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using both CRISPR knock-in models and transfection of 
expression constructs. For both approaches, ESR1 1210T>C 
(F404L), one of the most frequently identified F404 variants, 
was modeled as a single mutation (F404L) or as a compound 
mutation in cis alongside activating ESR1 mutations, D538G 
(1613A>G) and E380Q (1138G>C) selected for investigation 
as the most frequently co-occurring mutations in the clinical 
data set.

MCF7 cells were subjected to CRISPR-Cas9 with homol-
ogy-directed repair (HDR) to “knock in” the target muta-
tions. Clones were screened by the Sanger sequencing of 
genomic DNA. Any clones identified to harbor the targeted 
mutations were expanded and expression of the mutant 
transcript was confirmed by RT-PCR and Sanger sequenc-
ing (Fig.  3A). Three of 72 (4%) F404 clones harbored the 
mutation, of which only one of three (33%; F404L_D10) was 
found to express F404L. Three of 59 (5%) D538G clones har-
bored the mutation, all of which 3 of 3 (100%) expressed the 
mutant protein. One of the D538G clones, D538G_D6C, was 
noted to be homozygous for the mutation providing an ideal 
background into which to knock in the p.F404L (Fig.  3A). 
A second round of CRISPR was used to introduce F404L 

into the D538G_D6C model, with cells divided into pools 
and subjected to estrogen-free conditions without (E) and 
with (EF) fulvestrant (0.5 μmol/L). Four of 24 (17%) clones 
selected in the absence of estrogen (E) had the expression of 
F404L (Fig.  3A). In contrast, 28 of 30 (93%) clones selected 
with fulvestrant (EF) had expression of F404L, providing 
clear evidence of preferential selection.

Growth of both the parental MCF7 and F404L_D10 cells 
was estrogen dependent. In contrast, all models express-
ing D538G, and compound D538G  +  F404L, exhibited 
estrogen-independent growth (Fig.  3B and C). Similarly, 
D538G expressing models showed estradiol-independent 
expression of the estrogen target gene progesterone recep-
tor (PgR) and trefoil factor1 (TFF1; Fig. 3D), whereas F404L 
showed estradiol-dependent expression. Using an ERE-
luciferase reporter gene construct and transient expression, 
we further assessed the impact of F404L and compound 
F404L+D538G mutations on estrogen-mediated signal-
ing (Fig.  3E). Cells transfected with D538G tended to 
increase ERE activity in the absence of estrogen compared 
with cells expressing wild-type ESR1 (Fig.  3F). Notably, cells 
expressing F404L showed lower ERE activity compared with 
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Figure 3. F404 does not activate estrogen signaling. A, CRISPR clones of MCF7 cells expressing ESR1 F404L (1210T>C, CRISPR edit indicated by red 
arrows) or D538G (1613A>G; CRISPR edit indicated by black arrows) were identified by RT-PCR followed by Sanger sequencing (left-hand panels). Simi-
larly, a second round of CRISPR was used to introduce ESR1 F404L (1210T>C) into a clone (D6C) that expressed D538G (1613A>G; right-hand panels). 
B, Estrogen-dependent growth was assessed in colony formation assay. Parental MCF7 cells and indicated ESR1-mutant models were grown in either 
the absence or presence of estradiol (1 nmol/L) for 14 days. (continued on next page)
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Figure 6. Compound F404 mutations are sensitive to novel SERDs. A–D, Compound mutations of D538G-F404L in MCF7 cells, along with single muta-
tions and wild-type, with sensitivity to elacestrant (A), camizestrant (B), 4OH tamoxifen (C), and giredestrant (D), assessed after 6 days treatment with 
CellTiter Glo viability assay. n = 4 mean with SD. E, Representative clonongenic assays grown in indicated concentrations of elacestrant, camizestrant, 
4OH tamoxifen, and giredestrant for 14 days. (continued on following page)
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Figs. S6–S9). In particular, models with D538G + F404L com-
pound mutations that were overtly resistant to fulvestrant 
showed sensitivity to other SERD/SERMs comparable with 
other D538G expressing models (Fig.  6A–E; Supplementary 
Figs. S6–S9). Similarly, elacestrant, camizestrant, 4OH tamox-
ifen, or giredestrant all fully inhibited ERE activity following 
transient transfection of D538G + F404L and E380Q + F404L 
(Fig. 6F), despite transfection of these compound mutations 
resulting in substantial resistance to fulvestrant. Interest-
ingly, 4OH tamoxifen did not completely suppress the acti
vity of the ERE reporter gene assay, with ∼10%–20% activity 
irrespective of ESR1 mutation (Fig.  6F), potentially reflect-
ing the difference in mechanism of action between it and 
the SERDs.

