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Abstract
Purpose  Metastatic hormone receptor-positive (HR+) breast cancer initially responds to serial courses of endocrine therapy, 
but ultimately becomes refractory. Elacestrant, a new generation FDA-approved oral selective estrogen receptor degrader 
(SERD) and antagonist, has demonstrated efficacy in a subset of women with advanced HR+breast cancer, but there are few 
patient-derived models to characterize its effect in advanced cancers with diverse treatment histories and acquired mutations.
Methods  We analyzed clinical outcomes with elacestrant, compared with endocrine therapy, among women who had previ-
ously been treated with a fulvestrant-containing regimen from the recent phase 3 EMERALD Study. We further modeled 
sensitivity to elacestrant, compared with the currently approved SERD, fulvestrant in patient-derived xenograft (PDX) models 
and cultured circulating tumor cells (CTCs).
Results  Analysis of the subset of breast cancer patients enrolled in the EMERALD study who had previously received a 
fulvestrant-containing regimen indicates that they had better progression-free survival with elacestrant than with standard-
of-care endocrine therapy, a finding that was independent estrogen receptor (ESR1) gene mutations. We modeled elaces-
trant responsiveness using patient-derived xenograft (PDX) models and in ex vivo cultured CTCs derived from patients 
with HR+breast cancer extensively treated with multiple endocrine therapies, including fulvestrant. Both CTCs and PDX 
models are refractory to fulvestrant but sensitive to elacestrant, independent of mutations in ESR1 and Phosphatidylinositol-
4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA) genes.
Conclusion  Elacestrant retains efficacy in breast cancer cells that have acquired resistance to currently available ER targeting 
therapies. Elacestrant may be an option for patients with HR+/HER2- breast cancer whose disease progressed on fulvestrant 
in the metastatic setting.
Translational Relevance.
Serial endocrine therapy is the mainstay of management for metastatic HR+breast cancer, but acquisition of drug resist-
ance highlights the need for better therapies. Elacestrant is a recently FDA-approved novel oral selective estrogen receptor 
degrader (SERD), with demonstrated efficacy in the EMERALD phase 3 clinical trial of refractory HR+breast cancer. 
Subgroup analysis of the EMERALD clinical trial identifies clinical benefit with elacestrant in patients who had received 
prior fulvestrant independent of the mutational status of the ESR1 gene, supporting its potential utility in treating refractory 
HR+breast cancer. Here, we use pre-clinical models, including ex vivo cultures of circulating tumor cells and patient-derived 
xenografts, to demonstrate the efficacy of elacestrant in breast cancer cells with acquired resistance to fulvestrant.

Keywords  ER + metastatic breast cancer · Selective estrogen receptor degrader (SERD) · Fulvestrant resistance · 
Circulating tumor cells (CTCs) · Elacestrant

Introduction

Metastatic Hormone Receptor-positive (HR+) breast cancer 
remains the predominant cause of breast cancer mortality in 
women, despite advances in targeted therapies [1]. Breast 
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by the ESR1 gene) are dependent on estrogen-induced sign-
aling for proliferation, and they are highly susceptible to 
an array of hormonal interventions targeting this pathway. 
These include treatment with selective estrogen receptor 
modulators (SERMS) which compete for estrogen binding, 
aromatase inhibitors (AI) that suppress estrogen biosynthe-
sis, and selective estrogen receptor degraders (SERD) which 
are thought to enhance degradation of the receptor [1–4]. 
The sequential use of these drugs, often in combination with 
CDK4/6 and PI3K inhibitors, has resulted in dramatically 
prolonged survival of women with metastatic breast can-
cer [5–10]. However, breast cancer cells ultimately evolve 
drug resistance mechanisms, many of which are complex 
and overlapping in their drug specificity profiles [11–13]. 
Among these, mutations in ESR1 itself have merged as an 
important driver of resistance to hormonal agents [14–18]. 
There is thus a major unmet need for new classes of drugs 
that target ER in breast cancer cells that have preserved their 
dependence on this signaling pathway but have become 
refractory to currently available agents.

Fulvestrant (Faslodex), given intramuscularly (IM), is 
currently the only FDA-approved SERD for the treatment 
of metastatic HR+ breast cancer. However, despite its in 
vitro potency, fulvestrant has poor pharmacokinetic proper-
ties and it has relatively modest clinical efficacy as a single 
agent [19]. Multiple candidate oral SERDs, with improved 
bioavailability and enhanced ER degradation capacity, have 
recently entered clinical trials, including elacestrant, giredes-
trant, camizestrant, and imlunestrant, among others [20, 21].

Elacestrant is a novel FDA-approved small molecule drug 
which displays antitumor activity both as a single agent, as 
well as in combination with CDK4/6 inhibitors in breast 
cancer cell lines and xenografts [22, 23]. Initial clinical trials 
demonstrated activity in women with advanced metastatic 
HR+ breast cancer [24], including patients whose tumors 
had acquired ESR1 mutations, leading to the Phase 3 ran-
domized EMERALD clinical trial in 2nd–3rd line setting, 
reporting a statistically significant improvement in Progres-
sion Free Survival (PFS) [25]. Of note, some patients in the 
study had rapid disease progression as reflected by initial 
drop in PFS curves, irrespective of treatment with elacestrant 
or standard-of-care regimens; however, a major difference in 
PFS emerged subsequently, with a 12 month PFS of 22.3% 
for elacestrant, compared with 9.4% for standard-of-care 
regimens. This biphasic response raises the possibility that 
advanced HR+ cancer is heterogeneous with respect to ER 
signaling, and that only the subset of cases with preserved 
dependence on that pathway are susceptible to elacestrant. 
The presence of ESR1 mutations acquired during prior endo-
crine therapies was correlated with improved efficacy for 
elacestrant (12 month PFS: 26.8% vs 8.2%) [25], consistent 
with ESR1 mutations being a surrogate marker for cancers 
with preserved dependence on ER signaling.

CTCs are shed into the blood by metastatic breast can-
cers, where they constitute potential precursors of further 
metastatic dissemination [26]. While only a subset of CTCs 
may survive the stressful environment in the bloodstream 
giving rise to new metastatic lesions, viable cells isolated 
from blood samples can be expanded ex vivo, where they 
provide a unique resource to monitor and functionally ana-
lyze breast cancer cells that have been exposed to multiple 
therapeutic regimens during the course of therapy [16]. We 
have previously shown that cultured breast CTCs faithfully 
recapitulate both original and acquired mutations identi-
fied in patient tumors and that their response to targeted 
therapies can help distinguish acquired driver mutations 
with therapeutic impact from passenger mutations [12, 16]. 
CTCs cultured from patients with breast cancer and with 
melanoma also exhibit a high degree of heterogeneity and 
cellular plasticity, reflected in distinct subpopulations with 
different degrees of sensitivity to therapeutic agents [12, 
16, 27, 28]. As such, clinically and genetically annotated 
breast CTC cell lines, established in vitro from patients who 
were heavily treated with diverse endocrine regimens, may 
provide insight into the efficacy of elacestrant in refractory 
HR+ breast cancer.

In this translational study, we tested the efficacy of elaces-
trant on ex vivo CTC cultures, capturing the diversity and 
treatment histories of multiple patients with refractory breast 
cancer and patient-derived mouse xenograft models with 
serial exposures to fulvestrant. In addition, we conducted 
reanalysis of the EMERALD randomized clinical trial to 
evaluate efficacy of elacestrant vs standard endocrine ther-
apy among patients who had received prior fulvestrant.

