
H524 engagement.

It is now becoming evident that themutational landscape of ESR1 in
refractory metastases is complex, with several lower frequency muta-
tions being enriched in the metastatic setting (na€�ve or treatment-
related) for which the function is unclear (29). It is conceivable that like
H524L/Y, other low-frequency mutations may similarly impact inter-
actions with ligands to drive resistance to existing therapies or more
generically influence ERa conformation/function to influence disease
progression/resistance. Thus, interrogation of the functional role of
these low-frequency mutations is warranted to expand our under-
standing of the structure/function relationships and the overarching
mechanisms that promote resistance to endocrine therapies.

In-house and literature data strongly suggest that Y537S mutation
in ERa is the most constitutively activating and, likely as a conse-
quence, the most potent driver of resistance to various endocrine
therapies. On the basis of the encouraging preclinical activity of
H3B-6545 in PDX models bearing the Y537S allele, H3B-6545
clinical activity is being investigated in patients with pretreated ERþ,
HER2� metastatic breast cancer, including those bearing Y537S
(NCT03250676). Consistent with the preclinical studies, H3B-6545
is demonstrating preliminary single-agent antitumor activity in both
the WT and Y537S settings, including patients with high ESR1 Y537S
MAF (30–32), suggesting that H3B-6545 may have the potential to
therapeutically overcome resistance driven by the emergence of the
Y537S mutation in ERa.
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Although there have been significant efforts to develop potent
SERDs with pure antagonist activities, development of an ER antag-
onist with a favorable SERM profile may also be considered. Here we
demonstrated that H3B-6545 and tamoxifen treatments significantly
reduced bone loss in aged rats following ovariectomy, implying that
H3B-6545 treatment, similar to tamoxifen in the clinic, may not
accelerate bone loss which has been noted for aromatase inhibitors
following adjuvant treatment in the clinic (33). The impact of long-
term treatment with novel SERDs has yet to be assessed.

Consistent with the SERM activity noted in bone, we also note
partial agonistic activity for tamoxifen andH3B-6545 in the normal rat
uterus following a 6-week treatment period. Although both com-
pounds similarly promoted epithelial hypertrophy and enhanced
uterine weights at the doses tested, it is unclear how the intrinsic
agonism of these compounds compare due to differential exposures of
the compounds in the study. Collectively, in light of these data, the
impact of H3B-6545 treatment on bone health and endometrial
thickening/uterine volume is currently being monitored in the phase
I/II trial.
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