DISCUSSION
Here, we present a robust genomic analysis of resistance 

to fulvestrant in ESR1-mutant breast cancer using paired 
circulating tumor DNA sequencing in patients treated with 
fulvestrant in the plasmaMATCH study (16). We identify 
novel ESR1 mutations that alter F404, that occur only in 
patients treated with fulvestrant with preexisting activating 
ESR1 mutations in their cancer. F404 mutations are acquired 
in cis with a preexisting activating ESR1 mutation, with the 
resulting compound mutation resulting in profound resist-
ance to fulvestrant, but with retained sensitivity to a range of 
novel SERDs, identifying a treatment strategy to overcome 
acquired resistance conveyed by F404 mutations.

Mutations at F404 do not appear to occur in the absence 
of fulvestrant exposure, and then only in the presence of 
other activating ESR1 mutations. F404 has previously been 
predicted to form pi-stacking bonds with plant polyphenols 
identified in a screen of compounds as candidates with 
antiestrogenic properties (23). Similarly, structural analysis 

suggested that F404 forms a pi-stacking bond with an aro-
matic ring in both estradiol and fulvestrant. Consistent with 
these predictions, in vitro, the introduction of F404 muta-
tions resulted in lower levels of ERE activity compared with 
wild-type ESR1 (Fig.  3). Mutation of F404 would likely 
reduce ESR1 activity in the absence of other ESR1 muta-
tions, which may have a deleterious effect on tumor growth, 
explaining the lack of F404 mutations observed without 
prior acquisition of an activating ESR1 mutation. Com-
pound F404 mutations resulted in profound resistance to 
fulvestrant, with single F404-mutant models showing more 
limited fulvestrant resistance. It is likely that the effect of 
ESR1-activating mutations on the ligand binding pocket, 
combined with the loss of the pi-stacking bond, results in 
an impairment of fulvestrant affinity for the ligand binding 
pocket. In silico analysis of binding energies was consistent 
with this hypothesis, although formal in vitro studies in 
the future would be required to assess this (Supplementary 
Table S1), with the alternative hypothesis being that F404X 
mutations do not affect the binding of fulvestrant, but affect 
the conformational change induced by fulvestrant binding. 
Interesting in silico analysis predicted that binding energies 
of novel SERDs were not affected by, or even promoted by, 
F404 mutations, and consistent with this the efficacy of 
novel SERDs, was unaffected by mutations in F404, provid-
ing a therapeutic option to circumvent this mechanism of 
resistance. Investigation of a wider range of SERDs/SERMs 
is required to confirm whether this resistance mutation is, 
as is currently suggested, specific to fulvestrant. This endo-
crine therapy resistance mechanism is unique in leading to 
reactivation of the estrogen receptor itself, in contrast to 
other mechanisms such as inactivating NF1 and ARID1A 
mutations (24, 25), emphasizing the need to identify whether 
further drug-specific mutations may limit the efficacy of oral 
ER degraders in clinical development.

