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Abstract

Background Metastatic breast cancer (MBC) remains a major clinical challenge, particularly in estrogen receptor a
(ERa)-positive patients who develop resistance to endocrine therapy (ET). While hotspot mutations such as Y5375

in the ligand-binding domain (LBD) are well-characterized drivers of resistance, other ERa variants remain poorly
studied. Understanding the molecular mechanisms underlying resistance in these variants is crucial for identifying
novel therapeutic strategies. Here, we investigated the functional role of the L370F and E471D ERa variants, which are
spatially close in the ERa structure.

Methods Stable overexpressing HEK293 cells and CRISPR/CAS9 engineered MCF-7 cells were generated and treated
with 173-estradiol (E2), fulvestrant (Ful) and all-trans retinoic acid (ATRA) to measure ERa stability, transcriptional
activity and gene expression analyses using different cellular assays and RNASeq techniques. Direct in vitro
measurement of ligand binding affinity to ERa were performed using the purified full-length wild type (wt) as well
as L370F and Y537S ERa. In silico structural simulations were also performed to predict the structure of the mutated
L370F ERa. Senescence analyses of MCF-7 and Y537S MCF-7 cells were performed using direct measurement
B-galactosidase activity in vitro and in cell lines.

Results The L370F variant conferred resistance to Ful in terms of in vitro ERa binding, ERa transcriptional activity,
receptor degradation and cell proliferation by modifying the folding of the receptor structure. Furthermore, L370F-
expressing cells exhibited a hyperactive response to low doses of E2 and basally upregulated late estrogen responsive
genes. Additionally, we found that both L370F and Y5375 ERa variants displayed increased RARa expression, rendering
them highly sensitive to ATRA. Notably, ATRA killed L370F-expressing cells and induced senescence in Y5375-
expressing cells, highlighting mutation-specific responses.

Conclusions Our findings expand the understanding of ERa mutations beyond known hotspots, identifying L370F
as a novel mutation contributing to ET resistance and further indicate the necessity to characterize all the less-studied
ERa variants found in MBC. Furthermore, we demonstrate that ATRA selectively targets MBC cells harboring L370F
and Y537S mutations, suggesting its potential as a mutation-specific therapeutic agent. These results support further
investigation of ATRA in clinical settings to improve treatment strategies for ERa-mutant MBC.
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Background

Breast cancer (BC) is the deadliest tumor type for
women. Approximately 70% of BC cases express the
estrogen receptor o (ERa), and patients with this form of
the disease are effectively treated with endocrine therapy
(ET) drugs (e.g., aromatase inhibitors - Als, selective ER
modulators — SERMs, and selective ER down-modulators
— SERDs). However, 20-40% of these patients experience
relapse and develop metastatic BC (MBC), which is resis-
tant to the classic ET drugs (e.g., Als; 4OH-tamoxifen
— Tam) and is largely incurable [1]. BC cells can acquire
resistance to ET drugs through multiple molecular
mechanisms. Interestingly, in approximately 50% of ERa-
expressing MBCs, ERa point mutations emerge and lead
to a hyperactive ERa (e.g., Y537S), conferring specific
proliferative advantages and mediating resistance to ET
drugs [1].

The actual clinical strategies for MBC currently involve
treating patients either with the second-line therapy drug
fulvestrant (Ful), a SERD inducing ERa degradation, or
with targeted agents (e.g., the CDK4/6 inhibitors palbo-
ciclib, ribociclib, or abemaciclib), which can be adminis-
tered in combination with ET drugs [1].

Recently, novel antiestrogen drugs that bind either
non-covalently or covalently to the Y537S ERa mutation,
induce its degradation and block its hyperactive pheno-
type (e.g., the SERDs such as AZD9833, camizestrant;
RAD-1901, elacestrant; GDC-9545, giredestrant; GDC-
0927; the selective ERa covalent antagonists — SERCAs,
H3B-5942; proteolysis targeting chimerics — PROTACS,
such as ARV-471; complete estrogen receptor antagonists
— CERANsS, such as OP-1250), are currently undergoing
clinical trials or have been recently approved (i.e., RAD-
1901, elacestrant; LY3484356, imlunestrant;) [1-10].

In addition, we have demonstrated that ‘antiestrogen-
like’ activities can be found in Food and Drug Adminis-
tration (FDA) approved drugs that do not directly bind
to ERa but determine its degradation. In particular, we
have reported that cardiac glycosides, antivirals, and
Chk1 inhibitors induce the degradation of the Y537S ERa
variant, block its hyperactive phenotype, and prevent the
proliferation of MBC cells expressing it when adminis-
tered alone or in combination with either ET drugs or
with CDK4/6 inhibitors [11-14]. Thus, a broad range of
drugs could be used for the clinical treatment of MBC
expressing the Y537S ERa [1].

To date, ~ 50 ERa point mutations have been iden-
tified in MBC patients and annotated in the free on
line Cosmic and cBioPortal databases [15], all of which
reduce their survival rates [15]. The most frequent and

best-characterized variants map in one hotspot region
within the receptor ligand-binding domain (LBD) (e.g.,
Y537S) [15]. However, many ERa variants fall outside this
hotspot region and have been so far neglected. Recently,
the initial characterization of some of them (V422del,
G442R, F461V, S463P, L469V [16], and F404L/1/V [17])
revealed another hotspot within the LBD [16] and indi-
cated that distinct mechanisms underlying uncontrolled
proliferation [16] or resistance to ET drugs [17] can be
operative in MBC.

In this study, we investigated the L370F and E471D
ERa variants because we observed that, among the
receptor point mutations found in MBC located within
the LBD and annotated in the COSMIC and cBioPortal
databases [15], the side chains of residues L370, laying on
helix 4 (H4) and E471, laying within helix H10 [18] are
facing each other in the LDB structure (Fig. 1A, yellow
residues). Due to this spatial configuration, we hypoth-
esized that they could represent a novel 3D-hotspot and,
in turn, their single mutations in MBC could provide
specific selective advantages to tumor cells (the double
L370F/E471D mutation has not been identified in MBC
patients).

Consistently, specific ERa cellular assays demonstrated
that the L370F ERa variant is resistant to high doses of
Ful and leads to a hyperactive response to low doses of
17B-estradiol (E2). Additionally, both the L370F and
Y537S ERa variants exhibit high expression levels of reti-
noic acid receptor o (RARa) and all-trans retinoic acid
(ATRA) induces cell death in the presence of the L370F
ERa mutant and senescence in the presence of the Y537S
ERa mutant.

These data establish that the L370F ERa variants confer
distinct properties to MBC cells, highlighting ATRA as a
potential ERa-variant-specific therapeutic agent for MBC
driven by ERa function.

Materials and methods

Cell culture and reagents

HEK293 and MCEF-7 cell lines were obtained from
ATCC (USA), and all other cell lines used in this study
were derived from these parental lines. Cells were main-
tained following the manufacturer’s recommendations.
The following reagents and antibodies were employed:
17p-estradiol (E2), DMEM (with or without phenol red),
fetal calf serum, and charcoal-stripped fetal calf serum
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The Bradford protein quantification kit and HRP-
conjugated secondary antibodies (anti-mouse and anti-
rabbit) were obtained from Bio-Rad (Hercules, CA, USA).
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Fig. 1 Characterization of the fulvestrant effect in stable L370F and E471D
ERa variants expressing HEK293 cells. A Structure of the wild type (wt) ERa
ligand binding domain (pdb code: 1A52 [19]) where the L370 and E471
residues are highlighted in yellow. B-D Dose-response of ERa transcrip-
tional activity have been performed in HEK293 cells stably expressing both
the estrogen responsive element nanoluciferase (ERE-NLuc) reporter con-
struct and the expression vectors encoding for the indicated ERa variants.
Each dot represents the -Log, transformation of the inhibitory concentra-
tion 50 (ICsp) of the Ful effect in each cell line. Dotted lines indicate the
two Ful ICy, obtained in the same experiment in which each condition
was tested in triplicate. * indicates the significant differences calculated
using the Student’s t-test (p < 0.05). E Western blot and (E’ and E”) rela-
tive densitometric analyses of ERa levels in HEK293 cells stably expressing
both the ERE-NLuc reporter construct and the expression vectors encod-
ing for the indicated ERa variants treated for 24 h with the indicated doses
of fulvestrant (Ful). Each experiment was performed at least in triplicate
and significant differences in the effect of Ful between the wt and mutant
ERa expressing HEK293 cells were calculated using the Student’s t-test
(* indicates p < 0.05). F Dose-response of ERa transcriptional activity in
HEK293 cells stably expressing both the ERE-NLuc reporter construct and
the expression vectors encoding for the wt and L370F ERa treated with the
indicated doses of 17B-estradiol (E2). Experiments were performed three
times, and each condition was tested in triplicate

Primary antibodies against ERa (F-10, mouse), RAR«a
(C-1, mouse), ASCL1 (D-7, mouse), CALCR (CT-R, 2F7,
mouse), FABP5 (E-FABP, C-20, rabbit), and Caveolin-1
(N-20, rabbit) were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Additional antibodies
included anti-phospho ERa (Ser118, mouse), anti-phos-
pho H2AX (rabbit), anti-PARP (rabbit), and anti-FASN
(rabbit) from Cell Signaling Technology (USA). Anti-
flag M2 (mouse), anti-vinculin (mouse) and anti-tubulin
(mouse) antibodies were obtained from Sigma-Aldrich.
Western blot chemiluminescence detection reagents
were purchased from Bio-Rad. The following compounds
were used in selected experiments: all-trans retinoic
acid (ATRA), digoxin (Digo) and bafilomycin Al from
Sigma-Aldrich; fulvestrant (Ful), 4OH-tamoxifen (Tam),
disulfiram, necrostatin, and ferrostatin from Selleck
Chemicals (USA). The ERa Green Competitor Assay
Kit (PolarScreen™, A15882) was obtained from Thermo
Scientific. All other reagents were from Sigma-Aldrich
and used without further purification, unless otherwise
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specified. Cell line authentication was confirmed by STR
profiling performed by BMR Genomics (Italy).

ERa mutant CRISPR/CAS9 MCF-7 cell models

In this work we generated MCEF-7 L370F cells using
CRISPR/Cas9 technology employing an outsourced
service (Cogentech in 2021). A clone (clone 3-78) was
obtained with two correctly modified alleles (HDR alleles
carrying the G/C mutation, which converts the TTG (L)
codon into TTC (F), along with three synonymous muta-
tions) and one allele with a single-nucleotide insertion,
resulting in a frameshift and a premature stop codon
immediately after the insertion. Details of the procedure
are available upon request. CRISPR/Cas9 MCEF-7 L370F
cells were derived from parental MCF-7 commercially
available purchased by ATCC (USA). We refer to these
control cells as parental MCEF-7 cells throughout the text.
CRISPR/Cas9 Y537S MCE-7 cells were received from
[20].

Cell manipulation for Western blot analyses

Cell manipulation, Western blotting Image acquisition
and consequent manipulations including band quanti-
tation have been described in detail in [21]. For studies
of ERa and RARa interaction, stable HEK293 cell lines
expressing HA- and His-tagged wild-type, L370F, and
Y537S ERa were transiently transfected with the pcDNA
plasmid encoding flag-tagged RARa (Addgene, USA) [22]
using Lipofectamine 3000™ according to the manufac-
turer’s instructions. Forty-eight hours after transfection,
cells were lysed as described in [21], and 500 pg of pro-
teins were incubated with Ni-beads (Thermo Scientific)
for 1 h at 4 °C. After extensive washing with lysis buffer,
proteins were eluted by boiling the resin for 5 min and
then loaded onto a 7.5% SDS-PAGE gel. Western blotting
was performed as described in [21].

Small interference RNA

For the small interference RNA (siRNA) experiments,
cells were transfected with esiRNA [obtained from
Sigma-Aldrich (St. Louis, MO, USA)] targeting the spe-
cific proteins of interest. The transfection procedure was
conducted using Lipofectamine RNAi Max (Thermo
Fisher), following established protocols described in [23].