Material and methods

Clinical trial (EMERALD) analysis

The study design and primary results from the multicenter, 
randomized, open-label, phase 3 clinical study (EMERALD; 
ClinicalTrials.gov, NCT03778931) have been published 
previously [25, 29]. Briefly, the clinical trial included post-
menopausal women or men 18 years or older with histologi-
cally or cytologically proven ER-positive/HER2-negative 
breast adenocarcinoma, and either locoregionally recurrent 
or metastatic disease, Eastern Cooperative Oncology Group 
performance status 0 or 1, prior treatment with one or two 
prior lines of endocrine therapy for advanced/metastatic 
disease including previous CDK4/6 inhibitor treatment in 
combination with fulvestrant or an AI, and evaluable/meas-
urable disease per Response Evaluation Criteria in Solid 
Tumors (RECIST) v1.1. Patients were randomized 1:1 to 
elacestrant or standard-of-care endocrine therapy (either ful-
vestrant or aromatase inhibitor). Standard-of-care treatment 
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was per investigator’s choice based on protocol guidance, 
which recommended use of a different endocrine therapy 
than the patient had received previously. ESR1 mutational 
status at baseline was evaluated in cell-free circulating DNA 
using the Guardant360® test (Guardant Health, Redwood 
City, CA), and tumor assessments were conducted with com-
puted tomography/magnetic resonance imaging (CT/MRI) at 
baseline and every 8 weeks. Two primary endpoints of the 
trial were progression-free survival (PFS) in all patients and 
in patients with detectable ESR1 mutation, each assessed by 
blinded independent central review (BICR) utilizing stand-
ard RECIST v1.1 criteria, and the results have been pub-
lished previously [29]. The trial met regulatory requirements 
and was performed in accordance with ethical principles 
consistent with the Declaration of Helsinki and International 
Council of Harmonisation/Good Clinical Practice. For this 
project, we evaluated progression-free survival stratified by 
prior use of fulvestrant, a pre-defined secondary endpoint in 
the EMERALD trial. Progression-free analyses were per-
formed using standard Kaplan–Meier methods based on the 
intention-to-treat populations for all patients and patients 
with ESR1 mutation. Hazard ratio and 95% confidence inter-
val (CI) for the difference between treatment groups were 
estimated using the stratified Cox regression model, includ-
ing treatment as a variable, and analyzed using the stratified 
log-rank test, similar to primary analysis.

Measuring elacestrant responses in a PDX mouse 
model

All study protocols were reviewed by Radius, approved by 
Institutional Animal Care and Use Committees (IACUC), 
and conducted in accordance with US and International 
regulations for protection of laboratory animals. MAXF-
713 patient-derived xenograft fragments (ESR1 PIK3CA 
Wildtype) were implanted into intact athymic nude mice, 
and 17ß-estradiol supplied in the drinking water [22]. All 
mice were housed in pathogen-free housing in individu-
ally ventilated cages with sterilized and dust-free bedding 
cobs, access to sterilized food and water ad libitum, under a 
14h light/10h dark artificial light cycle and controlled room 
temperature and humidity. Tumors were measured twice/
week with vernier calipers; volumes were calculated using 
the formula: (L × W2) × 0.5. Elacestrant was administered 
orally, once daily for the duration of the study. In the first 
study, 60 mg/kg elacestrant was administered once daily; in 
subsequent studies, 30 mg/kg elacestrant was administered 
once daily; fulvestrant was administered once/week subcuta-
neously (s.c). To develop a fulvestrant-resistant PDX model, 
mice were treated with a clinically relevant dose of fulves-
trant (3 mg/dose/week) [22]. Tumors growing in the pres-
ence of fulvestrant were allowed to grow to >1500 mm3 and 
then harvested and retransplanted into a new cohort of mice; 

this was considered to be passage (P1). This process was 
repeated to establish a fulvestrant-resistant in vivo model 
(Fig. 2A). Percent relative tumor volume (Rel. tumor volume 
(%)) was calculated using the following formula: % rel. TV 
= TV(day x)/TV(day 0)*100. TV = tumor volume, t = treat-
ment, c = control, avg = average. p-values were computed 
by two-sided Fisher’s exact test.

In vivo study using breast cancer PDX model 
(Champions Oncology)

Athymic Nude-Foxn1nu mice were bilaterally implanted 
with fragments from Champions TumorGraft® model 
CTG-1260, representing human breast cancer. CTG-1260 
was derived from a patient who was treated with fulvestrant 
for 9 months; the patient initially responded and eventu-
ally relapsed. The biopsy (from which the CTG-1260 PDX 
model was derived) was performed during the relapse on 
fulvestrant treatment. After the tumors reached 1000–1500 
mm3, they were harvested, and the tumor fragments were 
implanted s.c. in the left flank of the female study mice. 
Each animal was implanted with a specific passage lot and 
documented. Tumor growth was monitored twice a week 
using digital calipers, and the tumor volume (TV) was cal-
culated using the formula (0.52 × [length × width2]). When 
the TV reached 150–300 mm3, animals were matched by 
tumor size and assigned into control or treatment groups 
(n = 10/group), and dosing was initiated on Day 0. Tumor 
size and body weight were measured twice weekly, and 
the study was terminated and completed on Day 55. In the 
PDX model, CTG-1260 elacestrant was administered orally 
at 30 mg/Kg Q1×56 d. All experimental procedures were 
performed according to the guidelines of the Institutional 
Animal Care and Use Committee (IACUC) of Champions 
Oncology. Elacestrant dosing solution of 3 mg/mL was pre-
pared by adding 0.5% Methylcellulose in sterile water to 
elacestrant powder, stirred for 4 min, and sonicated to form 
a transparent solution.

Enrichment of Patient‑derived CTCs

For CTC collection, written informed consent was obtained 
from patients with metastatic breast cancer (MBC) as per 
institutional review board (IRB)-approved protocol (DF/
HCC 05-300). CTCs were isolated using the microfluidic 
CTC-iChip as previously described [16, 28]. In brief, whole 
blood was incubated with biotinylated antibodies against 
CD45 (clone 2D1; R&D Systems), CD66b (clone 80H3; 
AbD Serotec), and CD16 (Janssen Diagnostics) followed by 
incubation with Dynabeads MyOne Streptavidin T1 (Invit-
rogen) to achieve magnetic labeling of leukocytes. Blood 
specimens were then processed through the CTC-iChip 
to deplete leukocytes, while leaving CTCs untagged and 
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unmanipulated. The leukocyte-depleted product was col-
lected in CTC culture media for the derivation of patient-
specific CTC cultures [16].

Ex vivo CTC cultures

CTC cultures were grown at 37 0C under hypoxic conditions 
(4% O2) in ultra-low attachment flasks (Corning) in CTC 
media comprising of RPMI-1640, 1X antibiotic/antimy-
cotic supplemented with bFGF (20 ng/ml), EGF (20 ng/ml), 
and 1X B27 (Life Technologies). Cultures were routinely 
checked for mycoplasma with the MycoAlert, Lonza Kit. 
Cell cultures and patient blood were tested for authentica-
tion via STR profiling by Genetica DNA Laboratories (a 
LabCorp brand; Burlington, NC) using the commercially 
available PowerPlex® 16HS amplification kit (Promega 
Corporation; mouse marker included) and GeneMapper ID 
v3.2.1 software (Applied Biosystems). Brx50 and Brx68 
have been described previously by Yu et al [16]. Brx211, 
Brx250, and Brx394 have been previously described by 
Brett et al [30]. Mutational screening for 98 known cancer 
genes was performed using the MGH SNaPshot-NGS clini-
cal assay as described elsewhere [31]. The assay includes 
single-nucleotide variants (SNVs) within ESR1 as well as 
ESR gene fusions [32].

