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Abstract

Abstract

Early detection and new therapeutic strategies have improved breast cancer patient
outcome and survival rates in the last years. However, breast cancer still remains the
second leading cause of cancer-related deaths among women worldwide, and
approximately 30% of patients eventually experience a tumor relapse.

Treatment failure is mainly due to metastatic process and resistance to conventional
therapy. Over the past decade it has been established the existence of a subpopulation of
cancer stem cell (CSC) within breast cancers that is responsible for tumor initiation,
progression and resistance to endocrine therapies. It is well known the “driving role” of
oestrogens and its receptor alpha (ERa), in development and progression of breast cancer
disease, but still unknown their role in regulating breast CSCs (BCSCs).

In the past few years, several studies revealed the presence of gain-of-function mutation
in ESR1, gene encoding for ERoa, in metastatic breast cancer patients after long-term
endocrine therapies treatment. Particularly, Y537N, Y537S and D538G are the most
frequent “hot spot” mutations within ERa hormone-binding domain (HBD) that lead to
ligand-independent ERa activity and consequently, resistance to endocrine therapy.
Here, we studied how HBD-ESR1 mutations might account for a mechanism of
metastatic process and endocrine resistance, sustaining stem cell-like phenotype.

As experimental model, we used breast cancer cell lines expressing wild-type and HBD-
ESR1 mutations. Our results, using in vivo and in vitro experiment (mammaosphere-
forming assay and CD44/CD24" phenotype analysis) have suggested an enrichment of
BCSCs activity by HBD-ESR1 mutations, that seems to be sustained by Notch4 signaling
through constitutive hyper phosphorylation of Serine 118 residue of ERa that has been
demonstrated related to stem cell phenotype and tumor initiation, in mutant-expressing
cells. Experiments conducted using CRISPR-Cas9 knock-in of Y537S-ERa mutation
confirmed the role of this mutation in tumor initiation and progression as obtained using
HBD-ESR1 stable clones.

We propose a potential novel role of HBD-ESR1 mutations in sustaining BCSCs activity,
that could have clinical relevance, suggesting new molecular biomarker and target to aim

better therapeutic strategies for ERa-positive breast cancer metastatic patients.
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Introduction

Breast cancer is the major endocrine-related cancer in the human population and the
second leading cause of cancer death in women after lung cancer [Miller KD, et al. 2016].
It is a heterogeneous disease that includes a variety of tumors with different
morphological and clinical features, as a result of complex interactions between different
signaling pathways and genetic and epigenetic alterations [Polyak K. 2011]. Although
advances in early prevention and treatment, about 30% of all women still experience
relapse within 2 to 5 years after treatment and metastatic breast cancer (MBC) remains a
largely incurable disease [Siegel RL, et al.2016].

Accumulating evidence has established the presence of a subpopulation of cancer cells
with stem-cell like characteristics called Cancer Stem Cells (CSCs) within the tumor.
Al-Hajj and colleagues were the first to identify a subpopulation of breast cancer stem
cells (BCSCs), defined by a CD44*CD24""°" phenotype, which was able to generate
tumors in immunosuppressed NOD/SCID mice [Al-Hajj M, et al. 2003]. BCSCs are
defined by their ability to initiate tumor, to undergo self-renew and to differentiate into
the non-self-renewing cells, which constitute the tumor bulk [Visvader JE, et al. 2008]
[O’Brien CS, et al.2011]. Evidence suggests that this high tumorigenic cell population
contribute critically to tumor recurrence and metastasis after chemo- and endocrine
therapy [Li X, et al. 2008] [Creighton CJ, et al. 2009] (Fig. 1).

Rapidly Dividing Cells
(Bulk of Tumor Cells)

Current Cancer Recurring
treatments Tumor

E——

Bulk of Tumor Cells are killed
but CSCs survive

Cancer Stem Cells (CSCs)
Figure 1: CSCs and resistance to conventional therapies. Current cancer treatments target

the bulk of tumor cell population but not CSCs. Following therapy, the treatment-resistant
CSCs remain and are able to re-populate the tumor.
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Considerable attention has been directed to target CSCs through evolutionarily pathways
that mediate various stem cell properties, such as self-renewal, cell fate decisions,
survival, proliferation, and differentiation [O'Brien CA, et al.2010]. Among them, Wnt,
Hedgehog and Notch signalings are important CSCs’ regulators, are becoming the focus
of development therapeutic strategy [Rizzo P, et al.2008] [Takahashi-Yanaga F, et
al.2010] [ Merchant A, et al.2010].