Cell proliferation assays

The xCELLigence DP system (ACEA Biosciences, Inc.,
San Diego, CA) Multi-E-Plate station was utilized to
measure the time-dependent response to the specified
drugs by real-time cell analysis (RTCA), following previ-
ously reported protocols [21]. Synergy studies were con-
ducted using Crystal Violet staining, as described in [21]
at the time point where the control cells (i.e., untreated)
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reached the confluency. The synergy was subsequently
calculated using Combenefit freeware software [14].

Measurement of the cellular area

Following the indicated stimulation, phase-contrast
images of MCEF-7, L370F, and Y537S cells were ran-
domly acquired using a ZEISS Axio Vert.Al FL-LED
fluorescence microscope (20x objective, 1x zoom) (Zeiss,
Oberkochen, Germany). For cell area analysis, images
were loaded into the FIJI distribution of the Image] pro-
gram in their native format. Prior to analysis, brightness
and contrast were adjusted using the “Brightness/Con-
trast” tool in FIJI to ensure optimal definition of the cell
profile. Cellular contours were manually traced using the
“Freehand Selection” tool to define the Region of Interest
(ROI). Multiple ROIs were then selected from the ROI
Manager, and the “Measure” tool under the “Analyze”
menu was applied with the measurement parameter set
to “Area’; representing the surface area of the selected
ROIs. The obtained values were reported as indicative of
cell area in um?.

Measurement of Annexin V/Necrosis and caspase activity
For the measurement of Annexin V and necrosis, Real-
Time-Glo™ Annexin V Apoptosis and Necrosis assay
(Promega, Madison, MA, USA) was used according
to manufacturer’s instruction. Briefly, 4,000 cells were
plated in 96 well plates and treated with ATRA over the
experimental period (72 h). Annexin V exposure and
Necrosis activation were detected using a Tecan Spark
Elisa reader by measuring luminescence and fluores-
cence, respectively. For the measurement of caspase 3/7,
caspase 8 and caspase 9 activity, Caspase-Glo® Assay Sys-
tems (Promega, Madison, MA, USA) were used accord-
ing to manufacturer’s instruction. Briefly, 10,000 cells
were plated in 96 well plates and treated with ATRA over
the experimental period and luminescence was detected
using a Tecan Spark Elisa reader.

Generation of stable cell lines and measurement of ERa
and RARa transcriptional activity

The generation of HEK293 cells stably transfected with
a reporter gene containing an estrogen response ele-
ment (ERE) controlling the expression of nanoluciferase
(NLuc)-PEST was done using the selection methods and
the reagents described in [24, 25]. These cell lines were
then transfected with the pcDNA His HA wild type (wt),
L370F and Y537S ERa and selected using neomycin. To
generate the pcDNA His HA wt, and Y537S ERa, the
pcDNA-HA-ERa [26] and the pcDNA-HA-Y537S ERa
[26] were purchased from Addgene (USA) and digested
with BamHI and Apal to excide the receptor ORFs. The
fragments were ligated into pcDNA His vector sites. To
generate the pcDNA His HA L370F ERa, site-directed
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mutagenesis was performed on the pcDNA His HA
ERa using the following forward 5’-gtgccaggctttgtg-
gattttaccctccatgatcaggtccaccttc-3° and reverse 5’-cacg-
gtccgaaacacctaaaatgggaggtactagtccaggtggaag-3’°  primers
and using the QuickChange Lightning kit from Agilent
(Santa Clara, CA, USA). All the resulting plasmids were
sequence verified.

The generation of L370F MCE-7 cells stably trans-
fected with a reporter gene containing the ERE sequence
controlling the expression of NLuc-PEST was done using
the selection methods and the reagents described in
[24, 25]. This cell line together with the corresponding
parental and Y537S MCF-7 ERE-NLuc cells were used
to measure the ERa transcriptional activity as previously
reported [24, 25].

To generate the parental, L370F and Y537S MCEF-7
cells stably expressing a reporter gene containing an
retinoic acid response element (RARE) controlling the
expression of NLuc-PEST, the plasmid pGL2Basic_Neo_
RARE-NLuc-PEST was transfected and the cell lines
were selected as previously reported [24, 25]. To gener-
ate the plasmid pGL2Basic_Neo_RARE-NLuc-PEST, the
RARE cassette was Kpnl and HindIII excised from the
pGL3-RARE-luciferase [27] purchased from Addgene
(USA) and ligated into the corresponding restriction sites
in the pGL2Basic_Neo_NLuc-PEST [24, 25].

Gene arrays and RNASeq analyses

Gene arrays analyses were conducted as described in
[21]. RNASeq and the relative initial data analyses were
performed by Novogene (Cambridge, UK) as an out-
sourced service. Briefly, three replicates of sub-conflu-
ent growing parental, L370F and Y537S MCE-7 cells
were pelleted, and sent in dry ice for analysis to Novo-
gene, which performed RNA extraction, quality con-
trol, mRNA library preparation (polyA enrichment) and
sequencing using the NovaSeq X Plus Series (PE150) (6G
raw data per sample) following by standard analysis (i.e.,
data quality control and data filtering, mapping to refer-
ence genome, gene expression quantitation and correla-
tion analysis, differential expression analysis, enrichment
analysis of differential expressed genes, GSEA enrich-
ment analysis of expressed genes, protein-protein inter-
action analysis of differential expressed genes, oncogene
functional annotation of differential expressed genes,
alternative splicing quantification and differential analy-
sis, SNP/InDel analysis and fusion gene analysis).

Full-length ERa purification from Expi293F cells
To generate the plasmid pcDNA 3.1_ ERa_TEV_
TWIN STREP TAG, the TEV_TWIN STREP

TAG was PCR amplified from the pcDNA3.1
GIL-11 myc TEV TwinStrep [28] purchased from
Addgene (USA) wusing the following forward



Cipolletti et al. Cell Communication and Signaling (2026) 24:83
5’-cggggtacccegagegegtggagecatecgeagt-3°  and  reverse
5’-cgcggatcegegtttttcaaactgeggatgget-3’°  primers.  The

fragment was EcoRI and Xhol digested and subcloned
in pcDNA 3.1 to obtain the pcDNA 3.1_TEV_TWIN
STREP TAG. Wild type , L370F and Y537S ERa were
PCR amplified using pcDNA His HA wt, L370F and
Y537S ERa plasmids as templates and the following for-
ward 5’-cgcggatccgegatgaccatgaccctccacaccaaageatct-3’
and reverse 5’-ccggaattccgggaccgtggcagggaaaccctce-3’
primers. The resulting fragments were BamHI and EcoRI
digested and subcloned into the corresponding restric-
tion sites in the pcDNA 3.1_TEV_TWIN STREP TAG.
The plasmids were then sequence-verified.

Transfection of the pcDNA 3.1_ ERa_TEV_TWIN
STREP TAG encoding for the wt, L370 and Y537S recep-
tor fused in frame with the TWIN STREP TAG (Molecu-
lar weight = 70,7 KDa, corresponding to 66,0 KDa of the
ERa and 4,7 KDa of the TWIN STREP TAG) was con-
ducted in Expi293F cells and performed by the National
Facilities at the Human Technopole (Milan, Italy) as a
service. Access to the Biomass Production Unit service
@ the Human Technopole (Milan, Italy) was granted
following a competitive selection procedure (Project ID
1771263). Expi293F cells were transfected at a density
of 2-3 x 10° cells/ml using a modified PEI (polyethyl-
enimine) protocol, with 1.1 mg of plasmid DNA and 3
mg of PEI per each liter of cell culture. A total of 10 L of
Expi293F cells for each construct was transfected. After
transfection cells have been grown in a Multitron shaker
(Infors HT, Bottmingen, Switzerland) for additional 72 h.
The cell suspension was divided into aliquots of 500 ml
and then centrifuged at 1000 rcf, at 4 °C, for 10 min. The
500 ml cell pellets were then washed with PBS, the cen-
trifugation was repeated and the supernatant discarded.
The resulting pellets were stored at —80 °C until protein
purification (see below).

A pellet of 500 ml of Expi293F cells was resuspended
in 50 ml of the following lysis buffer 100 mM TrisHCI pH
8, 150 mM NaCl, 2% Triton X100, 10% Glycerol, ImM
EDTA, 10 mM MgCl,, 1 mM ATP, 2 mM DTT, 10 uM
Mg-132, 1mM PMSF and protease inhibitor cocktail and
left on ice for 10 min. The volume was then centrifuged
in 2 ml eppendorf tubes for 5 min at 4 °C at 10,000 rpm.
The supernatant was loaded three times on a 3 ml gravity
column Strep-Tactin®XT 4Flow® 50% suspension [IBA-
Lifescience (Gottingen, Germany)] packed o.n. at 4 °C.
After washing the column with > 50 ml of wash buffer
(100 mM TrisHCI pH 8, 150 mM NaCl, 1 mM EDTA) 14
fractions of 1 ml were eluted with 100 mM TrisHCl pH
8, 150 mM NaCl, 1 mM EDTA, 50 mM biotin. The eluate
was then concentrated in 50 KDa cut-off Amicon® Ultra
[obtained from Sigma-Aldrich (St. Louis, MO, USA)] up
to 500—-800 pl. The purity of the purified ERa was evalu-
ated by staining an SDS-PAGE gel with InstaBlue Protein
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Stain Solution (CliniScience, Italy). Receptor amount and
purity was calculated in reference to a standard curve
of bovine serum albumin (Supplementary Fig. 1A). The
final yield was in the pM range per each receptor.

In vitro ERa binding assay

The in vitro ERa binding assay employed a fluorescence
polarization (FP) method to assess the binding affinity
of 17B-estradiol (E2), and fulvestrant (Ful) with com-
mercially available recombinant ERa and the purified
full length wild type (wt), L370F and Y537S ERa-TWIN
STREP TAG purified from Expi293F cells as described
above. The FP assay was done as reported in [21]. Briefly,
measurement has been performed using different doses
of the test compounds in a final assay reaction that con-
tained the above described ERa (50 nM - Supplemen-
tary Fig. 1B) and fluomone ES2 (4.5 nM) in ERa binding
buffer (Thermo Scientific). Each sample was measured
in quadruplicate in black 384 multiwell plates and the
experiment was repeated twice. The assay was incubated
for 2 h in the dark at room temperature before reading on
a Tecan Spark Elisa reader. The calculation of the K; was
obtained from the apparent IC;, of the compound toward
each receptor by performing the calculation as described
in [29]. Briefly, we applied a modified Cheng-Prusoff
equation [30] [Ki = (apparent ICy5; * Kyruomoners2)/ [Fluo-
mone ES2] * ([Fluomone ES2] * Kpomoners2)] to take
into consideration the K, of the fluomone ES2 toward the
receptors (i.e., 18 nM) and the concentration of the flouo-
mone ES2 used in the assay.

Classical molecular dynamics simulations

Three different ERa systems were prepared, namely the
wild type , L370F, and E471D ERa with fulvestrant inside
the binding cavity. The L370F and E471D model systems
were prepared by mutating corresponding residues in the
wt variant. ERa structures were prepared based on the wt
ERa-fulvestrant complex from the study by Pavlin et al.
2018 [18].