Immunoblotting

Proteins were isolated from 2 to 5×105 cells using RIPA 
buffer (BP-115X) supplemented with the HaltTM Protease 
inhibitor cocktail (Thermo Scientific 78425). Protein lysates 
(10μg each) were separated on SDS/4-15% polyacrylamide 
gels (Bio-Rad) and transferred to nitrocellulose membranes 
(Invitrogen). The blots were incubated with antibodies 
directed against GAPDH (sc-47724, mouse monoclonal, 
1:1000), Estrogen Receptor α (D8H8) (Cell signaling-8644, 
Rabbit monoclonal, 1:500) and with the relevant secondary 
antibodies which were HRP conjugated (Anti-rabbit IgG, 
HRP-linked Antibody cell signaling-7074, Anti-mouse IgG, 
HRP-linked Antibody Cell signaling-7076) and visualized 
using Clarity Western ECL Substrate (BIORAD) and G box 
(Syngene).

Immunohistochemistry (IHC) staining

Staining was performed at MGH core facility using auto-
mated staining platform (Ventana Discovery Ultra). CTC 
cultures were formalin-fixed before embedding into blocks 
with paraffin. 10 mM-thick sections were cut and stained 
for Estrogen Receptor (1:500 ab16660) using sodium citrate 
antigen retrieval method. Images were acquired using the 
Aperio Scanscope slide scanner (Leica Biosystems).

Drug sensitivity testing

Breast CTC cell lines (1,000 cells per well) were seeded in 
96-well ultra-low attachment plates (Corning). Increasing 
concentrations of elacestrant (Radius Health) and fulvestrant 
(Selleckchem S1191) were added to quadruple samples. The 
cells were incubated with the drugs for 7 days under hypoxic 
conditions. Viability was measured using CellTiter-Glo Lumi-
nescent Cell Viability Assay per manufacturer’s instructions.

Quantitative Real time PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen). 
RNA (1µg) was used to generate cDNA with the superscript III 
First Strand synthesis system (Life Technologies). Reactions 
were amplified and analyzed in triplicate using the ABI 7500 
Real-Time PCR System.

Primer Sequence (5’->3’)
ESR1-alpha
Forward Primer: GCC​TTC​TTC​AAG​AGA​AGT​ATT​
Reverse Primer: TTT​CGT​ATC​CCA​CCT​TTC​ATC,
GREB1
Forward Primer: CCA​TCG​GCT​TTA​GGT​ATC​TTG​
Reverse Primer: GCT​CTC​ATA​CTT​AGC​TCT​GTTC,
PGR
Forward Primer: CTG​TCA​TTA​TGG​TGT​CCT​TACC​
Reverse Primer: AGT​CAT​TTC​TTC​CAG​CAC​ATAA,
GAPDH
Forward Primer: TGT​AGT​TGA​GGT​CAA​TGA​AGGG​
Reverse Primer: ACA​TCG​CTC​AGA​CAC​CAT​G

Capillary electrophoresis immunodetection

Cell lysates were prepared using the radioimmunoprecipita-
tion (RIPA) buffer (Thermo Fisher Scientific 89901) sup-
plemented with Complete Mini protease inhibitors (Roche) 
and PhosSTOP phosphatase inhibitors (Roche). Proteins of 
interest were analyzed by JESS (Protein Simple Inc.) capillary 
electrophoresis-based immunodetection system. Reagents and 
equipment were purchased from Protein Simple and samples 
were analyzed following the manufacturer’s instructions. All 
experiments were performed in triplicate. Anti-ER antibody 
(CST #8644) anti-GAPDH (SCBT 47724) were multiplexed 
and detected with CHEMI and NIR channel, respectively.
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Results

Clinical outcomes with elacestrant 
in fulvestrant‑treated patients within the EMERALD 
Study

The study population in the recently completed the phase 
3 EMERALD Study [29] includes patients with HR+ met-
astatic breast cancer who had disease progression on at 
least one prior endocrine therapy, including combination 
with CDK 4/6 inhibitors, reflecting contemporary clini-
cal practice. We analyzed data from the EMERALD trial, 
to determine clinical responses to elacestrant, compared 
with standard third-line endocrine therapy, among women 
who had previously been treated with a fulvestrant-con-
taining regimen. Of the 446 enrolled patients, 145 (32.5%) 
had received fulvestrant as part of prior endocrine ther-
apy, either in first- or second-line settings. As expected, 
genomic profiles of tumors and clinical treatment histo-
ries at the time of treatment with elacestrant were diverse, 
consistent with contemporary clinical care of advanced 
breast cancer [29]. Consistent with the overall results of 
the EMERALD trial [29], a subset of patients experienced 
rapid disease progression (<2 months) following treatment 
with either elacestrant or standard endocrine therapy, lead-
ing to the suggestion that their cancers were no longer bio-
logically dependent on ER signaling. Among patients who 
did not have rapid progression and presumably retained 
endocrine sensitive disease, those who received elacestrant 
had better PFS compared to those with standard endocrine 
therapy, irrespective of past treatment with fulvestrant: 
fulvestrant-treated, 6 months PFS = 29.12% on elacestrant 
(n-70) vs 10.82% on standard endocrine therapy (n=75), 
HR: 0.697; fulvestrant-naïve: 6 months PFS = 36.12% 
on elacestrant (n=169) vs 23.80% on standard endocrine 
therapy (n=164), HR = 0.698. (Fig. 1A, B). Similarly, 
among patients with detectable ESR1-mutant breast can-
cer, patients treated with elacestrant had better PFS com-
pared to those receiving standard endocrine therapy, irre-
spective of past fulvestrant treatment: fulvestrant-treated, 
6 months PFS = 34.06% on elacestrant (n=27) vs 12.11% 
on standard endocrine therapy (n=28), HR: 0.679; fulves-
trant-naïve: PFS rate at 6 months= 42.42% on elacestrant 
(n=88) vs 20.95% on standard endocrine therapy (n=85), 
HR = 0.513; (Fig. 1C, D). Thus, prior treatment and dis-
ease progression on fulvestrant does not reduce the subse-
quent response to elacestrant therapy (p-value for fulves-
trant interaction =0.97).

Of note, the hazard ratio we previously reported was 
in the subgroup analysis (Forest plot) [29]. Accordingly, 
the results were unstratified as per routine subgroup anal-
ysis. However, in the current analysis, we did a deeper 

evaluation and specifically calculated the results for the 
prior fulvestrant subgroup based on Cox survival model 
with stratification factors, similar to the ones utilized for 
primary analysis. Accordingly, the sample size is the same 
but hazard ratios are different.

Elacestrant inhibits fulvestrant‑refractory breast 
cancer growth in two PDX models

To model in parallel elacestrant and fulvestrant treatment 
of a PDX breast tumor model, we made use of fulvestrant 
naive MAXF-713 cells, derived from a 60-year-old patient 
with untreated ER+/PR+/Her2- breast cancer [22]. MAXF-
713 cells are negative for both ESR1 and PIK3CA muta-
tions. Tumor fragments of equal volume were inoculated 
into athymic nude female mice (P0) and once they reached 
100 mm3, they were treated with vehicle control, fulvestrant 
(3 mg/mouse subcutaneous, weekly) or elacestrant (60 mg/
kg oral gavage, daily) (n=10 mice per group) (Fig. 2). The 
drug concentrations chosen were based on pharmacokinetic 
analysis previously described [22]. Briefly, dosing a mouse 
with 3 mg of elacestrant achieves 1.8× of the plasma con-
centrations seen in breast cancer patients receiving 500 mg 
of elacestrant in the clinic. This dose of elacestrant was 
chosen to achieve clinically relevant concentrations in the 
mouse PDX model.