Although redundant evidence about the driving role of oestrogens in development of
breast cancer, sustaining the growth of breast cancer cells expressing functional oestrogen
receptor alpha (ERa) [Hilton HN, et al. 2017], the role of oestrogens in the regulation of
BCSCs remains unclear.

Previous studies have demonstrated a direct regulation of normal and cancer stem cell
activity by oestrogens [Clarke RB, et al.1997] [Cheng G, et al.2004] [Ma R, et al. 2017].
On the other side, it has been shown that oestrogens can influence BCSCs activity by
inducing the secretion of paracrine growth factors from ERa-positive cells through
paracrine mechanism [Mallapell S, et al. 2006] [Fillmore CM, et al. 2008] [Harrison H,
etal. 2013] [Sun Y, et al. 2014] [Simdes BM, et al. 2015].

But regarding the effects of oestrogens on BCSCs activity, contradictory effects have
been demonstrated. Simdes BM, et al. have shown that oestrogen was able to reduce the
self-renewal capacity of MCF-7 BCSCs by promoting differentiation through down-
regulation of embryonic stem cell genes NANOG, OCT4, and SOX2 [Simdes BM, et al.
2011]. Other studies, have proved that oestrogens induced the expansion of the
CD44*/CD24"° cancer stem cells population by cross-talk with EGFR, FGFR, Glil and
Notch signaling [Fillmore CM, et al. 2010] [Harrison H, et al. 2013] [ Sun Y, et al. 2014].
Preclinical and clinical investigations have reported loss of ERa in less than 25% of
MBCs [Johnston SR, et al. 1997] [Yao ZX, et al. 2014] [Hoefnagel LD, et al. 2012], while
the majority of metastatic breast tumors which are no responsive to endocrine therapies,
still maintain ERa expression suggesting its role in metastatic disease [Nardone A, et al
2015].

In the last years, several “hot spot” mutations harboring in the residue 536-538 of the
Hormone Binding Domain of ERa (HBD-ESR1), Y537N (tyrosine to arginine), Y537S
(tyrosine to serine) and D538G (aspartate to glycine), have been detected in a large cohort
of metastatic BC patients, and are associated with shorter overall survival (OS) and
progression-free survival (PFS) [Spoerke JM, et al. 2016] [Gelsomino L, et al. 2016]
[Takeshita T, et al. 2017] [Clatot F, et al. 2017]. These mutations map to the loop
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connecting a-helices 11 and 12, which play a crucial role in determining interactions with
coactivators and corepressors and, therefore, the respective agonist or antagonist effect of
the ligand (Fig. 2) [Fanning SW, et al. 2016].

Consequently, HBD-ESR1 mutations have been shown to confer constitutive ligand-
independent activation of ERa, suggesting that these naturally-occurring mutations leads

to a stabilized agonist state that resists inhibition by anti-oestrogens [Li S, et al. 2013].

A/B C D/E
DNA binding/transactivation function 1 Hinge Ligand binding/transactivation function 2
Ex%
L536Q
YS537N/S/C

Figure 2. Schematic diagram of ESR1. The ESR1 gene encodes the nuclear receptor protein
ERao, containing domains for DNA binding, transactivation functions 1 and 2, and ligand binding.
The most common ESR1 mutations result in variation of the hormone binding domain at residues
536, 537, and 538, modified from Button B, et al. 2016.