500 ns-long simulations were performed for each sys-
tem using Amber20 code [31]. FF19SB force field was
used for the description of protein [32], which was placed
in the cubic simulation box solvated with up to ~ 37,000
TIP3P water molecules, making sure that the distance
between solute and edge of the box was at least 12 A.
For the description of fulvestrant same parameters as in
ref [18]. were used. Each system was energy minimized
by 20,000 steps using the steepest descent algorithm, fol-
lowed by 30,000 steps of conjugate gradient. This was fol-
lowed by the canonical NVT equilibration performed in
4 runs of 10,000 steps, with the constraints on the solute
gradually releasing (from 100 kcal mol™ A=2 in first run
to 60 kcal mol™! A2 and 30 kcal mol™ A2 in the sec-
ond and third run, respectively, while the fourth run was
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performed without constraints) and the system was grad-
ually heated to 293 K. Subsequently, NPT equilibration at
1 bar was carried out in two successive runs of 100,000
steps each. During the first run, the solute was restrained
with a force constant of 20 kcal mol™! A~2 and in the sec-
ond run the constraint was released. Production runs
were performed with periodic boundary conditions and
electrostatic interaction were considered using Particle
Mesh Ewald method [33] at 293 K and 1 bar by coupling
to the Langevin thermostat [34] and Berendsen barostat
[35]. In all simulations all bond lengths involving hydro-
gen atoms were constrained using SHAKE algorithm [36]
to achieve a time step of 2 fs.

Analyses (namely RMSD, hydrogen bond (H-bond)
analysis, clustering and cross correlation anaylsis) on the
equilibrated part of trajectories, from 200 to 500 ns, were
performed using AmberTools22 [37].

B-Galactosidase activity

[B-Galactosidase activity was assessed using the Beta-Glo®
assay system (Promega, Madison, MA, USA) following
the manufacturer’s guidelines. In brief, 2000 cells were
seeded in 96-well plates and treated at the designated
time point as specified. Luminescence was then read at
Tecan Spark Elisa reader. Each condition was tested in
triplicate. Replica plates were also used to normalize the
experiment for cell number by using Crystal Violet stain-
ing, as described above. Detection of activity at pH 6, a
known characteristic of senescent cells was performed
the Senescence B-galactosidase staining kit (Cell Signal-
ing, Technology Danvers, MA, USA) according to manu-
facturer’s instructions. The experiment was performed
twice triplicate.

Statistical analysis
Statistical analysis was conducted as detailed in been
described in detail in [20].

Results

Evaluation of the sensitivity to Ful and E2 of HEK293 cells
expressing L370F and E471D ERa variants

Since the ERa variants found in MBC are selected follow-
ing administration of first-line ET drugs such as Al and/
or Tam, MBC patients are typically treated with the sec-
ond-line ET drug Ful [1].

To investigate whether the L370F and E471D ER«
variants are resistant to this antiestrogen, we initially
generated isogenic pooled stable HEK293 cell lines (ERa-
negative cells) [38] co-expressing a reporter construct
containing the estrogen response element (ERE) regulat-
ing a nanoluciferase gene (ERE-NLuc) [24, 25, 39]. Addi-
tionally, we introduced expression vectors encoding the
L370F and E471D ERa variants fused with an N-terminal
double tag (HA and His tag). As controls, we generated
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isogenic pooled stable HEK293 cell lines expressing wild
type (wt) ERa and the hyperactive Y537S ERa mutant
[20].

Dose-response analyses were conducted to evaluate the
effectiveness of Ful in decreasing basal ERa transcrip-
tional activity. Cells were treated with varying doses of
Ful (10~ M to 10~ °M) for 24 h, and the relative inhibi-
tory concentration 50 (ICg,) was calculated. To evaluate
the sensitivity of each cell line (wt, L370F, E471D, and
Y537S ERa-expressing HEK293 cells) to Ful, the ICy,
values were mathematically transformed to -Log, and
plotted. As shown in Fig. 1B, HEK293 cells expressing
the Y537S ERa mutant exhibited significantly reduced
sensitivity to Ful, as expected [20]. Interestingly, while
HEK?293 cells expressing the E471D ERa mutant showed
similar sensitivity to Ful as the wt ERa-expressing cells
(Fig. 1D), the L370F ERa mutant cells displayed reduced
sensitivity to Ful’s inhibitory effect on receptor transcrip-
tional activity compared to wt ERa cells (Fig. 1C). These
data suggest that the L370F, but not the E471D ER«a
mutation, impairs Ful’s ability to inhibit receptor tran-
scriptional activity. Therefore, the E471D ERa mutant
was excluded from further analysis.

Next, we evaluated Ful’s capacity to induce ERa degra-
dation in HEK293 cells expressing wt, L370F, and Y537S
ERa mutants. Western blot (WB) analyses were con-
ducted after 24-hour treatments with varying doses of
Ful (10~ ®M to 10~ °M) and Ful-induced receptor degra-
dation in all cell lines was tested. As previously reported
[20], the Y537S mutation reduced Ful-induced recep-
tor degradation compared to wt ERa cells (Fig. 1E and
E’). Interestingly, in HEK293 cells expressing the L370F
mutant, higher doses of Ful (10~ ®M to 10~ °M) were less
effective in inducing receptor degradation as compared
to wt ERa containing cells (Fig. 1E and E”). These results
indicate that the L370F ERa mutation hinders Ful’s ability
to induce receptor degradation.

Similarly to the Y537S ERa mutant, many other point
mutations located within the LBD lead to constitutively
hyperactive ERa by causing structural changes that
mimic the E2-activated conformation [40]. We then
investigated the effect of E2 on the transcriptional activ-
ity of both wt and L370F ERa. HEK293 cells were treated
with varying doses of E2 (10™*M to 10~ 8M) for 24 h, and
transcriptional activity was measured. No significant dif-
ferences in basal transcriptional activity were detected
between wt and L370F receptors, and E2 induced a dose-
dependent increase in transcriptional activity in both cell
types (Fig. 1F). Nevertheless, at low doses of E2 (from
10~ "M to 10~ '°M), the L370F ERa exhibited enhanced
transcriptional activity as compared to its wt counter-
part (Fig. 1F). These findings suggest that the L370F ER«
mutation enhances the responsiveness of ERa to low
doses of E2, increasing receptor transcriptional activity.
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Evaluation of ful sensitivity in parental, L370F and Y573S
CRISPR/CAS9-engineered MCF-7 cells
Previous results suggest that the L370F variant found in
MBC may confer resistance to Ful treatment and pro-
mote hyperactivity in response to E2 in cells expressing
this mutation. Consequently, cells expressing the L370F
receptor mutation may evade the effects of ET drugs
while continuing to proliferate under the influence of E2.
To test this hypothesis, we generated a CRISPR/CAS9
knock-in L370F-mutated MCEF-7 cell line that exclu-
sively expresses the mutated receptor and studied them
together with parental MCEF-7 (i.e., commercially avail-
able MCF-7 cells) and Y537S MCF-7 cells (received from
[20]) (please see also Material and Method section).
Initial experiments were conducted to validate the
findings from stable HEK293 cells. The ability of Ful to
induce ERa degradation was assessed through WB analy-
sis in parental, L370F, and Y537S MCE-7 cells treated for
24 hours with varying doses of Ful (10™ *M to 10~ *M).
As shown in Fig. 2A and A} Ful induced dose-dependent
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Fig. 2 Characterization of the fulvestrant effect in CRISPR/CAS9 engi-
neered L370F MCF-7 cells. A Western blot and (A’) relative densitometric
analyses of ERa levels in parental and CRISPR/CAS9 engineered L370F and
Y537S MCF-7 cells treated for 24 h with the indicated doses of fulvestrant
(Ful). Each experiment was performed at least in triplicate and significant
differences in the effect of Ful between the parental and L370F ERa ex-
pressing MCF-7 cells (* indicates p < 0.05) and the Y537S MCF-7 cells (° indi-
cates p<0.05) were calculated using the Student’s t-test. B Dose-response
of ERa transcriptional activity in parental and CRISPR/CAS9 engineered
L370F and Y537S MCF-7 cells stably expressing the ERE-NLuc reporter
construct (ERE-NLuc) treated with the indicated doses of Ful. Experiments
were performed three times, and each condition was tested in triplicate.
Significant differences in the effect of Ful between the parental and L370F
ERa expressing ERE-NLuc MCF-7 cells (* indicates p<0.05) and the Y537S
ERE-NLuc MCF-7 cells (° indicates p <0.05) were calculated using the Stu-
dent’s t-test. C Growth curve analyses in parental and CRISPR/CAS9 en-
gineered L370F and Y537S MCF-7 cells treated with the indicated doses
of Ful. Experiments were performed using the xCelligence RTCA system.
Dose response curves were calculated at the maximum proliferation of
each cell line. The compound effect is the difference between the normal-
ized cell index (NCI) value in the treated samples and the NCl value in the
untreated samples (control, CTR) at the time point when cells reach the
maximal growth (i.e., confluency). Significant differences in the effect of
Ful between the parental and L370F ERa expressing MCF-7 cells (* indi-
cates p<0.05) and the Y537S MCF-7 cells (° indicates p < 0.05) were calcu-
lated using the Student’s t-test
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ERa degradation in all cell lines tested. As expected [20],
the ability of Ful to degrade ERa was reduced in Y537S
MCE-7 cells (Fig. 2A and A’). Notably, in L370F MCE-7
cells, high doses of Ful (10~ "M to 10~ °M) were less effec-
tive at inducing receptor degradation as compared to
parental MCEF-7 cells (Fig. 2A and A').

Next, we stably transfected the nanoluciferase reporter
construct (ERE-NLuc) into parental, L370F, and Y537S
MCE-7 cells to create cell lines for studying wt and ERa
variant transcriptional activity (i.e., MCF-7 ERE-NLuc
cells), as previously described [41]. In these cell lines,
dose-response analyses of Fuls ability to reduce basal
ERa transcriptional activity were performed by adminis-
tering varying doses of Ful (10” *M to 10~ °M) for 24 h.
As shown in Fig. 2B, the inhibitory effect of Ful on recep-
tor transcriptional activity was significantly reduced in
L370F and Y537S MCF-7 ERE-NLuc cells compared to
parental MCF-7 ERE-NLuc cells.

Growth curve analyses were performed in parental,
L370F, and Y537S MCEF-7 cells to evaluate the antiprolif-
erative effects of Ful. Each cell line was treated with dif-
ferent doses of Ful (10™ "M to 10~ °M), and the resulting
dose-dependent effect was measured at the time point
when the control for each cell line reached maximum
growth. Figure 2C shows that the antiproliferative effect
induced by Ful in parental MCEF-7 cells was significantly
diminished in L370F MCEF-7 cells, particularly at high
Ful doses, and was almost entirely abolished in Y537S
MCE-7 cells, as previously reported [20].

Overall, these data corroborate the results obtained
from stable HEK293 cells and demonstrate that the
L370F mutation in ERa confers resistance to Ful-induced
ERa degradation and reduces the inhibitory effect of
this ET drug on receptor transcriptional activity and cell
proliferation.

Evaluation of the proliferation rate of parental, L370F and
Y573S MCF-7 cells in the presence and absence of E2

Next, we studied the proliferation rate of parental, L370F,
and Y537S MCE-7 cells under normal growth conditions
(10% FBS) and in the presence of E2-deprived serum
(10% charcoal stripped (CS-FBS)) using the xCELLigence
apparatus.