Compared with untreated tumors, fulvestrant and elaces-
trant treatment significantly inhibited tumor growth in mice 
(Fig. 2B, C). At 8 weeks, two tumors that were proliferating 
in two individual mice, despite fulvestrant treatment, were 
viably resected. They were each inoculated into two indi-
vidual mice to generate enough tumor tissue to inoculate 
a sufficient number of mice required for the multiple arms 
of the drug treatment study. (Fig 2A, schema). To avoid the 
confounding effects of using two different tumors, fragments 
from both tumors (P1) were equally distributed among the 
14 mice to be used in the various arms of the experiment. 
The same was done to derive the P2 cohort of mice. Once 
initial tumors were initiated (100mm3), P1 mice were ran-
domized for the second round of treatment with vehicle 
(n=4), fulvestrant (n=5) or elacestrant (n=5). Similarly, after 
another 8 weeks of treatment, two P1 fulvestrant-resistant 
tumors were again expanded as described above into 28 mice 
(P2) for the third cycle of treatment (vehicle: n=9, fulves-
trant: n=10, elacestrant: n=9) For P1 and P2 studies, the 
dose of elacestrant used was reduced to 30mg/kg. In these 
serial tumor transplant studies using the MAXF-713 PDX 
model, fulvestrant-refractory tumors continued to be signifi-
cantly more sensitive to elacestrant, at the clinically relevant 
dose of 30mg/kg, compared with fulvestrant (Fig. 2B, C).

To extend our analysis to breast cancer PDX models 
harboring mutations that are commonly acquired during 
course of therapy, we tested the activity of elacestrant 
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in an endocrine and palbociclib-resistant model of ER+/
HER2- breast cancer (CTG-1260), which has two muta-
tions in PIK3CA, D350H, and H1047R, and the D538G 
mutation in ESR1. CTG-1260 was derived from a patient 
on fulvestrant for 9 months and initially responded. The 
CTG-1260 PDX model is derived from the biopsy tissue 

taken during relapse. Compared with the vehicle-treated 
controls, elacestrant at a clinically relevant dose (30 mg/
kg, daily), demonstrated significant antitumor activ-
ity. The mice did not exhibit any weight loss or adverse 
effects from treatment suggesting good drug tolerability 
(Fig. 3).
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Fig. 1   Clinical outcomes of patients within the EMERALD trial of 
elacestrant vs standard endocrine therapy, stratified by prior fulves-
trant treatment. A and B: Kaplan–Meier estimates of progression-
free survival (PFS) assessed by blinded independent central review 
are shown for elacestrant versus standard of care (SOC) in patients 
with prior treatment with fulvestrant (A) and in patients without prior 

treatment with fulvestrant (B). All cases derived from the full study 
population. (C and D): Kaplan–Meier estimates of PFS for elaces-
trant versus SOC in patients with prior treatment with fulvestrant (C) 
or without prior treatment with fulvestrant (D), among patients with 
detectable ESR1 mutations. Interaction P value was independent of 
fulvestrant treatment
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Ex vivo CTC cultures from hormone‑refractory 
metastatic breast cancer patients are sensitive 
to elacestrant, independent of ESR1 status

To extend the mouse models to patient-derived specimens 
from women with advanced HR+ breast cancer, we tested 
ex vivo cultures of CTCs obtained from blood specimens 

during therapy. We established long-term cultures of CTCs 
from six patients with refractory, metastatic HR+ breast 
cancer, using microfluidic depletion of leukocytes fro–20 
ml of whole blood, followed by in vitro expansion under 
anchorage independent, hypoxic culture conditions [16, 
33]. The patients had received on average eight different 
treatments following diagnosis of metastatic disease: all 
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Fig. 2   Fulvestrant-refractory breast cancer is sensitive elacestrant 
in a PDX model A Schematic representation of elacestrant and ful-
vestrant treatment of PDX breast tumor model, MAXF-713 derived 
from untreated ER+/PR+/Her2- breast cancer patient (P0) and sub-
sequent treatment rounds of the fulvestrant-refractory tumors (P1, P2) 
with either elacestrant and fulvestrant. B Curves showing the relative 
tumor volumes in mice treated with vehicle, fulvestrant and elaces-
trant over time, for successive passages (P0, P1 and P2). The tumors 

represented in the darker shaded curves were predecessors for the 
subsequent passage. C Bar graphs showing the percentage of mice 
with relative tumor volume greater than 500% for each of the treat-
ment cohorts. (P0: vehicle control vs fulvestrant p = 0.0197, vehicle 
control vs elacestrant p = 0.00309; P1: vehicle control vs fulvestrant 
p = 0.16, vehicle control vs elacestrant p = 0.0476; P2: vehicle control 
vs fulvestrant p = 0.086, vehicle control vs elacestrant p = 0.009)
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six patients had received a SERM; three had received a 
course of fulvestrant therapy, three a PI3K inhibitor, and 
three a CDK4/6 inhibitor (Full patient characteristics and 
treatment history are shown in Table 1 and Sup. Fig. 1. 
Mutational signatures of CTCs are consistent with those 
expected for advanced HR+ breast cancer, including 
the presence of ESR1 mutations in three of the six lines 
(Brx50, Brx68, Brx211), and PIK3CA mutations in three 
of the six lines (Brx68, Brx211, Brx394) (Table 1 and 
Sup. Tables 1 and 2). CTC lines express variable amounts 
of ER protein, of normal size, consistent with the absence 
of ESR1 fusions (Fig. 4A, B). Treatment of all six CTC 
lines with fulvestrant shows a high degree of resistance, 
without a measurable IC50 (>100 μM); three CTC lines 
(Brx50, Brx390, BRx394) harbor approximately 45-55% 
cells resistant to the highest dose of fulvestrant (1 µM). 
In marked contrast, elacestrant mediates effective cell 
killing of cultured CTCs, established from patients who 
received fulvestrant, with a median IC50 of 0.62µM (range 
0.28–3.56µM), a concentration clinically achievable. 
(Fig. 4C, D). The three CTC lines harboring ESR1 muta-
tions (Fig. 4C) and the three lines with wild-type ESR1 
(Fig.  4D) show comparable sensitivity to elacestrant 
(p=0.45).
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Elacestrant sensitivity in cultured CTCs is unaffected 
by previous exposure to fulvestrant

Of the six CTC lines analyzed, three were derived from 
patients previously treated with fulvestrant (Brx68, Brx211, 
Brx250). These lines were not significantly more resist-
ant to elacestrant, compared with CTC lines derived from 
patients without fulvestrant exposure (Brx50, Brx390, 
Brx394) (p=0.32). To directly test the effect of fulvestrant 
exposure on sensitivity to either retreatment with fulvestrant 
or exposure to elacestrant, we treated CTC lines with ful-
vestrant for 7 days and then re-tested their drug sensitivity. 