Figure 6. (Continued) F, MCF7 cells were cotransfected with the indicated ESR1 expression constructs ERE-luciferase reporter and control construct. 
Cells were treated with indicated concentrations of fulvestrant, elacestrant, camizestrant, 4OH tamoxifen, and giredestrant in the presence of 1 nmol/L 
estradiol for 24 hours, and ERE-luciferase activity was assessed. Two-way repeated-measures ANOVA with Sidak multiple comparisons test, n = 3 mean 
with SD; *, P < 0.05.
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Interestingly, our results predict that although F404 com-
pound mutations promote growth in the presence of fulves-
trant, this conditional advantage may come at the cost of 
reduced fitness in the absence of fulvestrant, as F404 muta-
tions may reduce ER signaling in the absence of fulvestrant 
and therefore come at the cost of impaired clonal growth 
once fulvestrant is withdrawn (Supplementary Fig. S5). This 
suggests that for patients with resistance to fulvestrant gen-
erated by F404 mutations, there may be the possibility of 
rechallenging with fulvestrant after a treatment break, as 
has been seen rechallenging with cetuximab in patients who 
KRAS mutations in colorectal cancer (26).

Our study emphasizes the extent to which tumor genomes 
may evolve through fulvestrant therapy, with 25% of patients 
acquiring a potentially targetable driver mutation. Evidence 
suggests that ER-positive breast cancers may become sub-
stantially heterogeneous after progression on endocrine 
therapy and that heterogeneity presents a considerable chal-
lenge to subsequent treatment efficacy (20, 27, 28). The high 
incidence of mutation “acquisition” was largely driven by the 
gain of ESR1 mutations, and likely reflects clonal selection in 
cancer, while emphasizing the importance of ctDNA liquid 
biopsy testing to match treatment to current genomics (16). 
This heterogeneity may be more marked in ESR1-mutant can-
cer, as ESR1 mutations may co-occur with other mechanisms 
of genetic resistance, potentially reflecting cancers that are 
predisposed to acquiring genetic mechanisms of resistance 
(20, 28) Recently, the acquisition of secondary mutations in 
cis with hotspot driver mutations in PIK3CA were described 
(29), leading to increased signaling and tumor growth. 
PIK3CA double mutants were found to have increased sen-
sitivity to PI3K inhibitors (29). Similarly, we report double 
mutations in ESR1 where the primary mutation has been 
widely described (10, 18, 20, 28, 30), acquired in response to 
exposure to aromatase inhibitors (7). In contrast to PIK3CA 
double mutations that enhance PI3K signaling, the acquisi-
tion of F404 only provides a growth advantage in the context 
of exposure to fulvestrant.

In conclusion, we identify a novel ESR1 mutation at ERα 
F404, that when acquired in combination with an activating 
ESR1 mutation induces resistance to the widely used SERD 
fulvestrant. Mutations at this codon result in changes at F404 
to amino acid residues that lack an aromatic ring, disrupting 
the pi-stacking bond with both estradiol and fulvestrant. The 
resistance of F404 double mutants is specific to fulvestrant 
and can be overcome by the use of alternate SERDs, suggest-
ing a route to overcome therapeutic resistance in the clinic. 
Mutations in the estrogen receptor can confer resistance to 
ER-binding drugs, without promoting ER activity, identify-
ing a new mechanism through which the cancer can become 
resistant to hormonal therapies.

METHODS
Patient Enrollment into plasmaMATCH and Blood Sampling

The plasmaMATCH trial (NCT03182634) was co-sponsored by the 
Institute of Cancer Research and the Royal Marsden National Health 
Service (NHS) Foundation Trust, London, UK, and approved by a 
Research Ethics Committee (16/SC/0271), as previously reported 
(16). Baseline ctDNA testing was conducted with droplet digital PCR 

(ddPCR), and from partway through the trial with targeted sequenc-
ing in parallel to ddPCR. For patients enrolled prior to prospective 
targeted sequencing, a banked pretreatment plasma sample was ret-
rospectively sequenced. An additional plasma sample taken at disease 
progression was also subject to targeted sequencing.

For the baseline ctDNA test, 30 to 40 mL of blood was collected 
in 3 to 4 10 mL cell-free DNA BCT Streck tubes. 30 mL of blood was 
shipped at ambient temperature to a central laboratory (Centre for 
Molecular Pathology, Royal Marsden Hospital) for ddPCR testing 
and retrospective targeted sequencing. In addition, from partway 
through the trial 10 mL blood was shipped to Guardant Health for 
targeted sequencing. An additional sample was collected at cycle 1 
day 1, and end-of-treatment sample in 2  ×  10 mL BD Vacutainer 
EDTA tubes, centrifuged within 1 hour of collection, for retrospec-
tive targeted sequencing.