Under normal growth conditions, parental MCE-7 cells
reached maximal growth later than both the L370F and
Y537S MCE-7 cells (Fig. 3A), with Y537S MCE-7 cells
exhibiting the fastest growth rate, as previously reported
[20, 42]. Accordingly, L370F and Y537S MCE-7 cells dis-
played a significantly shorter doubling time compared
to parental MCEF-7 cells, with Y537S MCE-7 cells having
the shortest doubling time among the tested lines (inset
in Fig. 3A). When growth curve analyses were performed
in the presence of E2-deprived serum (10% CS-FBS), we
confirmed that the growth of Y537S MCE-7 cells was
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Fig. 3 Evaluation of the proliferation rate of the CRISPR/CAS9 engineered
L370F MCF-7 cells. A Growth curve analyses in parental and CRISPR/CAS9
engineered L370F and Y537S MCF-7 cells plated in growing conditions
(i.e, 10% FBS). Experiments were performed using the xCelligence RTCA
system. Curves were calculated at the maximum proliferation of each cell
line. (inset in panel A) Doubling time of the parental and the CRISPR/CAS9
engineered L370F and Y537S MCF-7 cells. Significant differences between
the parental and the L370F or Y537S ERa expressing MCF-7 cells (**** in-
dicates p<0.001) and between the L370F and the Y537S MCF-7 cells (°**°
indicates p<0.001) were calculated using the Student’s t-test. Each dot
indicates an experimental replicate. B Growth curve analyses in parental
and CRISPR/CAS9 engineered L370F and Y537S MCF-7 cells plated in the
presence of charcoal stripped fetal calf serum (i.e, 10% CS-FBS). Experi-
ments were performed using the xCelligence RTCA system. Curves were
calculated at the maximum proliferation of the CRISPR/CAS9 engineered
Y5375 MCF-7 cells. C The -Log, transformation of the effective concentra-
tion 50 (ECs) of the 17B-estradiol (E2) effect in parental and L370F MCF-7
cells grown in the presence of either 10% FBS or 10% CS-FBS calculated at
the time point where the most effective E2 dose curve reached the maxi-
mum. ° indicates the significant differences with respect to parental MCF-7
cells grown in 10% FBS were calculated using the Student’s t-test (p < 0.05).
D Heatmap showing the area under the curve (AUC) for each E2 treatment
in each cell line grown in either 10% FBS or 10% CS-FBS. This panel has
been generated using the data shown in Supplementary Fig. 2G and 2 H

E2-independent [20, 42] (Fig. 3B). Moreover, in contrast
to parental MCF-7 cells, L370F MCF-7 cells did not
exhibit reduced growth during prolonged E2 deprivation
(Fig. 3B).

Next, we evaluated the proliferative effect of E2 in
parental, L370F, and Y537S MCF-7 cells by administer-
ing various doses of E2 (from 107> M to 10~ '° M) both
under normal growth conditions (10% FBS) and in the
presence of E2-deprived serum (10% CS-FBS) (Supple-
mentary Fig. 2A-F). The sensitivity of parental and L370F
MCE-7 cells to E2, calculated by -Log2 transforming
the effective dose 50 (EDj,) for each cell line, was simi-
lar (Fig. 3C). Notably, as Y537S MCEF-7 cell growth is
E2-independent, the E2 EDj in this cell line could not be
extrapolated (Supplementary Fig. 2C and 2 F). Interest-
ingly, parental MCEF-7 cells grown in 10% CS-FBS show
higher sensitivity to E2 compared to parental MCEF-7
cells grown in 10% FBS (Fig. 3C).

To account for the time- and dose-dependent effects
of E2 across all cell lines, we calculated the area under
the curve (AUC) at each E2 dose in each cell line. We
observed that in Y537S MCEF-7 cells the AUC does
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not change as a function of E2 and is lower than that
observed in parental MCF-7 cells, whereas in parental
and L370F MCEF-7 cells, E2 induces a dose-dependent
variation in AUC (Fig. 3D and Supplementary Fig. 2G
and 2 H). Interestingly, low doses of E2 generate a higher
AUC in L370F MCEF-7 cells than in parental cells, while
high doses of E2 generate a lower AUC in L370F cells
compared to parental cells (Fig. 3D and Supplementary
Fig. 2G and 2 H). These data indicate that L370F MCF-7
cells respond to E2, with an enhanced effect at low doses
and a reduced effect at high doses (Fig. 3D).

Overall, these results show that while Y537S cell
growth is E2-independent, the proliferation of MCEF-7
cells expressing the L370F ERa variant is partially
E2-independent and can be stimulated by low E2 doses.

Analysis of E2-dependent regulation of ERa transcriptional
functions in parental, and L370F MCF-7 cells

The parental and L370F MCF-7 ERE-NLuc cells were
next used to evaluate the ability of E2 to modulate ERa
transcriptional activity. A 24-hour administration of dif-
ferent doses of E2 (107 *M to 1078M) revealed that the
hormone induces a dose-dependent increase in ERa tran-
scriptional activity in both cell lines (Fig. 4A). Notably,
low-dose hormone treatment (10~ 3M, 10~ 12M) triggered
a greater E2-dependent increase in receptor transcrip-
tional activity in L370F MCF-7 ERE-NLuc cells com-
pared to the parental MCF-7 ERE-NLuc line (Fig. 4A).

Phosphorylation of ERa at serine 118 (S118) is essential
for its transcriptional activation in response to E2 [43].
E2-triggered ERa S118 phosphorylation occurs rapidly,
reaching a maximum after 30 min of hormone adminis-
tration in MCEF-7 cells [43]. ERa S118 phosphorylation
was evaluated in parental and L370F MCF-7 cells treated
with different doses of E2 (10~ 1*M to 10~ M) for 30 min-
utes. As shown in Fig. 4B and B} E2 dose-dependently
increased the ERa S118 phosphorylation in both cell
lines. However, the E2-induced receptor S118 phos-
phorylation was increased at low doses of the hormone
(10~ 3M to 10~ ®M) in L370F MCE-7 cells with respect
to the parental MCEF-7 cells.

To confirm that the inhibitory effect of Ful on ER«
transcriptional activity is reduced, and that E2-induced
receptor transcriptional activity is increased at low hor-
mone doses in L370F MCE-7 cells, we co-administered
different doses of E2 and Ful for 24 h in both parental
and L370F MCF-7 ERE-NLuc cells. The data revealed
that antagonism between E2 and Ful was observed in
both cell lines. However, the antagonistic interaction
between E2 and Ful in L370F MCF-7 ERE-NLuc cells
was significantly weaker as compared to parental MCF-7
ERE-NLuc cells (Fig. 4C). This indicates that Ful exhibits
reduced antagonistic activity against E2 in regulating ERa
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Fig. 4 Evaluation of the E2-dependent regulation of ERa transcriptional
activity in CRISPR/CAS9 engineered L370F MCF-7 cells. A Dose-response
of ERa transcriptional activity in parental and CRISPR/CAS9 engineered
L370F MCF-7 ERE-NLuc cells plated in growing conditions (i.e,, 10% FBS)
treated with the indicated doses of 17B-estradiol (E2). Experiments were
performed three times, and each condition was tested in triplicate. Sig-
nificant differences in the effect of E2 between the parental and L370F
MCF-7 ERE-NLuc cells were calculated using the Student’s t-test (**** in-
dicates p<0.0001 and ** indicates p<0.01). B Western blot and (B’) rela-
tive densitometric analyses of S118 phosphorylated and total ERa levels
in parental and CRISPR/CAS9 engineered L370F MCF-7 cells treated for
30 min with the indicated doses of 173-estradiol (E2). The experiment
was performed in triplicate and significant differences in the effect of E2
between the parental and L370F ERa expressing MCF-7 cells were calcu-
lated using the Student’s t-test (* indicates p <0.05). C Antagonism (red)
and synergy (blue) surfaces of ERa transcriptional activity in parental and
CRISPR/CAS9 engineered L370F ERE-NLuc MCF-7 cells plated in grow-
ing conditions (i.e, 10% FBS) in the presence or in the absence of the
co-treatment with 173-estradiol (E2) (107 “=1078M) and fulvestrant (Ful)
(107 ""=107°M). Experiments were performed in duplicate. D Pie diagrams
illustrating the percentages of modulated and un-modulated array genes
in parental MCF-7 cells treated with 17(3-estradiol (E2) (1 0~°M) for 24 h and
in CRISPR/CAS9 engineered L370F MCF-7 cells treated with E2 (10~ '?M) for
24 h. Percentages and categories of genes are indicated. E Heatmap illus-
trating the E2-modulated genes between the parental MCF-7 cells treated
with E2 (107°M) for 24 h and the CRISPR/CAS9 engineered L370F MCF-7
cells treated with E2 (107 '2M) for 24 h. Genes modulated by F2<0.7 and
> 1.5 fold change with respect to untreated cells in each cell line were
included in the analysis. Values are Log, transformed and used to generate
the heatmap using the free online clustergrammer software (https://maay
anlab.cloud/clustergrammer/)

transcriptional activity in L370F MCE-7 cells as com-
pared to parental cells.

Since ERa regulates the expression of various genes,
with or without the presence of ERE sequences in their
promoter regions [44], we next assessed the E2 ability to
modulate gene expression in parental and L370F MCF-7
cells. Based on previous data suggesting that the effect
of E2 is enhanced in L370F MCEF-7 cells treated with
low E2 doses as compared to parental cells, we used an
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RT-qPCR-based array targeting 89 E2-sensitive genes
[41]. We hybridized cDNA samples generated from total
RNA extracted from parental MCF-7 cells treated with
E2 at 10 °M and from L370F MCF-7 cells treated with E2
at 10” 12M. Interestingly, despite the difference in concen-
tration, E2 modulated most of the genes included in the
array similarly in both parental and L370F MCE-7 cells
(Fig. 4D), with a large overlap of genes regulated by E2
in both cell lines (Fig. 4E). Notably, for most of the genes
commonly regulated by E2 at different doses, the E2
effect was larger in L370F MCEF-7 cells than in parental
cells (Fig. 4E and Supplementary Table 1). Overall, these
data demonstrate that the L370F mutation renders ERa
hypersensitive to low doses of E2, enhancing ERa tran-
scriptional activity and E2-modulated gene expression.

Global gene expression profiling of ERa mutants reveals an
increase in late E2 response gene in L370F MCF-7 cells

The data reported previously demonstrate that cultur-
ing the cells in E2-depleted medium allows the continu-
ous growth of Y537S MCEF-7 cells and causes a growth
arrest in the L370F MCE-7 cells that is not followed by
subsequent cell death, as it occurs in parental MCF-7
cells (Fig. 3B). Thus, to further evaluate the impact of the
L370F ERa mutation in the regulation of E2 gene expres-
sion we performed RNA-seq analysis in parental, L370F
and Y537S MCE-7 cells that had been maintained in
E2-containing medium (i.e., normal growing condition
— 10%-FBS) to identify changes in basal gene expression
independent of the potential interferences caused by cell
cycle-dependent regulation of gene expression.

We conducted RNA-seq analysis using three biological
replicates for each cell line to estimate gene expression
levels, measured as FPKM (Fragments Per Kilobase of
transcript sequence per Million mapped reads) [45, 46].
Principal component analysis (PCA) of gene expression
levels (FPKM) revealed strong clustering of biological
replicates within each cell line, while both mutant lines
(L370F and Y537S) showed clear separation from the
parental MCE-7 cells (Supplementary Fig. 3A). Further-
more, we calculated the correlation coefficients between
samples across groups. A heatmap of these coefficients
revealed high correlation within the biological replicates
of each cell line (i.e., parental, L370F, and Y537S MCEF-7
cells), indicating robust experimental consistency. Nota-
bly, parental and Y537S MCE-7 cells exhibited the low-
est intergroup correlation coefficients, while the L370F
MCE-7 cells showed an intermediate correlation, bridg-
ing both parental and Y537S profiles (Supplementary Fig.
3B).

The DESeq2 analysis (|log2(FoldChange)| >= 1 and
padj < =0.05) was performed to evaluate differential gene
expression between L370F and parental MCF-7 cells,
as well as Y537S and parental MCF-7 cells. This was
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followed by generation of a ranked gene list in L370F
(Supplementary Fig. 3C) and Y537S (Supplementary
Fig. 3D) MCE-7 cells.