Across different CTC lines, initial treatment with fulves-
trant (100nM) killed from 13.5% to 43.4% of cells with the 
remaining cells demonstrating slow persistent proliferation 
(Fig. 5, Sup. Figs. 2, 3). After 7 days of the initial fulvestrant 
treatment, replating the remaining resistant cells and retreat-
ment with increasing concentrations of fulvestrant showed 
a drug sensitivity pattern identical to that of untreated cells. 
Consistent with previous studies, these observations sug-
gest a potentially transient and reversible fulvestrant resist-
ance mechanism [34]. In marked contrast, in the five CTC 
lines tested, the fulvestrant-resistant cell population is erad-
icated upon treatment with elacestrant, with IC50 values 
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Fig. 4   Sensitivity of cultured CTCs from refractory HR+breast 
cancer patients to elacestrant compared with fulvestrant. A Repre-
sentative images showing nuclear staining for ER in ex  vivo CTC 
cultures harboring either wild-type ESR1 or mutant ESR1. Human 
normal breast tissue was used as a positive control. High magnifica-
tion images of the highlighted areas are provided. Scale bar repre-
sents 100 µm. B Western blot showing ER protein expression in CTC 
lines with wild-type or mutant ESR1. MCF7 was used as a positive 

control for ER expression. GAPDH is shown as loading control. C 
and D Relative cell viability of CTCs treated with fulvestrant (black) 
or elacestrant (red) for 7  days. CTC cultures were established from 
hormone-refractory metastatic breast cancer patients, with drug treat-
ment shown for CTC lines with mutant ESR1: Brx50, Brx68, Brx211 
(C) or wild-type ESR1: Brx250, Brx394, Brx390 (D). IC50 values 
are shown for elacestrant; fulvestrant was ineffective in achieving 
complete growth inhibition across all CTC lines
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comparable to those of the untreated parental cells (Fig. 5, 
Sup. Figs. 2, 3).

Elacestrant has been previously shown to be an ER 
degrader [22]. Indeed, it suppresses ER protein levels in 
MCF7 cells, in a time and dose-dependent manner without 
change in mRNA levels, with degradation evident within 
24 hrs at 5nM (Fig. 6A; Sup Fig 4). In cultured CTCs, 

however, the concentration of elacestrant required to fully 
suppress ER expression (1 µM) is 10-fold higher than that 
effective in inhibiting expression of ER target genes, such 
as GREB1 and PGR (100nM) (Fig. 6B, C). Thus, in CTCs 
derived from heavily treated patients from advanced breast 
cancer, elacestrant can modulate ER activity at concentra-
tions below those required for full protein degradation.
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Discussion

The recent development of potent oral SERDS, such as 
elacestrant, has the potential to provide a novel therapeutic 
intervention for patients with metastatic HR+ breast can-
cer, in whom the current standard of care, fulvestrant, has 
only modest benefit and it requires inconvenient intramus-
cular administration. Moreover, from a biological stand-
point, the application of a highly effective degrader of 
ER provides important insight into the persistent depend-
ency on this pathway by HR+ breast cancers that have 
become refractory to multiple currently available endo-
crine therapies. HR+ breast cancers that have progressed 
on drug combinations including AIs and SERMs may fail 
to respond to fulvestrant given the drug’s modest efficacy. 
However, a potent inhibitor such as elacestrant may read-
ily distinguish advanced breast cancers with continued 
dependence on residual ER signaling, from those that have 
acquired other oncogenic drivers of malignancy. It is in 
this context that analysis of patient-derived CTC cultures, 
established from patients who have acquired resistance to 
multiple endocrine regimens, is particularly informative.

The CTC cultures analyzed here recapitulate the clinical 
observation that acquired ESR1 mutations do not alter sen-
sitivity to elacestrant [29]. Given the frequency of acquired 
ESR1 mutations, particularly in patients who have had pro-
longed treatment with AI-containing combinations, and 
the dearth of other therapeutic options in such patients, 
these observations may be of significant clinical impact. 
ER degradation by fulvestrant and elacestrant has been 
demonstrated in multiple HR+ breast cancer cell lines 
(MCF7, T47D and HCC1428) that have not been exposed 
to therapeutic intervention [22]. Interestingly, in studying 
cultured breast CTCs from heavily treated patients, we find 
that the dose of elacestrant required to suppress ER tran-
scriptional activity is lower than that required for degrada-
tion of ER protein, as measured by Western blotting. This 
raises the intriguing possibility that the cellular machinery 
required for enhanced ER degradation by elacestrant may 
be compromised in some advanced breast cancer cells, 
with elacestrant binding leading to ER modulation rather 
than degradation at lower drug concentrations.

The most striking observation reported here is that, 
despite both fulvestrant and elacestrant being classified 
as SERDS, previous treatment with fulvestrant does not 
affect the likelihood of response to elacestrant in cultured 
breast CTCs. This finding is consistent with our subgroup 
reanalysis of the EMERALD randomized trial. While the 
mechanisms underlying this lack of overlap in drug resist-
ance are uncertain, it is possible that the modest effect by 
fulvestrant on ER degradation allows for adaptation by 

cancer cells to lower levels of ER activity; such cells may 
still be dependent on low levels of ER activity and hence 
susceptible to its complete abrogation by elacestrant, both 
in vitro and in vivo. In this regard, the unusual transient 
and reversible fulvestrant-resistant phenotype is striking in 
comparison with the prolonged proliferation arrest induced 
by elacestrant, a difference that may again reflect different 
degrees of suppression of ER activity. From the clinical 
standpoint, understanding patterns of acquired drug resist-
ance may help guide the sequencing of endocrine thera-
pies. For instance, a recent analysis of the EMERALD 
clinical trials data shows that a longer duration of prior 
CDK4/6 inhibitor treatment is associated with a longer 
PFS on elacestrant, as compared with SOC [35].

Of various next generation SERDS recently tested in 
randomized phase 3 clinical trials, elacestrant (pivotal 
phase 3) and camizestrant (phase 2) met its designated 
endpoint and achieved an improvement in PFS, while 
clinical trials evaluating other SERDs (amcenestrant, 
giredestrant) did not meet their primary endpoints [21, 
29]. Further study will be required to determine if this 
difference relates to distinct intrinsic properties of the 
drugs themselves and their effect on ER activity, or on 
the differential composition of the study population, 
including the relatively higher fraction of ESR1-mutant 
cases in the EMERALD study [48%, compared with 43% 
(AMEERA-3), 39% (AcelERA), and 37% (SERENA-2)] 
[35–38]. In this context, the treatment-associated acqui-
sition of ESR1 mutations, which presents a major thera-
peutic challenge with current approved hormonal agents, 
may in fact serve to predict continued cancer dependence 
on ER activity and hence susceptibility to FDA-approved 
elacestrant, independent of prior fulvestrant therapy.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10549-​023-​06998-w.

Acknowledgements  The authors are grateful to all the patients who 
participated in this study. We thank Laura Libby and Celia Harris 
for administrative support. We thank the MGH Histology core facil-
ity for their services. We thank all the past and present members of 
the Maheswaran and Haber Laboratory for scientific discussions. The 
EMERALD Clinical Trial (NCT03778931) was sponsored by Radius 
Inc. and Menarini.