Computer Modeling of Estrogen Pi-Stacking with ER
Models of estrogen ligand A-ring pi-stacking with F404 in the 

ligand binding pocket of ERα were generated as follows: There is no 
crystal structure for fulvestrant bound to ERα; the only related crys-
tal structure is for ICI 164,384, a close fulvestrant analogue, in the 
other ER subtype, ERβ (PDB ID 1HJ1). Therefore, we removed the ICI 
164,384 ligand from this structure, modified the side chain to match 
that of fulvestrant, and modeled it into the ERα crystal structure 
for the antiestrogen Bazedoxifene after removing the Bazedoxifene 
ligand (PDB ID 6PSJ); the fitting was done using Schrödinger Glide 
(https://www.schrodinger.com/products/glide). The estradiol struc-
ture in ERα is from PDB ID 3UUD.

ctDNA Testing and Analysis
ctDNA targeted sequencing was conducted with Guardant360 that 

identifies single-nucleotide variants, indels, copy-number alterations, 
and fusions within protein-coding regions of 73 (version 2.10) or 74 
genes (version 2.11), as previously described (28, 31).

Variants from Guardant 360 were annotated with VEP version 96 
(32). Germline calls were identified by Guardant360 with additional 
calls (identified based on a combination of VAF frequency around 
50% ± 2% and VAF in the general population in the Genome Aggrega-
tion Database >0.001%) excluded. To identify pathogenic mutations, 
variants were annotated with OncoKB (33) and CancerHotspots (34). 
Mutations were classified as pathogenic based on Cancer Hotspots 
or OncoKB annotations or recurrent mutations in key breast cancer 
genes (ESR1, HER2, PIK3CA, EGFR, RB1, and FGFR2) or splicing 
mutations. All analyses presented are based on mutations assessed as 
likely pathogenic. Targetability was assigned using OncoKB annota-
tion, a manually curated database of alterations (33).

Cell Lines
MCF7 cell lines were obtained from ATCC and cultured in phenol-

free RPMI media (32404-014, Life Technologies) supplemented with 
10% dextran/charcoal-stripped FBS (12676029, Life Technologies), 
1 nmol/L oestradiol (Sigma), glutamine (25030149, Life Technolo-
gies), penicillin and streptomycin (15140-122, Life Technologies). 
Cell lines were banked in multiple aliquots on receipt to reduce the 
risk of phenotypic drift and identity confirmed by STR profiling with 
the PowerPlex 1.2 System (Promega). Cell cultures were routinely 
tested for the presence of Mycoplasma using the MycoAlert Detection 
kit (LT07-318 Lonza).

Antibodies and Drugs
Antibodies used were ERα (sc543, Santa Cruz Biotechnology), 

PGR (8757, Cell Signaling Technology), TFF1 (15571, Cell Signaling 
Technology), and β-actin (A5441 Sigma). Secondary antibodies used 
were α-rabbit-HRP (7074) and α-mouse-HRP (7076, Cell Signaling 
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Technology). Fulvestrant (S1191), 4OH-tamoxifen (S7827), and cam-
izestrant (S8958) were obtained from Selleck Chemicals. Elaces-
trant (HY-19822A) and giredestrant (HY-109176) were obtained 
from MedChemExpress.