Initially, we analyzed the gene lists and observed that
a substantial number of modulated genes were shared
between L370F and Y537S MCE-7 cells (Supplemen-
tary Fig. 3E and Supplementary Table 2). Subsequently,
we assessed whether the genes modulated in L370F and
Y537S MCEF-7 cells (relative to parental MCEF-7 cells)
with a signal-to-noise ratio > 0.5 or <-0.5 included both
early and late E2-regulated genes (i.e., GSEA hallmark
estrogen response early and hallmark estrogen response
late gene sets [47]). Notably, the majority of early and late
E2-regulated genes were modulated in L370F and Y537S
MCE-7 cells (Fig. 5A and Supplementary Table 2) and a
significant linear correlation (Spearman Correlation r =
0.47; p < 0.0001) was observed among the E2-regulated
genes in L370F MCF-7 cells and in Y537S MCEF-7 cells
(Supplementary Fig. 3F). Cluster analysis (Fig. 5A and
Supplementary Table 2) revealed groups of genes upregu-
lated in both L370F and Y537S MCEF-7 cells (e.g., RARa,
and FASN) (Supplementary Fig. 3G and 3G’), specifically
upregulated in Y537S cells (e.g., Cav-1 and FABP5) (Sup-
plementary Fig. 3H and 3H’) or in L370F cells (ASCL1

e
se GENE SET (Early+Late)

HALLMARK Estrogen Respon:

EstroGene GENE SET (Early+Mid+Late)

Fig.5 Global gene expression analysis in parental and CRISPR/CAS9 engi-
neered L.370F and Y537S MCF-7 cells. Heatmaps illustrate the raked score
of the genes belonging to the Estrogen Response Gene Set (HALLMARK)
(A) or to the EstroGene Gene Set (D) found in the differential gene expres-
sion lists between L370F and parental MCF-7 cells (L370F) as well as Y537S
and parental MCF-7 cells (Y537S). The heatmaps were generated using
the free online clustergrammer software (https://maayanlab.cloud/cluste
rgrammer/). B, C Pathway enrichment analyses of genes in the indicated
clusters identified in Estrogen Response Gene Set (HALLMARK) for L370F
and Y537S MCF-7 cells. (E, F) Pathway enrichment analyses of genes in the
indicated clusters identified in EstroGene Gene Set for L370F and Y5375
MCF-7 cells. Enrichment analyses were conducted using the free online
easyGSEA software (https://tau.cmmt.ubc.ca/eVITTA/easyGSEA/)
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and CALCR) (Supplementary Fig. 3] and 3J’). Pathway
enrichment analysis performed using genes belonging
to clusters that differ between L370F and Y537S MCEF-7
cells demonstrated that late estrogen genes are prefer-
entially modulated in L370F MCE-7 cells (Fig. 5B) while
early estrogen genes are preferentially modulated in
Y5378 cells (Fig. 5C).

Recently, the EstroGene database established robust
signatures for basal and time-dependent E2 modulated
genes (i.e., E2 response signature and early, mid, and late
E2 response signatures) [48]. Therefore, we addition-
ally analyzed our transcriptomic data using these gene
sets. Also in this case, the majority of genes in the Estro-
Gene signatures were modulated in L370F and Y537S
MCE-7 cells (Supplementary Fig. 4A-D and Supplemen-
tary Table 2) and a significant linear correlation was
observed among the EstroGene signature genes in L370F
MCE-7 cells and in Y537S MCE-7 cells (Supplementary
Fig. 4E-H). Cluster analysis of the early, mid and late E2
response signatures (Fig. 5D and Supplementary Table 2)
followed by pathway enrichment performed using mod-
ulated genes belonging to clusters that differ between
L370F and Y537S MCE-7 cells revealed also in this case
that the L370F mutation preferentially regulates late
estrogen response genes (Fig. 5E) while the Y537S muta-
tion preferentially modulated early estrogen genes (Fig.
5E).

Finally, the DESeq2 analysis was performed to directly
evaluate differential gene expression between L370F and
Y537S MCE-7 cells performing pathway enrichment
analyses using the first 5000 ranked genes in L370F (red
dots in Fig. 6A) and in Y537S MCE-7 cells (blue dots in
Fig. 6A). Figure 6B and C show that using the HALL-
MARK database late estrogen response genes were pref-
erentially modulated in L370F MCE-7 cells with respect
to Y537S MCEF-7 cells while early estrogen response
genes were enriched in Y537S MCE-7 cells with respect
to L370F cells. Interestingly, pathway enrichment analy-
sis using the Reactome database indicated that L370F
MCE-7 cells significantly modulate energy metabolism
(e.g., fatty acid metabolism) with respect to Y537S cells
(Fig. 6D) and that Y537S MCE-7 cells significantly modu-
late translation metabolism with respect to L370F cells
(Fig. 6E).

Altogether, these data (i) indicate that the basal regula-
tion of E2-responsive genes in L370F MCE-7 cells closely
resembles that observed in Y537S MCE-7 cells, thus
suggesting that the introduction of the L370F mutation
in ERa may enhance the activity of the mutant recep-
tor compared to the wt ERq, particularly with respect to
E2-sensitive genes and (ii) demonstrate that the L370F
ERa variant preferentially modulates the expression of
late E2-responsive genes.
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Fig. 6 Differential gene expression analysis in parental and CRISPR/CAS9
engineered L370F and Y537S MCF-7 cells. A Ranked gene list correlation
profile of CRISPR/CAS9 engineered L370F MCF-7 cells with respect to
Y537S MCF-7 cells. Pathway enrichment analyses of the first 5000 genes
in the differentially modulated in L370F cells (red dots in panel A) or in
Y5375 MCF-7 cells (blue dots in panel A) using HALLMARK gene sets (B, C)
or Reactome pathways (D, E). Enrichment analyses were conducted using
the free online easyGSEA software (https://tau.cmmt.ubc.ca/eVITTA/easy
GSEA/)

Table 1 Measurement of binding affinity towards full-length
ERa

Recombinant full-lengh ERa K; (E2 - nM) K; (Ful - nM)
Wild type (from Thermo Scientific) 23+09 48+18
Wild type (purified in the present work) 1.6 +0.7 57421
L370F (purified in the present work) 40+£19%* 199 + 6.7 **

Y5375 (Purified in the present work) 243 4+ 84 ¥**0%° 303 + 9 *¥*

The K; for 17B-estradiol (E2) and fulvestrant (Ful) have been measured towards
both the commercially available wild type ERa purified from insect cells
(Thermo Scientific) and the wild type, L370F and Y537S full-length ERa purified
from Epi293F cell lysates as described in the Material and Method section . Data
are the mean * the standard deviation of two independent experiments where
each condition has been tested in quadruplicate

Significant differences were calculated using the Student’s t-test

* ** and *** indicates p<0.05, p<0.01 and p<0.001 with respect to the wild
type ERa (purified in the present work), respectively. °°° indicates p<0.001 with
respect to the L370F ERa (purified in the present work)

The impact of the L370F mutation on ERa ligand binding
and on receptor structure

The biological effects of the L370F ERa mutation may
be due to a reduced or impaired binding of agonist
(E2) or antagonist (Ful) to ERa. To assess the binding
affinities of E2 and Ful to the L370F ERa, we transiently
expressed full-length wt, L370F, and Y537S ERa with a
twin-strep tag in Epi293F cells and purified them using
affinity chromatography. The resulting recombinant full-
length wt, L370F, and Y537S ERa were then included in
fluorescence polarization competitive binding assays,
as previously described [14]. As additional control, we
incorporated a commercially available wt ERa (Thermo
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Scientific), purified from insect cells, into our experimen-
tal plan.

Both E2 and Ful displaced the fluorescent E2 tracer
across all tested receptors (Table 1). Notably, no signifi-
cant differences were observed in the K; values for E2 and
Ful between the commercially available wt ERa and the
recombinant wt ERa purified from Epi293F cells (rela-
tive binding affinity for E2 (RBAg,) = 0.78 + 0.42; RBA,
= 0.93 + 0.45). However, as expected [40], the K; of the
Y537S mutant ERa for both E2 and Ful was significantly
higher than that of the wt ERa (Table 1) (RBA, = 0.072 +
0.036; RBAp,; = 0.20 + 0.09).

Interestingly, while the K; of the L370F mutant ER«
for E2 slightly increased with respect to that of the wt
ERq, its absolute value remained within the same low
nanomolar range (Table 1) (RBA, = 0.48 £0.30). In con-
trast, the K| of the L370F mutant ERa for Ful was signifi-
cantly higher than that of the wt ERa (Table 1) (RBAy, =
0.31+0.14), and no significant differences were detected
between the K; values of the L370F and Y537S mutants
for Ful (Table 1) (RBAg, = 0.71+0.30).

These findings confirm that the Y537S mutation
reduces the receptor’s affinity for both E2 and Ful [40].
Notably they also reveal that while L370F mutation
has only a minor impact on E2 binding to ERa, while it
instead significantly reduces ERa’s affinity for Ful.

Because we observed a reduction in Ful binding affin-
ity towards the L370F receptor, we next performed clas-
sical molecular dynamics simulations to understand if
the introduction of this mutation could alter the recep-
tor structure, as observed for the Y537S ERa mutant. As
shown in Fig. 7A and F, the L370F and to lower extend
also E471D mutations result in a remodeling of helix H3
as compared to the wt ERa and to an ERa crystal struc-
ture in the antagonist conformation (pdb id:3ert [49]). In
addition, the loop connecting H11 and H12 undergoes
remodeling and moves closer to H3, leading to a partial
disruption of H11l’s secondary structure. Consistently,
with the above findings this behavior is more pronounced
in the L370F mutant.

Aiming to inspect how the mutation affect the internal
dynamical coupling of the receptor thus making it less
sensitive to Ful, we then calculated the cross correlation
coupling among the different ERa structural element,
as done in previous studies [50] (Supplementary Fig. 5).
Remarkably, the sum of correlation coefficients of H12
with H5 is higher than 4 only in the L370F mutant (Fig.
7@G). This was previously considered as the threshold for
the ERa activation in the previous study [18]. While the
hydrogen bond network does not change significantly in
any of the simulations, Ful shows less persistent hydrogen
bonds with ER« in the mutant receptors than in the wt
(Supplementary Tables 3-5).
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Fig. 7 Structural profile of wt and ERa L370F variant. Highest populated
clusters of ERa (wt — gray, L370F - red, E471D - blue) from the equilibrated
part of the trajectory superimposed on the 3ert crystal structure (green)
(pdb id:3ert [49]), wt side view (A), wt top view (B), L370F side view (C),
L.370F top view (D), E471D side view (E), and E471D top view (F). Residues
370and 471 are shown in balls and stick representation in the correspond-
ing colour scheme of the protein and fulvestrant is depicted in violet. He-
lices H3, H11, and H12 are marked. G Sum of cross-correlation coefficients
for interactions of residues with H12, monomer A is shown on the left and
monomer B on the right side of the plot

Altogether these data indicate that the L370F mutation
remodels ERa, reducing its affinity to Ful.

Evaluation of the ATRA antiproliferative effects in parental,
L370F and Y537S MCF-7 cells

Previous data showed that L370F and Y537S MCEF-7
cells express higher levels of RARa compared to paren-
tal MCEF-7 cells (Supplementary Fig. 3G, and 3G’). Given
that ATRA is a known antiproliferative agent for BC cells
[51] and no information is available regarding its effects
on cell lines expressing ERa point mutations found in
MBC, we investigated the impact of this FDA-approved
drug.

Growth curve analyses were performed on paren-
tal, L370F, and Y537S MCE-7 cells treated with varying
doses of ATRA (10~ 1M to 10~ *M). As expected [51], a
7-day ATRA treatment reduced the proliferation rate in
all tested cell lines in a dose-dependent manner (Fig. 8A
and C).

Interestingly, during the first 3—4 days of treatment,
the normalized cell index (CI) measured using the xCEL-
Ligence system showed a transient increase in all cell
lines, which was most pronounced in L370F MCE-7 cells
(Fig. 8A-C). This increase was not due to enhanced pro-
liferation but was instead attributable to ATRA-induced
enlargement of the cellular surface, a feature accurately
detected by the xCELLigence apparatus (Supplementary
Fig. 6 A and 64A)).