Author contributions  TDD., AB., DAH., and SM. conceived the pro-
ject, provided supervision, and drafted the manuscript. TDD, BC, BAR, 
and SR conducted the experiments. BSW carried out the data analysis. 
JAL, BAR, and BC processed blood samples for CTC isolation. TDD 
and RB supervised the CTC collection. HA, HP, and TB contributed 
to in vivo murine data. FCB, VGK, PA, and JC are the members of the 
steering committee members who helped with the EMERALD trial. 
SS conducted the statistical analysis. AF conducted and analyzed the 
experiments. MB drafted the manuscript. NH conceived the project 
and drafted the manuscript. AJI carried out the SNaPshot-NGS clinical 
assay analysis. MT developed the CTC-iChip isolation technology of 
viable CTCs. All authors provided the final approval of the manuscript.

https://doi.org/10.1007/s10549-023-06998-w


54	 Breast Cancer Research and Treatment (2023) 201:43–56

1 3

Funding  This work was supported by grants from NIH 
(2RO1CA129933 to D.A.H; 2U01EB012493 to M.T., D.A.H., and 
S.M.; U01CA214297 to M.T., D.A.H., S.M., R01CA260304-01 to 
M.T., D.A.H, S.M., R01CA255602-02 To M.T., D.A.H, S.M.); HHMI 
(to D.A.H.), ESSCO (to S.M.), BCRF (to D.A.H.), BCRF (To S.M.), 
and NFCR (to D.A.H.). Funding for part of this research was provided 
by Radius Health, In.

Data availability  Additional data are available on request from the 
authors.

Declarations 

Conflict of interest  A.B. Consultant/Advisory board: Pfizer, Novartis, 
Genentech, Merck, Radius Health, Immunomedics/Gilead, Sanofi, 
Daiichi Pharma/Astra Zeneca, Phillips, Eli Lilly, Foundation Medi-
cine, Contracted Research/Grant (to institution): Genentech, Novartis, 
Pfizer, Merck, Sanofi, Radius Health, Immunomedics/Gilead, Daiichi 
Pharma/Astra Zeneca, Eli Lilly. A.J.I. received royalties from Invi-
tae, and is a SAB member of Oncoclinicas Brasil, SequreDx, Repare 
Therapeutics and Kinnate Biopharma. H.A., H.P., and T.B. are former 
employees and shareholders of Radius Health, Inc. F.C.B. Consulting 
or Advisory Role: Pfizer, AstraZeneca, Lilly, Novartis, Radius Health, 
Menarini, Sanofi (Inst), Speakers’ Bureau: Pfizer, Novartis, Astra-
Zeneca, Roche, Lilly, Rain Therapeutics, Research Funding: Novartis 
(Inst), Pfizer (Inst), Menarini Silicon Biosystems (Inst), Prolynx (Inst), 
Patents, Royalties, Other Intellectual Property: ESR1 & MSI detec-
tion techniques (patents; Inst) and Travel, Accommodation Expenses: 
Roche, Pfizer, AstraZeneca, Novartis. V.G.K. Honoraria: Genentech, 
Novartis, Pfizer, Genomic Health, Puma Biotechnology, AstraZen-
eca, Seattle Genetics, daichi, Gilead Sciences, Consulting or Advi-
sory Role: Amgen, Eisai, Puma Biotechnology, Celldex, AstraZeneca, 
Athenex, bioTheranostics, Speakers’ Bureau: Genentech, Novartis, 
Genomic Health, Puma Biotechnology, Pfizer, AstraZeneca/Dai-
ichi Sankyo and Research Funding: Eisai. P.A. Honoraria: Synthon, 
Roche, Gilead Sciences, Consulting or Advisory Role: Macrogenics, 
Boehringer Ingelheim, Novartis, Amcure, Roche, Novartis, Amgen, 
Servier, G1 Therapeutics, Radius Health, Deloitte, Menarini, Gilead 
Sciences and Travel, Accommodations Expenses: Amgen, MSD On-
cology, Roche Belgium, Pfizer. J.C. Stock and Other Ownership In-
terests: MedSIR, Nektar, Leuko, Honoraria: Novartis, Eisai, Celgene, 
Pfizer, Roche, Samsung, Lilly, Merck Sharp & Dohme, Daiichi San-
kyo, Consulting or Advisory Role: Celgene, Cellestia Biotech, Astra-
Zeneca, Roche, Seattle Genetics, Daiichi Sankyo, ERYTECH Pharma, 
Polyphor, Athenex, Lilly, Servier, Merck Sharp & Dohme, GlaxoS-
mithKline, Leuko, Clovis Oncology, Bioasis, Boehringer Ingelheim, 
Ellipses Pharma, HiberCell, Bioinvent, GEMoaB, Gilead Sciences, 
Menarini, Zymeworks, Reveal Genomics, Research Funding: ARIAD 
(Inst), Astrazeneca (Inst), Baxalta (Inst), Bayer (Inst), Eisai (Inst), 
Guardant Health (Inst), Merck Sharp & Dohme (Inst), Pfizer (Inst), 
Puma Biotechnology (Inst), Queen Mary university of London (Inst), 
Roche (Inst), Piqur (Inst), Patents, Royalties, Other Intellectual Proper-
ty: Pharmaceutical Combinations of A Pi3k Inhibitor And A Microtu-
bule Destabilizing Agent. Javier Cortés Castán, Alejandro Piris Gimé-
nez, Violeta Serra Elizalde. WO 2014/199294 A, Her2 as a predictor 
of response to dual HER2 blockade in the absence of cytotoxic therapy. 
Aleix Prat, Antonio Llombart, Javier Cortés. US 2019/ 0338368 A1 
and Travel, Accommodations Expenses: Roche, Pfizer, Eisai, Novartis, 
Daiichi Sankyo, Gilead Sciences. S.S., A.F., M.B., and N.H. are em-
ployees of Menarini Ricerche. M.T., D.A.H., and S.M. are founders of 
and own equity in TellBio, Inc., which is involved with CTC diagnos-
tics and therapeutics. No funding was received from TellBio, Inc. for 
this work. No disclosures were reported by the other authors.

Ethical approval  Patients provided written informed consent to an 
Institutional Review Board approved blood collection protocol (DF/
HCC 05–300).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Aggelis V, Johnston SRD (2019) Advances in endocrine-based 
therapies for estrogen receptor-positive metastatic breast cancer. 
Drugs 79(17):1849–1866

	 2.	 Dellapasqua S, Castiglione-Gertsch M (2005) The choice of sys-
temic adjuvant therapy in receptor-positive early breast cancer. 
Eur J Cancer 41(3):357–364

	 3.	 Gradishar WJ, Anderson BO, Abraham J, Aft R, Agnese D, Alli-
son KH, Blair SL, Burstein HJ, Dang C, Elias AD et al (2020) 
Breast cancer, version 3.2020, NCCN clinical practice guidelines 
in oncology. J Natl Compr Canc Netw 18(4):452–478

	 4.	 Guan J, Zhou W, Hafner M, Blake RA, Chalouni C, Chen IP, De 
Bruyn T, Giltnane JM, Hartman SJ, Heidersbach A et al (2019) 
Therapeutic ligands antagonize estrogen receptor function by 
impairing its mobility. Cell 178(4):949-963.e918

	 5.	 Turner NC, Slamon DJ, Ro J, Bondarenko I, Im SA, Masuda N, 
Colleoni M, DeMichele A, Loi S, Verma S et al (2018) Overall 
survival with palbociclib and fulvestrant in advanced breast can-
cer. N Engl J Med 379(20):1926–1936

	 6.	 Hortobagyi GN, Stemmer SM, Burris HA, Yap YS, Sonke GS, 
Hart L, Campone M, Petrakova K, Winer EP, Janni W et al (2022) 
Overall survival with ribociclib plus letrozole in advanced breast 
cancer. N Engl J Med 386(10):942–950