Generation and Analysis of ESR1-Mutant CRISPR Models
MCF7 cells were subjected to CRISPR-Cas9 genome editing with 

HDR using Integrated DNA Technologies (IDT) Alt-R CRISPR-Cas9 
system according to the manufacturer’s guidelines. Briefly, the day 
before transfection 250,000 cells were plated per well of a 6-well plate 
in antibiotic-free media containing HDR enhancer V2 (2 μmol/L, 
10007910 IDT). crRNA and HDR templates were designed using 
IDT’s Alt-R CRISPR HRD design tool (https://eu.idtdna.com/pages/
tools/alt-r-crispr-hdr-design-tool; Supplementary Table  S2). gRNA 
complexes (1 μmol/L) were prepared by hybridization of targeting 
crRNA with tracrRNA-ATTO555 (1075928, IDT). Ribonucleoprotein 
(RNP) complexes were prepared by addition of gRNA complexes, 
Cas9 (1081060 IDT), HDR template, Cas9 PLUS reagent (Thermo 
Fisher Scientific), and OptiMEM (31985062, Thermo Fisher Scien-
tific), and incubated for 5 minutes at room temperature. Transfec-
tion mixes were prepared using RNP complexes with Lipofectamine 
CRISPMAX (CMAX00008, Thermo Fisher Scientific) and incubated 
for 20 minutes at room temperature. Transfection mixes were added 
to preseeded cells in 6-well plates and incubated overnight. Forty-
eight hours after transfection cells were spilled into 10-cm dishes and 
cells cultured until colonies had established. gDNA was extracted 
from the transfection pool using QuickExtract DNA Extraction 
Solution (QE09050 Lucigen), and CRISPR editing was assessed using 
Alt-R Genome Editing Detection kit (1075932 IDT). After approxi-
mately 2 weeks individual colonies were picked into 96-well plates 
and expanded. gDNA was extracted from colonies using QuickEx-
tract DNA Extraction Solution (QE09050 Lucigen), subjected to 
PCR (primer details in Supplementary Table  S1), PCR products 
isolated (QIAquick PCR purification kit, 28104 Qiagen) and screened 
for presence of targeted mutations by Sanger sequencing (Azenta 
Life Sciences). Clones in which targeted mutations were identified 
were expanded.

To confirm mutant ESR1 variants were expressed by selected 
clones, RNA was extracted using RNeasy Mini Kit (74104, Qia-
gen), cDNA prepared using SuperScript IV first-strand synthesis kit 
(18091050, Thermo Fisher Scientific), and amplified using AllTaq 
PCR Core Kit (203123, Qiagen; primer details in Supplementary 
Table  S1). As described, PCR products were isolated and screened 
for the presence of targeted mutations by Sanger sequencing (Azenta 
Life Sciences).

Fulvestrant Screen of ESR1-Mutant Expressing MCF7 Cells
A series of expression constructs with ESR1 point mutations was 

generated in the pcDNA3.1 HA-ERα (17). Transfections of MCF7 
cells using HA-tagged wild-type or mutant ERα, with 3 × -ERE-TATA-
Luciferase reporter and pRL-TK-Renilla luciferase plasmid (Promega) 
using Lipofectamine 2000 (Life Technologies) were done according to 
the methods of Toy and colleagues (17). Cells were exposed to fulves-
trant at indicated concentrations 1 day after transfection for 24 hours, 
and luciferase activities were determined using the Dual Luciferase 
Reporter Assay System (E2920, Promega) according to the manufac-
turer’s instructions. Luciferase bioluminescence measurements were 
performed with the Veritas Microplate Luminometer (Promega).

ERE Assays with Transient Transfection
pcDNA3.1+/C-DYK plasmids, with the open reading frame of 

ESR1 (NM_000125.4) with and without point mutations (estrogen 
receptor constructs, ERCs; Supplementary Table S2), were purchased 
from GenScript (The Netherlands). Sanger sequencing was used to 
confirm the presence of the desired mutations within the custom 

insert. MCF-7 cells were seeded in 6-well plates with 250,000 cells 
per well in antibiotic-free media, the following day transfected using 
Fugene 6 (Promega) with the ERC, a plasmid expressing an estrogen 
response element with firefly luciferase (ERE-luciferase; ref. 35) and 
pRL-CMV (Renilla luciferase control, Promega). 24 hours after trans-
fection, experimental conditions were applied for a further 24 hours, 
and firefly luciferase (ERE activity) and Renilla luciferase using the 
Dual-Glo Luciferase Assay System (E2920, Promega) following the 
manufacturer’s instructions measured with a VICTOR X3 MultiLab. 
Experiments were repeated a minimum of 3 times.