ICy, calculations revealed notable differences among
the cell lines: L370F MCEF-7 cells displayed the low-
est IC, value (16.2+0.62 nM), parental MCEF-7 cells
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Fig. 8 The effect of ATRA in parental and CRISPR/CAS9 engineered L370F
and Y537S MCF-7 cells. Growth curve analyses in parental (A), CRISPR/
CAS9 engineered L370F (B) and Y5375 (C) MCF-7 cells plated in growing
conditions (i.e., 10% FBS) and treated with the indicated doses of all-trans
retinoic acid (ATRA) for the indicated time. Experiments were performed
using the xCelligence RTCA system. Curves were calculated at the maxi-
mum proliferation the untreated sample (control, CTR) in each cell line.
D Dose response curves of ATRA effect were calculated at the maximum
proliferation of the control sample (CTR). The effect of ATRA is the dif-
ference between the normalized cell index (NCI) value in the untreated
samples and the NCl value in the treated samples at the time point when
cells reach the maximal growth (i.e, confluency). Growth curve analyses
in parental (E), CRISPR/CAS9 engineered L370F (F) and Y537S (G) MCF-7
cells plated in growing conditions (i.e., 10% FBS) and treated with the indi-
cated doses of all-trans retinoic acid (ATRA) for the indicated time. Arrows
indicate the time point where the medium was changed and ATRA ad-
ministration was repeated. Experiments were performed using the xCelli-
gence RTCA system. Curves were calculated at the maximum proliferation
of the untreated sample (control — CTR) in each cell line. H Western blot
and (H’ and H”) relative densitometric analyses of PARP and phosphory-
lated YH2AX levels in parental, and CRISPR/CAS9 engineered L370F and
Y537S MCF-7 cells treated for 3 days with the indicated doses of ATRA.
Each dot indicates an experimental replicate. Significant differences in
the effect of ATRA were calculated using the Student's t-test. ** (p<0.01)
and *** (p<0.001) indicates differences with respect the untreated (0)
sample in each cell line while *° (p<0.01) indicates differences between
the corresponding sample in parental MCF-7 cells. I Measurement of (3-
galactosidase activity (BGal) in parental and in CRISPR/CAS9 engineered
Y537S MCF-7 cells treated with the indicated doses of ATRA for 12 days.
As positive control parental MCF-7 cells were treated with etoposide (Eto
12.5 uM) and allowed to recover for 4 days. Each dot indicates an experi-
mental replicate. Significant differences in the effect of ATRA were calcu-
lated using the Student’s t-test. **** (p <0.0001) indicates differences with
respect to the untreated (0) sample in each cell line. (J) 3-Galactosidase
staining at pH 6.0 on parental and on CRISPR/CAS9 engineered Y5375
MCF-7 cells treated with ATRA (10~/M for MCF-7 cells and 107%M for Y5375
MCEF-7 cells) for 12 days. Scale bar =100 um



Cipolletti et al. Cell Communication and Signaling (2026) 24:83

showed an intermediate value (91.2+32.0 nM), and
Y537S MCE-7 cells exhibited the highest ICy, (5.2+3.9
uM) (Fig. 8D) and the antiproliferative maximal effect
of ATRA was significantly greater in L370F MCE-7
cells compared to both parental and Y537S MCF-7 cells
(Fig. 8D). Moreover, ATRA rapidly reduced the prolifera-
tion rate in L370F MCEF-7 cells within 4—6 days, whereas
the reduction in parental and Y537S MCEF-7 cells over
the same timeframe was slower (Fig. 8A and C). These
findings suggest that ATRA exerts distinct antiprolifera-
tive effects across the different cell lines.

To explore this hypothesis, we extended the growth
curve analyses to 12 days, monitoring proliferation in
each cell line treated with the indicated doses of ATRA.
Consistent with previous results, ATRA exhibited the
strongest antiproliferative effect in L370F MCF-7 cells,
the weakest in Y537S MCEF-7 cells, and an intermediate
effect in parental MCF-7 cells (Fig. 8E and G). Interest-
ingly, L370F MCE-7 cells failed to proliferate entirely in
the presence of ATRA (Fig. 8F). In contrast, parental and
Y537S MCE-7 cells maintained their control-level prolif-
eration rates for the first 2—3 days of ATRA treatment but
then plateaued, sustaining an almost constant cell num-
ber over the remaining 9-10 days of the assay (Fig. 8E,
and Q).

These findings confirm the antiproliferative effect of
ATRA on BC cells and demonstrate that its magnitude
varies depending on the ERa variant expressed. More-
over, the results suggest that ATRA induces distinct cel-
lular responses: cell death in L370F MCF-7 cells and a
senescent-like phenotype in parental and Y537S MCEF-7
cells.

To assess cell death, we next examined the ability of
ATRA to induce PARP cleavage. Parental, L370F, and
Y537S MCE-7 cells were treated with different doses of
ATRA (10~ M to 10~ °M) for 3 days. Western blotting
analysis revealed that ATRA induced a significant and
dose-dependent increase in PARP cleavage in L370F
MCE-7 cells, whereas the effect was only marginal in
parental and Y537S MCEF-7 cells (Fig. 8H, upper panels
and Fig. 8H’). Since it has been reported that ATRA could
induce DNA damage in BC [52], which is closely linked
to the initiation of cell death, we further evaluated its
effect on the phosphorylation of histone H2AX (yH2AX),
a well-established marker of DNA double-strand breaks
[53]. As shown in Fig. 8H and H’, ATRA administra-
tion for 3 days caused a robust and significant increase
in YH2AX levels in L370F MCE-7 cells, while only a
minor and not significant effect was observed in parental
and Y537S MCE-7 cells. To understand the type of cell
death induced by ATRA in L370F MCEF-7 cells, annexin
V exposure, caspase 3/7, caspase 8 and caspase 9 activi-
ties and necrosis was measured at different time points in
L370F MCEF-7 cells treated with ATRA. However, ATRA
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did not induce annexin V exposure (Supplementary Fig.
6B), caspase 3/7, caspase 8 and caspase 9 activation (Sup-
plementary Fig. 6C) or necrotic cell death (Supplemen-
tary Fig. 6D). Because these data suggest ATRA induces
a non-apoptotic cell death, the ATRA-induced antiprolif-
erative effect was tested in L370F MCF-7 in the presence
of the inhibitors of pyroptosis (disulfiram), ferroptosis
(ferrostatin), necroptosis (necrostatin), and autophagy
(bafilomycin Al). As shown in Supplementary Fig. 6E,
none of these inhibitors were able to rescue the ATRA-
induced reduction in cell proliferation, thus suggesting
the exposure of L370F MCEF-7 cells to ATRA induces
atypical caspase-independent cell death.

To investigate the senescence-inducing potential
of ATRA [52], parental and Y537S MCEF-7 cells were
treated with the indicated doses of ATRA for 12 days,
after which the activation of the senescence associated
B-galactosidase (SA-PGal) activity, a classical marker
of senescence [54], was evaluated. As a positive control,
etoposide was used to induce senescence in parental
MCE-7 cells [55]. Figure 81 and ] demonstrate that ATRA
induced SA-BGal enzymatic activity in a dose-dependent
manner in both cell lines, further confirming the onset of
a senescent phenotype. As expected, ATRA was not able
to induce SA-PGal activity in L370F MCE-7 cells (Sup-
plementary Fig. 6F).

These findings collectively demonstrate that ATRA
exerts differential effects on MCEF-7 cell lines depending
on the ERa variant expressed. Specifically, ATRA triggers
non-apoptotic cell death in L370F MCEF-7 cells, while it
induces senescence in both parental and Y537S MCF-7
cells.

Evaluation of the RARa and ERa crosstalk in parental,
L370F and Y537S MCF-7 cells

Since previous studies have demonstrated that ATRA and
E2 signaling transcriptionally antagonize each other in
BC cells [56], we hypothesized that the effects of ATRA
in promoting non apoptotic cell death in L370F MCEF-7
cells may be attributed to differences in the reciprocal
regulation of RARa and ERa expression across parental,
L370F, and Y537S MCE-7 cell lines.

To test this hypothesis, we assessed whether siRNA-
induced depletion of either RARa or ERa differentially
influenced the expression of ERa and RAR«, respec-
tively. Seventy-two hours after transfecting cells with
siRNAs targeting RARa or ERq, the expression levels of
both receptors were measured in parental, L370F, and
Y537S MCE-7 cells. As expected, RARa-targeting siRNA
reduced RARa expression, and ERa-targeting siRNA
reduced ERa expression across all cell lines (Supple-
mentary Fig. 7A, 7A’ and 7A”). Notably, RARa depletion
similarly affected ERa expression in all cell lines, and ERa
depletion reciprocally reduced RARa expression to a
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comparable extent in parental, L370F, and Y537S MCEF-7
cells (Supplementary Fig. 7A, 7A’ and 7A”). In addition,
we assessed the ability of ERa and RAR«a to be incorpo-
rated into the same molecular protein complex [57]. Sta-
ble HEK293 cell lines expressing HA- and His-tagged wt,
L370F, and Y537S ERa were transiently transfected with
flag-tagged RARa and subsequently subjected to Nickel
(Ni) bead-based purification of ERa from total cellular
lysates, followed by anti-flag WB analysis. As shown in
Supplementary Fig. 7B-7D, wt, L370F, and Y537S ERa
equally precipitated RARa. These findings confirm a
regulatory crosstalk between RARa and ERa in BC cells
and demonstrate that the introduction of the L370F and
Y537S mutations in the ERa does not alter the mutual
influence these receptors exert on each other’s expression
and interaction.

Next, we investigated the effects of ATRA on the
expression levels of both ERa and RARa in parental,
L370F, and Y537S MCE-7 cells. Cells were treated with
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Fig. 9 ATRA-dependent regulation of RARa and ERa expression and tran-
scriptional activity in parental and CRISPR/CAS9 engineered L370F and
Y537S MCF-7 cells. A Western blot and (A") relative densitometric analyses
of ERa levels in parental and CRISPR/CAS9 engineered L370F and Y5375
MCF-7 cells treated for 72 h with the indicated doses of all-trans retinoic
acid (ATRA). Each dot indicates an experimental replicate. Significant dif-
ferences in the effect of ATRA were calculated using the Student’s t-test.
*** and **** indicates p<0.001 and p<0.0001 with respect to control (-)
samples. ®and °*** indicates p < 0.05 and p <0.0001 with respect to the cor-
responding samples in parental MCF-7 cells. B Western blot and (B’ and
B”) relative densitometric analyses of RARa levels in parental and CRISPR/
CAS9 engineered L370F and Y537S MCF-7 cells treated for 72 h with the
indicated doses of ATRA. Each dot indicates an experimental replicate.
Significant differences in the effect of ATRA were calculated using the Stu-
dent’s t-test. **** indicates p < 0.0001 with respect to control (-) samples. °
and ****indicates p < 0.05 and p < 0.0001 with respect to the corresponding
samples in parental MCF-7 cells. Dose-response of RARa transcriptional ac-
tivity (C) and ERa transcriptional activity (D) in parental and CRISPR/CAS9
engineered .370F and Y537S MCF-7 cells stably expressing the RARE-NLuc
reporter construct (NLuc) or the ERE-NLuc reporter construct (NLuc), re-
spectively, treated with the indicated doses of ATRA. Experiments were
performed three times, and each condition was tested in triplicate
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increasing concentrations of ATRA (10~’M to 10~°M) for
72 hours, and receptor levels were assessed via WB anal-
ysis. As shown in Fig. 9A and A, ATRA induced a dose-
dependent reduction in ERa expression in all three cell
lines, with the effect being most pronounced in Y537S
MCE-7 cells.

In contrast, ATRA induced a dose-dependent decrease
in RARa expression in Y537S MCEF-7 cells, showing the
greatest reduction among the three cell lines. However,
only the highest dose (107°M) resulted in a significant
decrease in RARa levels in parental and L370F MCEF-7
cells (Fig. 9B and B’). Interestingly, baseline RARa expres-
sion levels were elevated in both L370F and Y537S
MCEF-7 cells compared to parental MCF-7 cells (control
samples). However, ATRA treatment reduced RAR« lev-
els in Y537S MCEF-7 cells below those of parental cells,
while RARa levels in L370F MCE-7 cells remained higher
than in parental cells (Fig. 9B and B”).