	 7.	 Slamon DJ, Neven P, Chia S, Fasching PA, De Laurentiis M, Im 
SA, Petrakova K, Bianchi GV, Esteva FJ, Martin M et al (2020) 
Overall survival with ribociclib plus fulvestrant in advanced breast 
cancer. N Engl J Med 382(6):514–524

	 8.	 Sledge GW Jr, Frenzel M (2020) Analysis of overall survival 
benefit of abemaciclib plus fulvestrant in hormone receptor-
positive, ERBB2-negative breast cancer-reply. JAMA Oncol 
6(7):1122–1123

	 9.	 Spring LM, Wander SA, Andre F, Moy B, Turner NC, Bardia A 
(2020) Cyclin-dependent kinase 4 and 6 inhibitors for hormone 
receptor-positive breast cancer: past, present, and future. Lancet 
395(10226):817–827

	10.	 Andre F, Mills D, Taran T (2019) Alpelisib for PIK3CA-mutated 
advanced breast cancer. Reply. N Engl J Med 381(7):687

	11.	 Hanker AB, Sudhan DR, Arteaga CL (2020) Overcoming endo-
crine resistance in breast cancer. Cancer Cell 37(4):496–513

	12.	 Medford AJ, Dubash TD, Juric D, Spring L, Niemierko A, Vidula 
N, Peppercorn J, Isakoff S, Reeves BA, LiCausi JA et al (2019) 
Blood-based monitoring identifies acquired and targetable driver 
HER2 mutations in endocrine-resistant metastatic breast cancer. 
NPJ Precis Oncol 3:18

http://creativecommons.org/licenses/by/4.0/


55Breast Cancer Research and Treatment (2023) 201:43–56	

1 3

	13.	 Nayar U, Cohen O, Kapstad C, Cuoco MS, Waks AG, Wander 
SA, Painter C, Freeman S, Persky NS, Marini L et al (2019) 
Acquired HER2 mutations in ER(+) metastatic breast cancer con-
fer resistance to estrogen receptor-directed therapies. Nat Genet 
51(2):207–216

	14.	 Chandarlapaty S, Chen D, He W, Sung P, Samoila A, You D, Bhatt 
T, Patel P, Voi M, Gnant M et al (2016) Prevalence of ESR1 muta-
tions in cell-free DNA and outcomes in metastatic breast cancer: a 
secondary analysis of the BOLERO-2 clinical trial. JAMA Oncol 
2(10):1310–1315

	15.	 Jeselsohn R, Yelensky R, Buchwalter G, Frampton G, Meric-Bern-
stam F, Gonzalez-Angulo AM, Ferrer-Lozano J, Perez-Fidalgo 
JA, Cristofanilli M, Gomez H et al (2014) Emergence of consti-
tutively active estrogen receptor-alpha mutations in pretreated 
advanced estrogen receptor-positive breast cancer. Clin Cancer Res 
20(7):1757–1767

	16.	 Yu M, Bardia A, Aceto N, Bersani F, Madden MW, Donaldson MC, 
Desai R, Zhu H, Comaills V, Zheng Z et al (2014) Cancer therapy. 
Ex vivo culture of circulating breast tumor cells for individualized 
testing of drug susceptibility. Science 345(6193):216–220

	17.	 Robinson DR, Wu YM, Vats P, Su F, Lonigro RJ, Cao X, Kalyana-
Sundaram S, Wang R, Ning Y, Hodges L et al (2013) Activating 
ESR1 mutations in hormone-resistant metastatic breast cancer. Nat 
Genet 45(12):1446–1451

	18.	 Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, Li Z, Gala 
K, Fanning S, King TA et  al (2013) ESR1 ligand-binding 
domain mutations in hormone-resistant breast cancer. Nat Genet 
45(12):1439–1445

	19.	 van Kruchten M, de Vries EG, Glaudemans AW, van Lanschot MC, 
van Faassen M, Kema IP, Brown M, Schroder CP, de Vries EF, Hos-
pers GA (2015) Measuring residual estrogen receptor availability 
during fulvestrant therapy in patients with metastatic breast cancer. 
Cancer Discov 5(1):72–81

	20.	 Hernando C, Ortega-Morillo B, Tapia M, Moragon S, Martinez MT, 
Eroles P, Garrido-Cano I, Adam-Artigues A, Lluch A, Bermejo B 
et al (2021) Oral selective estrogen receptor degraders (SERDs) as 
a novel breast cancer therapy: present and future from a clinical 
perspective. Int J Mol Sci 22(15):7812

	21.	 Lloyd MR, Wander SA, Hamilton E, Razavi P, Bardia A (2022) 
Next-generation selective estrogen receptor degraders and other 
novel endocrine therapies for management of metastatic hormone 
receptor-positive breast cancer: current and emerging role. Ther Adv 
Med Oncol 14:17588359221113694

	22.	 Bihani T, Patel HK, Arlt H, Tao N, Jiang H, Brown JL, Purandare 
DM, Hattersley G, Garner F (2017) Elacestrant (RAD1901), a selec-
tive estrogen receptor degrader (SERD), has antitumor activity in 
multiple ER(+) breast cancer patient-derived xenograft models. Clin 
Cancer Res 23(16):4793–4804

	23.	 Patel HK, Tao N, Lee KM, Huerta M, Arlt H, Mullarkey T, Troy 
S, Arteaga CL, Bihani T (2019) Elacestrant (RAD1901) exhibits 
anti-tumor activity in multiple ER+ breast cancer models resistant 
to CDK4/6 inhibitors. Breast Cancer Res 21(1):146

	24.	 Bardia A, Kaklamani V, Wilks S, Weise A, Richards D, Harb W, 
Osborne C, Wesolowski R, Karuturi M, Conkling P et al (2021) 
Phase I study of elacestrant (RAD1901), a Novel selective estrogen 
receptor degrader, in ER-positive, HER2-negative advanced breast 
cancer. J Clin Oncol 39(12):1360–1370

	25.	 Bardia A, Aftimos P, Bihani T, Anderson-Villaluz AT, Jung J, 
Conlan MG, Kaklamani VG (2019) EMERALD: Phase III trial of 
elacestrant (RAD1901) vs endocrine therapy for previously treated 
ER+ advanced breast cancer. Future Oncol 15(28):3209–3218

	26.	 Micalizzi DS, Maheswaran S, Haber DA (2017) A conduit to metas-
tasis: circulating tumor cell biology. Genes Dev 31(18):1827–1840

	27.	 Jordan NV, Bardia A, Wittner BS, Benes C, Ligorio M, Zheng Y, 
Yu M, Sundaresan TK, Licausi JA, Desai R et al (2016) HER2 

expression identifies dynamic functional states within circulating 
breast cancer cells. Nature 537(7618):102–106

	28.	 Hong X, Roh W, Sullivan RJ, Wong KHK, Wittner BS, Guo H, 
Dubash TD, Sade-Feldman M, Wesley B, Horwitz E et al (2021) 
The lipogenic regulator SREBP2 induces transferrin in circulat-
ing melanoma cells and suppresses ferroptosis. Cancer Discov 
11(3):678–695

	29.	 Bidard FC, Kaklamani VG, Neven P, Streich G, Montero AJ, For-
get F, Mouret-Reynier MA, Sohn JH, Taylor D, Harnden KK et al 
(2022) Elacestrant (oral selective estrogen receptor degrader) Versus 
Standard Endocrine Therapy for Estrogen Receptor-Positive, Human 
Epidermal Growth Factor Receptor 2-Negative Advanced Breast 
Cancer: Results From the Randomized Phase III EMERALD Trial. 
J Clin Oncol. 40(28):3246–3256