In Vitro Viability Assessment
Colony formation assays were conducted in 6-well plates, seeded 

with 10,000 cells/well prior to exposure to the indicated experimental 
conditions. Plates were fixed with tricyclic acid (10%v/v), stained with 
sulforhodamine B (SRB; S1402, Sigma; 0.37% w/v, in 1% acetic acid), 
and colonies were counted using a GelCOUNT instrument (Oxford 
Technologies). For short-term survival assays, 700 cells/well were 
plated in 384-well plates and exposed to indicated drugs. Survival was 
assessed after 6 days of treatment using the CellTiter-Glo cell viability 
assay (G7572, Promega).

Western Blotting
Cells were lysed in NP40 lysis buffer (1% v/v NP40, 10 mmol/L 

Tris–Cl pH8, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT) 
supplemented with protease/phosphatase inhibitor cocktail (5872, 
Cell Signaling Technologies). Western blots were carried out with 
precast Bis-Tris gels (Life Technologies).

RNA-Seq Expression Analysis
ESR1-mutant models and controls were treated with 1 nmol/L 

estradiol ± 1 μmol/L fulvestrant for 24 hours (9 models with estradiol 
treatment, 7 of which also had fulvestrant treatment, n = 3), cells har-
vested, and RNA extracted using RNeasy Mini Kit (74104, Qiagen). 
Each cell model was treated in 3 independent experiments.

Forty-eight total RNA samples were sent to Novogene (UK) Com-
pany Ltd and subjected to Eukaryotic mRNA-Seq (Illumina Novaseq 
PE150, Q30 ≥80%). Sequencing data for 48 RNA samples for 9 mod-
els using bcbio-nextgen,1.2.4 pipeline, reads were aligned using STAR 
with version STAR 2.6.1d, counted using salmon, 1.4.0. The data 
were divided into two parts with respect to treatment with 1 nmol/L 
estradiol and 1 μmol/L fulvestrant as EST and FUL. The data were 
normalized using DEseq2 version “1.38.3.” DESeq2 was also used to 
determine differentially expressed genes between different models of 
single mutants (404_D10, 538_D6C) versus control (MCF7), single 
mutants (404_D10, 538_D6C) versus wt_D11 and double mutants 
(538_404, 404_538) versus single mutants (538_D6C, 404_D10) 
using shrunken log2 fold changes in EST and FUL data, respectively. 
Heatmaps were generated using pheatmap package version “1.0.12” 
and ggplots “3.4.2” R package. GSEA was carried out using Molecular 
Signatures Database “Hallmarks” gene set collection using package 
fgsea “1.24.0” and clusterProfiler “4.6.2” R packages.

Statistical Analyses
Statistical analysis was carried out using R version 4.0.5 and Graph-

Pad Prism v8.4.3. Time-to-event survival data were analyzed with a log-
rank test, and hazard ratios were calculated with Cox regression. Plots 
were created using GraphPad Prism v8.4.3 and the R software packages 
ggplot2 and survminer.

Data Availability Statement
The processed plasmaMATCH Guardant360 sequencing data 

generated and analyzed during the current study are available as 
part of Kingston and colleagues (28). We do not have permission 
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from the patients to publicly deposit the raw sequencing data. To 
protect the privacy and confidentiality of patients in this study, 
clinical data are also not made publicly available. The data can be 
obtained by submitting a formal data access request in accord-
ance with the Institute of Cancer Research Clinical Trials and 
Statistics Unit (ICR-CTSU) data and sample access policy. Requests 
are to be made via a standard proforma describing the nature of 
the proposed research and the extent of data requirements which 
is reviewed by the trial management group. Data recipients are 
required to enter a formal data-sharing agreement, which describes 
the conditions for data release and requirements for data trans-
fer, storage, archiving, publication, and intellectual property. Trial 
documentation including the protocol is available on request by 
contacting plasmamatch-icrctsu@icr.ac.uk.
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