Prompted by these observations, we hypothesized
that ATRA-induced RARa activity might differ among
parental, L370F, and Y537S MCEF-7 cells. To test this,
we generated stable cell lines expressing a reporter con-
struct containing the retinoic acid receptor response
element (RARE) fused to the nanoluciferase gene (RARE-
NLuc). These cells were treated with ATRA at varying
concentrations (10""M to 10"°M) for 24 h to evaluate
RARa transcriptional activity. ATRA dose-dependently
increased RAR« transcriptional activity in all cell lines
(Fig. 9C). However, the response was highest in L370F
MCEF-7 RARE-NLuc cells and lowest in Y537S MCEF-7
RARE-NLuc cells compared to parental cells.

Because ATRA reduced ERa expression in these cell
lines and ERa degradation is intrinsically linked to the
activation of ERa transcriptional activity [58, 59], we
further assessed ATRA’s impact on ERa transcriptional
activity using parental, L370F, and Y537S MCEF-7 ERE-
NLuc cells. ATRA administration for 24 h caused a dose-
dependent reduction in ERa transcriptional activity in
all three cell lines, with the strongest effect observed in
Y537S MCE-7 ERE-NLuc cells (Fig. 9D).

These findings indicate that ATRA-induced RAR«
transcriptional activity differs significantly in L370F and
Y537S MCEF-7 cells compared to parental cells. Nota-
bly, the ATRA-induced effects on RARa transcriptional
activity (Fig. 9C) closely parallel the drug’s antiprolifera-
tive effects in these cell lines (Fig. 8D), suggesting that
the enhanced antiproliferative effect of ATRA in L370F
MCE-7 cells may result from hyperactivation of RAR«a
transcriptional activity.

Evaluation of the effect of digoxin on ATRA-induced
senescence in parental, and Y537S MCF-7 cells

The induction of a senescent phenotype in cancer cells
by therapeutic agents provides an opportunity to explore
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(See figure on previous page.)

Fig. 10 The senolytic activity of digoxin in parental and CRISPR/CAS9 engineered L370F and Y537S MCF-7 cells. Growth curve analyses in parental (A),
and in CRISPR/CAS9 engineered Y5375 (B) MCF-7 cells plated in growing conditions (i.e., 10% FBS) and treated with the indicated doses of all-trans retinoic
acid (ATRA) or digoxin (Digo) for the indicated time. Black arrows indicate the time point in which media was changed and ATRA was re-administered
together with the indicated doses of Digo and the proliferation profile was followed up to 15 days. Experiments were performed twice in duplicate using
the xCelligence RTCA system. Curves were calculated at the maximum proliferation the untreated sample in each cell line. A Time dependent inhibitory
concentration 50 (ICs) -Log, transformed to indicate the sensitivity of parental (A") and CRISPR/CAS9 engineered Y5375 (B") MCF-7 cells to Digo both
in the absence (CTR) and in the presence of the indicated dose of ATRA. C Synergy map of 12-day-treated parental MCF-7 cells with different doses of
40H-Tamoxifen (Tam) and ATRA. D Synergy map of 10-day-treated MCF-7 cells with different doses of fulvestrant (Ful) and ATRA. E Synergy map of 5-day-
treated L370F MCF-7 cells with different doses of fulvestrant (Ful) and ATRA. F Synergy map of 4-day-treated Y537S MCF-7 cells with different doses of

fulvestrant (Ful) and ATRA

novel anticancer strategies, such as using compounds
that selectively eliminate senescent cells (i.e., senolytics)
[60]. Therefore, we investigated the potential of digoxin
(Digo), an FDA-approved cardiac glycoside with known
senolytic activity [61], to target ATRA-induced senes-
cent parental and Y537S MCEF-7 cells. To this end, we
performed growth curve analyses on parental and Y537S
MCE-7 cells treated with various concentrations of
Digo (10” *M to 10~ ®M) both in the absence and pres-
ence of ATRA (10~ ®M). As expected, Digo induced a
dose-dependent reduction in the proliferation rate of
both parental and Y537S MCEF-7 cells. Similarly, ATRA
(10~ ®M) consistently reduced the proliferation of these
cell lines over time (Fig. 10A and B). Following 10 days
of continuous ATRA administration, when senescence
was previously confirmed (Fig. 8), we introduced differ-
ent doses of Digo (10” *M to 10” ®M) to the parental and
Y537S MCEF-7 cells and monitored their proliferation
rates over an additional 5-day period. Under these con-
ditions, Digo again caused a dose-dependent decrease in
the proliferation rate of both cell lines (Fig. 10A and B).

To quantitatively assess the effect of Digo, we calcu-
lated its IC;, values at different time points after admin-
istration, both in the absence and presence of ATRA. The
IC;, values were mathematically transformed (i.e., -Log,)
to evaluate the sensitivity of both cell lines to Digo. The
overall sensitivity to Digo was similar in both cell lines
both in the absence and presence of ATRA (Fig. 10A’ and
10B’). However, while the parental MCE-7 cells exhibited
no significant differences in Digo sensitivity over time,
regardless of ATRA treatment (Fig. 10A’), Y537S MCEF-7
cells showed enhanced sensitivity to Digo in the presence
of ATRA compared to its absence (Fig. 10B’).

These findings demonstrate that the antiproliferative
effect of Digo during prolonged ATRA treatment mani-
fests more rapidly in Y537S MCEF-7 cells compared to
parental MCF-7 cells. This observation strongly suggests
that Digo could function as a senolytic agent specifically
in ATRA-induced senescent Y537S MCE-7 cells.

Finally, we investigated the combined effects of ATRA
and Tam, a cornerstone therapy for patients with ERa-
expressing primary BC [1], in parental MCF-7 cells and
the combined effects of ATRA and Ful in parental, L370F
and Y537S MCEF-7 cells. The results demonstrated a

synergistic interaction between ATRA and Tam in paren-
tal MCE-7 cells (Fig. 10C) and ATRA and Ful showed
a range of synergy in all the tested cell lines (parental <
L370F < Y537S MCE-7 cells) (Fig. 10D and F).

These findings suggest the potential use of ATRA in
combination with Tam for the treatment of primary BC
and in combination with Ful for the treatment of MBC
expressing ERa mutations.

Discussion

The mainstay treatment for ERa-expressing primary
breast cancer (BC) involves endocrine therapy (ET)
with drugs such as aromatase inhibitors (Als) and 4OH-
tamoxifen (Tam). This treatment is typically administered
for 5 to 10 years following diagnosis and has significantly
reduced BC mortality rates. However, the extended dura-
tion of therapy often leads to the development of resis-
tance to ET drugs in a substantial subset of patients,
resulting in relapse and progression to metastatic breast
cancer (MBC), which is frequently fatal [1].

Resistance to ET drugs arises through multiple mecha-
nisms, including the selection of ERa point mutations in
MBC cells that drive uncontrolled proliferation. Most of
these ERa variants occur within the receptor’s ligand-
binding domain (LBD) and induce structural rearrange-
ments that mimic the three-dimensional conformation
of the wt receptor bound to E2. This constitutively active
agonist conformation not only promotes continuous pro-
liferative signaling but also renders the mutated receptor
insensitive to anti-estrogen therapies, such as Ful [15, 40].
Targeting ERa point mutations in MBC is therefore cru-
cial for developing strategies to manage the disease. Vari-
ous therapeutic approaches, including SERDs, SERCAs,
PROTACs, CERANS, and other targeted drugs [11-14],
have been explored to inhibit the metastatic potential
of mutant ERa variants. Promisingly, clinical trials have
demonstrated the efficacy of some of these agents, such
as elacestrant [6] and camizestrant [5, 7], in combating
receptor mutations, leading to the approval of elacestrant
and imlunestrant for clinical use [2, 6, 10].

Despite these advancements, preclinical and clinical
studies have predominantly focused on the most frequent
ERa mutations, such as Y537S, while neglecting the
functional impact of less common ERa variants. These
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lesser-studied mutations are equally associated with
reduced patient survival and contribute to therapy resis-
tance via variant-specific mechanisms [15]. For exam-
ple, Irani et al. [16] reported that mutations in the ERa
dimerization domain led to constitutive transcriptional
activation, promoting cell proliferation. This study also
proposed that disrupting receptor dimerization could
serve as a novel therapeutic strategy for MBC [16].

These findings not only highlight the urgent need to
characterize all ERa variants expressed in MBC to iden-
tify new therapeutic targets but also underscore the role
of three-dimensional structural determinants in dereg-
ulating specific receptor functions (e.g., such as ERa
dimerization, and nuclear localization), thus opening the
possibility that specific neglected ERa variant could be
treated with specific drugs.

L370F ERa mutation as a novel natural receptor variant
conferring resistance to fulvestrant

We investigated two clinically observed ERa mutations,
L370F and E471D, which are annotated in the COS-
MIC and cBioPortal databases. These mutations affect
residues positioned across from each other on helices
H4 and H10 within the ERa LBD, pointing to a poten-
tial new structural hotspot. To study the effect of these
ERa mutations, we used both HEK293 cell lines overex-
pressing the receptors [38, 43, 62] and CRISPR/CAS9
engineered MCEF-7 cells. HEK293 cells are ERa negative
cell lines, which were previously used as a model where
to stably insert the ERa because the resulting cell line
responds to E2 like other endogenously expressing ERa
cell lines (e.g., MCF-7 cells) and is useful to evaluate the
impact of specific ERa mutations in E2:ERa signalling
without the interference of the endogenous ERa [62].
MCE-7 cells instead were used to generate a pre-clinical
cell model system that could mimic the presence of the
L370F mutation in a cellular condition closer to the one
found in tumor cells. Although we studied the effect of
the L370F mutation only in one type of BC cell line and
results would require additional validation in other rel-
evant cellular contexts, MCF-7 cells are considered the
gold standard model to study E2:ERa signaling and they
have been previously used to characterize other receptor
mutants found in MBC (e.g., Y537S ERa) [20, 42].

Using the combination of these two model systems
together with in vitro and in silico studies, we demon-
strate that the L370F and E471D mutations differently
affect sensitivity to Ful. Specifically, the L370F variant
reduces sensitivity to Ful. On the contrary, the E471D
variant does not impair the ability of Ful to reduce both
receptor transcriptional activity and ERa intracellu-
lar levels and it does not significantly change the LBD
structure.
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For these reasons, we decided to exclude the E471D
mutation from additional analyses and further charac-
terization of the L370F mutation revealed that it confers
several distinct properties to BC cells such as (i) reduced
sensitivity to Ful in terms of ERa transcriptional activity,
receptor stability, and cell proliferation; (ii) hyperactive
proliferation in response to low E2 doses; and (iii) basal
upregulation of late E2 response genes.

The L370F ERa mutation effects on fulvestrant sensitivity,
E2 signaling and cell proliferation

Our data show that the recombinant purified L370F
receptor exhibits reduced binding affinity for Ful com-
pared to the wt receptor. All atoms’ simulations further
confirmed this finding elucidating that the lower binding
of Ful to this ERa variant is due to a structural reorga-
nization of the H4-H5-H12 region in the ERa antagonist
conformation. Altogether in vitro and in silico findings
provide evidence that the natural mutation of ER« at resi-
due L370 alters the receptor’s structure, which impairs
Ful binding, similarly to what observed for the Y537S
ERa variant [40]. Notably, simulation analyses performed
on the E471D mutant ERa revealed that this mutation
has a minor effect on the receptor structure and Ful bind-
ing. On one hand, this result supports the lack of Ful
effect on ERa transcriptional activity; on the other hand,
it suggests that the different point mutations found in
MBC patients could also affect three-dimensional struc-
tural clusters. This further opens the possibility that
distant mutations (e.g., in domains other than the LBD)
could influence the structure-function of the LBD, and in
turn, antagonist binding and receptor cellular functions.