	30.	 Brett JO, Dubash TD, Johnson GN, Niemierko A, Mariotti V, Kim 
LSL, Xi J, Pandey A, Dunne S, Nasrazadani A et al (2023) A Gene 
panel associated with abemaciclib utility in ESR1-mutated breast 
cancer after prior cyclin-dependent kinase 4/6-inhibitor progression. 
JCO Precis Oncol 7:e2200532

	31.	 Zheng Z, Liebers M, Zhelyazkova B, Cao Y, Panditi D, Lynch KD, 
Chen J, Robinson HE, Shim HS, Chmielecki J et al (2014) Anchored 
multiplex PCR for targeted next-generation sequencing. Nat Med 
20(12):1479–1484

	32.	 Matissek KJ, Onozato ML, Sun S, Zheng Z, Schultz A, Lee J, Patel 
K, Jerevall PL, Saladi SV, Macleay A et al (2018) Expressed gene 
fusions as frequent drivers of poor outcomes in hormone receptor-
positive breast cancer. Cancer Discov 8(3):336–353

	33.	 Ozkumur E, Shah AM, Ciciliano JC, Emmink BL, Miyamoto DT, 
Brachtel E, Yu M, Chen PI, Morgan B, Trautwein J et al (2013) Iner-
tial focusing for tumor antigen-dependent and -independent sorting 
of rare circulating tumor cells. Sci Transl Med 5(179):179ra147

	34.	 Kaminska K, Akrap N, Staaf J, Alves CL, Ehinger A, Ebbesson A, 
Hedenfalk I, Beumers L, Veerla S, Harbst K et al (2021) Distinct 
mechanisms of resistance to fulvestrant treatment dictate level of ER 
independence and selective response to CDK inhibitors in metastatic 
breast cancer. Breast Cancer Res 23(1):26

	35.	 Bardia A, Bidard FC, Neven P, Streich G, Montero AJ, Forget F, 
Mouret-Reynier MA, Sohn JH, Taylor D, Harnden KK, Khong H, 
Kocsis J, Dalenc F, Dillon P, Babu S, Waters S, Deleu I, García-
Sáenz J, Bria E, Cazzaniga M, Aftimos P, Cortés J, Scartoni S, 
Sahmoud T, Habboubi N, Grzegorzewski KJ, Kaklamani V. (2022) 
EMERALD phase 3 trial of elacestrant versus standard of care endo-
crine therapy in patients with ER+/HER2- metastatic breast cancer: 
updated results by duration of prior CDK4/6i in metastatic setting. 
In: San Antonio Breast Cancer Symposium: 2022: Abstract GS3-01

	36.	 Oliveira M PD, Nowecki Z, Hamilton E, Kulyaba Y, Andabekov T, 
Hotko Y, Melkadze T, Nemsadze G, Neven P, Semegen Y, Vladimi-
rov V, Zamagni C, Denys H, Forget F, Horvath Z, Nesterova A, 
Bennett M, Kirova B, Klinowska T, Lindemann JPO, Lissa D, 
Mathewson A, Morrow CJ, Traugottova Z, van Zyl R, Arkania E. 
(2022) Camizestrant, a next generation oral SERD vs fulvestrant in 
post-menopausal women with advanced ER-positive HER2-nega-
tive breast cancer: Results of the randomized, multi-dose Phase 2 
SERENA-2 trial. In: San Antonio Breast Cancer Symposium 2022: 
Abstract GSC3–02

	37.	 S.M. Tolaney AC, K. Petrakova, S. Delaloge, M. Campone, H. 
Iwata, P. Peddi, P.A. Kaufman, E. de Kermadec, Q. Liu, P. Cohen, G. 
Paux, S. (2022) Im: AMEERA-3, a phase II study of amcenestrant 
(AMC) versus endocrine treatment of physician’s choice (TPC) in 
patients (pts) with endocrine-resistant ER+/HER2− advanced breast 
cancer (aBC). In: European Society for Medical Oncology: 2022. 
Abstract 212M0 2022.

	38.	 Lim E, Chavez-Mac Gregor M, Bardia A, Sohn JH, Moore HM, 
Shivhare M, Martinalbo J, Roncoroni L, Perez-Moreno PD, Martin 
M. (2022) Garvan Exploratory subgroup and biomarker analyses of 
acelERA Breast Cancer: Phase II study of giredestrant (GDC-9545) 



56	 Breast Cancer Research and Treatment (2023) 201:43–56

1 3

vs physician’s choice of endocrine therapy for previously treated, 
estrogen receptor+, HER2– advanced breast cancer. In: San Antonio 
Breast Cancer Symposium: 2022. Abstract PD13–04 2022.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Taronish D. Dubash1 · Aditya Bardia1 · Brian Chirn1 · Brittany A. Reeves1 · Joseph A. LiCausi1 · Risa Burr1 · 
Ben S. Wittner1 · Sumit Rai1 · Hitisha Patel2 · Teeru Bihani2 · Heike Arlt2 · Francois‑Clement Bidard3 · 
Virginia G. Kaklamani4 · Philippe Aftimos5 · Javier Cortés6 · Simona Scartoni7 · Alessio Fiascarelli7 · 
Monica Binaschi7 · Nassir Habboubi8 · A. John Iafrate1 · Mehmet Toner9 · Daniel A. Haber1,10 · 
Shyamala Maheswaran1 

 *	 Daniel A. Haber 
	 dhaber@mgh.harvard.edu

 *	 Shyamala Maheswaran 
	 maheswaran@helix.mgh.harvard.edu

1	 Massachusetts General Hospital Cancer Center and Harvard 
Medical School, Boston, MA 02114, USA

2	 Radius Health, Inc, Waltham, MA 02451, USA
3	 Institut Curie, Paris, Saint Cloud, France
4	 University of Texas Health Sciences Center, Houston, 

TX 77030, USA
5	 Institut Jules Bordet—Université Libre de Bruxelles, 

Brussels, Belgium

6	 International Breast Cancer Center (IBCC), Quiron Group, 
Barcelona, Spain

7	 Menarini Group, Pomezia, Italy
8	 Stemline Therapeutics/Menarini Group, New York, 

NY 10022, USA
9	 Center for Engineering in Medicine, Department of Surgery, 

Massachusetts General Hospital and Harvard Medical 
School, Boston, MA 02114, USA

10	 Howard Hughes Medical Institute, Bethesda, MD 20810, 
USA

http://orcid.org/0000-0002-9356-1709

	Modeling the novel SERD elacestrant in cultured fulvestrant-refractory HR-positive breast circulating tumor cells
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Clinical trial (EMERALD) analysis
	Measuring elacestrant responses in a PDX mouse model
	In vivo study using breast cancer PDX model (Champions Oncology)
	Enrichment of Patient-derived CTCs
	Ex vivo CTC cultures
	Immunoblotting
	Immunohistochemistry (IHC) staining
	Drug sensitivity testing
	Quantitative Real time PCR
	Capillary electrophoresis immunodetection

	Results
	Clinical outcomes with elacestrant in fulvestrant-treated patients within the EMERALD Study
	Elacestrant inhibits fulvestrant-refractory breast cancer growth in two PDX models
	Ex vivo CTC cultures from hormone-refractory metastatic breast cancer patients are sensitive to elacestrant, independent of ESR1 status
	Elacestrant sensitivity in cultured CTCs is unaffected by previous exposure to fulvestrant

	Discussion
	Anchor 25
	Acknowledgements 
	References