The L370F mutant structural remodeling and reduced
binding affinity to Ful contribute to the diminished effect
of Ful on the transcriptional activity, receptor degrada-
tion, and cell proliferation of the L370F ER« variant. In
both stable HEK293 cells overexpressing the L370F ERa
variant and L370F MCEF-7 cells, we observed that this
mutation attenuates the effect of Ful, particularly at high
drug doses. These results demonstrate that the L370F
ERa point mutation confers resistance to the ET drug
Ful. Notably, this resistance is significant in the context
of high-dose Ful administration (e.g., 500 mg/Kg), which
has been shown to enhance anti-tumor effects in patients
[1].

Growth curve analysis under 10% serum conditions
revealed that cells expressing the L370F ER« variant have
a reduced doubling time compared to wt ERa-expressing
cells, and their proliferation rate is similar to that of
Y537S MCE-7 cells. Interestingly, the growth behav-
ior of L370F-expressing cells mirrors that of Y537S
MCE-7 cells. Conversely, when grown in an E2-deprived
medium, the Y537S MCEF-7 cells continue to proliferate,
while parental MCE-7 cells stop growing and eventually
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die. In contrast, L370F MCE-7 cells cease growth but
survive in the absence of E2. Upon E2 administration,
parental MCF-7 cells remain sensitive to the hormone,
while Y537S MCEF-7 cells are unresponsive. However,
L370F MCEF-7 cells respond to E2 in terms of cell pro-
liferation only when grown in an E2-deprived medium.
In a medium containing E2, L370F MCE-7 cells exhibit
only a minimal response to E2. Notably, at low E2 doses,
the L370F ERa variant displays hyperactivity in terms
of E2-dependent cell proliferation compared to the wt
receptor. This effect is also evident in terms of receptor
transcriptional activity. Although the specific mecha-
nisms underlying this effect were not investigated, our in
silico simulations of the L370F ERa suggest a structural
reorganization of the receptor. This, combined with the
similar binding affinity for E2 as observed in the wt ERq,
could facilitate the response to E2. Alternatively, the dif-
ferential sensitivity to E2 may result from the recruitment
of distinct co-activators by the L370F mutant receptor
compared to the wt ERa. Interestingly, the ability of the
L370F ERa variant to respond to low E2 doses may sup-
port metastatic cell proliferation. Indeed, in menopausal
women or those undergoing ovarian function inhibition,
plasma E2 levels are in the picomolar range [63]. In this
context, the L370F mutation activates key functions of
the mutant receptor, suggesting that receptor activation
at low E2 doses may represent a novel mechanism by
which BC cells adapt to the hostile environment created
by ET drugs (e.g., AI).

One hallmark of the Y537S mutation is the receptor’s
ability to constitutively modulate E2-regulated genes,
independent of E2 binding [40]. Our transcriptomic
analysis revealed that the Y537S and L370F ERa mutants
regulate a similar number of genes, with several E2-sen-
sitive genes being upregulated in both mutant cell lines.
Interestingly, the extent of upregulation differed between
the two cell lines, with some genes specifically upregu-
lated in one line or the other. Moreover, our data showed
that in Y537S MCE-7 cells, genes from both early and
late E2 responses were upregulated, whereas in L370F
MCE-7 cells, genes from the late E2 response class were
more prominently upregulated. Thus, the overall E2
response differs between the two cell lines and may be
due to the ability of the L370F ERa to associate with dis-
tinct chromatin regions compared to the Y537S variant.
Future ChIP-Seq analyses are necessary to further eluci-
date these differences. However, the selective upregula-
tion of late E2 response genes by the L370F ERa variant
highlights its role in promoting cell cycle progression and
supporting the development of resistance to ET drugs
[64].
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Fig. 11 The frequency of the L370F and Y537S ESRT mutations in meta-
static breast cancer datasets. Frequency of the L370F and Y537S mutation
has been extracted by the published studies and the cBioportal database.
In particular, the used datasets were Dana Faber Cancer Institute (DFCI)
[67]; INSERM [68]; AURORA US Network (AURORA) [69], POG570 study [70];
Metastatic Breast Cancer Project [https://mbcproject.org/] (MBC Projects)
and Metastatic Breast Cancer - Memorial Sloan Kettering Cancer Discovery
2022 (MSK 2022) data were retrieved from cBioportal

The clinical relevance of the L370F ERa mutation in the
context of the neglected ERa variants

It is important to clarify the potential clinical significance
of the L370F ERa variant. Among annotated ERa muta-
tions, some are frequently observed in patients, while
others are rarer [65]. Regardless of their prevalence, these
mutations generally exhibit poor responsiveness to exist-
ing therapies and negatively impact patient survival [65].
At the present, no information is available regarding the
pool of patients who may be affected by the L370F ER«
mutation, and calculating its frequency is challenging.
However, based on literature data on BC epidemiology
[66], it is possible to estimate the frequency of affected
patients by using the data available in studies focusing
only on metastatic breast cancer cohorts and excluding
primary tumors, for the L370F mutation compared to the
Y537S mutation (Fig. 11).

In these datasets (i.e., Dana Faber Cancer Institute
[67]; INSERM [68]; the Metastatic Breast Cancer Proj-
ect [https://mbcproject.org/] and Metastatic Breast Can
cer - Memorial Sloan Kettering Cancer Discovery 2022
[cBioportal]; AURORA US Network [69], POG570 study
[70]), 98 out of 568 patients are positive for the Y537S
mutation (i.e., 17,25%) while only 3 out of 568 patients
are positive for the L370F mutation (i.e., 5,28%o). Despite
its rarity, our findings demonstrate that the L370F ERa
mutation provides BC cells with selective advantages for
metastatic growth. These findings highlight the need to
investigate the biological impact of rare ERa mutations in
MBC. Moreover, it is possible that some ERa mutations
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are classified as rare simply because they are overlooked
in current research and diagnostic efforts.

Currently, next-generation sequencing or droplet digi-
tal PCR experiments (ddPCR) are used to detect ERa
mutations [71]. ddPCR is used to identify only known
and most frequent ERa mutations (e.g., exon 5 to exon
8, i.e.,, ERa LBD) while other mutations and/or those
located outside the LBD are not actively searched in
patient samples, unless whole exome sequencing, an
expensive and time consuming method [65], is per-
formed. For example, no screening protocols exist for
mutations located in the ERa A/B domain, and the L370F
mutation located in exon 5 cannot be identified as the
standard oligonucleotides used for ddPCR-based detec-
tion of that region contain the L370 wt codon [71]. This
diagnostic bias neglects mutations that may significantly
contribute to disease progression, as exemplified by the
L370F ERa variant described herein, and others previ-
ously reported [16, 17]. This limitation is critical because
no specific treatment protocols currently exist for MBC
patients harboring these neglected ERa mutations, leav-
ing these individuals without access to personalized
therapy.

The increased sensitivity of the L370F ERa mutation to
ATRA anti-proliferative effect

Interestingly, we observed that both L370F and Y537S
MCE-7 cells express elevated levels of RARa. Using the
EstroGene 2.0 database [72], analysis of gene expres-
sion changes across 46 comparisons between different
cell lines expressing various ESRI mutations (i.e., S463P,
E380Q, L536R, Y537S/N/C, and D538G) and their wt
counterparts revealed, as expected, that the percentage
of datasets in which the E2 target genes TFFI, PRG, and
CTDS were up-regulated was higher than the percent-
age in which they were down-regulated (Supplementary
Fig. 8). Interestingly, among the retinoic acid recep-
tor family members (i.e., RARA, RARB, RARG, RXRA,
RXRB, RXRG), only RARA showed a higher percentage of
datasets with up-regulated expressions than with down-
regulated expression (Supplementary Fig. 8). Therefore,
RARA expression is up-regulated in several cell models
expressing ESRI mutations (e.g., Y537S, D538G) and the
increased RARa protein levels could be considered as
a common feature of MBC expressing ERa-expressing
variants.

These results prompted us to investigate the antiprolif-
erative effects of ATRA in both L370F and Y537S MCEF-7
cells [51]. In turn, we show that L370F ERa-expressing
cells are more sensitive to ATRA than parental or Y537S
MCE-7 cells. Importantly, ATRA triggers substantial
DNA damage and pronounced cell death selectively
in L370F cells. The cell death induced by ATRA in this
cell line does not depend on caspase activation and does
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not induce annexin V exposure or a necrotic phenotype.
Additionally, this ATRA-induced effect is not prevented
by inhibitors of pyroptosis, ferroptosis, necroptosis, or
autophagy. This pattern suggests that ATRA triggers a
non-apoptotic atypical form of programmed cell death
that is caspase independent. Further studies are required
to determine the specific cell death pathway activated by
ATRA in these cells.

Initially, we hypothesized that this effect might arise
from an interaction between RAR«a and ERa [56]. How-
ever, the presence of the L370F and Y537S mutations did
not alter the reciprocal regulation of receptor levels, their
potential physical interaction with RAR«a or the ability of
ATRA to activate RAR« transcriptional activity and to
inhibit ERa transcriptional activity. Furthermore, ATRA
did not bind in vitro to wt, L370F and Y537S ERa (data
not shown). Nevertheless, we found that ATRA-induced
activation of RARa transcriptional activity is significantly
enhanced in L370F cells. Given previous findings that
R-loops generated during the E2 transcriptional response
contribute to DNA damage and genomic instability in BC
cells [73, 74], we speculate that ATRA-dependent hyper-
activation of RARa transcription leads to transcriptional
stress (e.g., R-loops), DNA damage, and subsequent cell
death, thereby explaining the heightened sensitivity of
L370F cells to ATRA.

Growth curve analyses and cellular assays revealed that
ATRA induces senescence in parental and Y537S MCEF-7
cells. While ATRA-induced senescence in BC cells has
been previously reported [52], this is, to our knowledge,
the first evidence of a drug inducing senescence in a BC
cell line expressing the Y537S ERa variant. Exploiting
senescence as a therapeutic strategy is increasingly rec-
ognized for its potential to overcome treatment resis-
tance, as it creates vulnerabilities that can be targeted
with senolytic agents in a ‘one-two punch’ approach [60].
Accordingly, we found that digoxin, an FDA-approved
cardiac glycoside with known senolytic activity [61],
selectively targets ATRA-induced senescence in Y537S
MCEF-7 cells but not in parental cells.

The clinical potential of ATRA has been demonstrated
by its success in treating acute promyelocytic leukemia,
inspiring efforts to explore its use in solid tumors [75,
76]. Although studies consistently report ATRA’s inhibi-
tory effects on BC cell growth, this knowledge has led
to only a limited number of clinical trials investigating
ATRA as an anti-BC agent [77]. Moreover, no data cur-
rently address the potential use of ATRA in treating MBC
expressing ERa mutations. However, our findings high-
light three potential applications of ATRA in BC clini-
cal practice. First, we observed that co-administration of
ATRA with Tam produces a synergistic antiproliferative
effect in parental MCF-7 cells, indicating its potential use
in managing primary ERa expressing BC that are suitable
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for ET. Moreover, ATRA could also restores the sensitiv-
ity to Ful in MBC expressing the L370F and Y537S ERa
variant, highlighting its potential use in drug combina-
tion protocols for the treatment of MBC. Additionally,
ATRA could be implemented as a chemotherapeutic
agent for treating MBC expressing the L370F ERa vari-
ant. Finally, ATRA could be employed to induce cellular
senescence in MBC expressing the Y537S ERa variant,
creating an opportunity for subsequent senolytic therapy.

Conclusions

This study identifies the L370F ERa mutation as a novel
natural variant associated with MBC and elucidates the
mechanisms through which it contributes to ET resis-
tance and metastatic growth. Our findings highlight the
importance of characterizing all ERa mutations, includ-
ing those currently neglected, to better understand their
roles in disease progression and therapy resistance. Fur-
thermore, we provide evidence that different ERa vari-
ants exhibit unique sensitivities to specific drugs, such
as ATRA, which can elicit distinct therapeutic effects
depending on the mutation.

Overall, this work demonstrates that tailoring treat-
ment based on the specific ERa variant expressed in
MBC can pave the way for more effective and personal-
ized BC therapies.
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