It has been already demonstrated that ERa mutations confer an increased phosphorylation
of the receptor in the three main serine residues (118, 167, 3 05) [Barone I, et al.2009]
[Giordano C, et al.2010], particularly HBD-ESR1 mutations display a constitutive
phosphorylation of S118 responsible to modulate the ligand-independent activity of the
receptor. These features allow cells to become resistant to adjuvant therapy agents such
as tamoxifen, fulvestrant or aromatase inhibitors, conferring enhanced metastatic
potential and/or aggressive biological attributes to breast cancer [Toy W, etal.2014, 2017]
[Gelsomino L, et al.2016].

Based on these observations the aim of this study was to define the role of HBD-
ESR1 mutations in influencing BCSCs activity. Our findings could assess HBD-ESR1
mutations as novel predictive biomarkers for tumor recurrence and help to discover new
potential therapeutic approaches to target CSCs. Genomic screenings of HBD-ESR1
mutations might be warranted to design personalized therapies that will be the most

valuable clinical decision to improve BC patient outcome.
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Materials and Methods

Cell culture

MCF-7, ZR75 and T47D stable clones were generated as previously described
[Gelsomino L, et al.2016]. MCF-7 cells were grown in MEM, T47D and ZR75 cells
(generously obtained from Dr. Marc Lippman) in RPMI-1640 supplemented with 10%
fetal bovine serum (FBS, Invitrogen), 2mmol/L-glutamine, and 1mg/ml penicillin-
streptomycin (Life Technologies), 1% Eagle’s none ssential amino acids. All stable
clones were maintained in puromycin (1pg/ul). MCF-7/CRISPR-Cas9 knock-in of
Y537S-ERa were gently provide by Prof.Suzanne Fuqua (Baylor College of Medicine,

Houston, Texas).
Plasmids

The ER constructs were generated using QuickChange Site-Directed Mutagenesis
(Stratagene, La Jolla, CA) in pYFP-ERa. The primer sequences were 118A: 5°-
GCAGGAAAGGCGCCAGCTGCG-3’.  Sequences were verified using Sanger
Sequencing. The luciferase reporter plasmid Hesl-Luc (467 to +46 of the Hesl
promoter with the luciferase gene) and the plasmid encoding dominant-negative MAML-
1 (DN-MAML-1) were gently provided by Prof. Maggiolini (University of Calabria,

Italy).

Mammosphere Culture

All stable clones were grown in monolayer and then were disaggregated enzymatically
using Trypsin-EDTA(1X) and mechanically using a 25 G needle for four times to obtain
a single cell suspension. After, 2000 cells/well were plated in 6 well ultra-low attachment
plates provided by Corning in a serum-free DMEM-F12, supplemented with B27,
20ng/ml human epidermal growth factor (EGF), 1mg/ml penicillin-streptomycin. All
treatments, XAV-939 (Tocris), Ciclopamine (Calbiochem), DAPT(Sigma),
R0O4929097(Roche), PD98059 (Calbiochem) were added at the beginning of the
experiments. Mammospheres (>50um diameter) were counted after 5 days using a
microscope fitted with a graticule. Mammosphere forming efficiency (MFE) was
calculated as the number of mammospheres formed (>50pum diameter) divided by the

number of cells plated out and expressed as a percentage. Primary mammospheres were
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collected, enzymatically dissociated, plated at the same seeding density used in the
primary generation to obtain secondary mammospheres for 5 days. Mammospheres
forming efficiency (MFE) was calculated as number of mammaospheres per well/number
of cells seeded per well and reported as fold versus control. Mammospheres self-renewal

(MSR) was calculated as a proportion of the first generation MFE:

Total first generation mammospheres

, X First generation MFE
Total second generation mammospheres

Flow Cytometry (FACS)

Mammaospheres were dispersed to obtain single-cell suspension. Cells were washed in
PBS with 2,5% BSA and stained with FITC anti-human CD44 and PE anti-human CD24
(BD Biosciences,), according to the supplier’s protocol. Flow cytometric analysis was
performed on a FACScan and acquisition was performed with WinDI software (Becton

Dickinson).
Reverse transcription and real-time reverse transcriptase PCR assays

Total RNA was extracted from cells using TRIzol reagent. Real time PCR was assed
using SYBR Green Universal PCR Master Mix (Biorad). Each samples were normalized
on its GAPDH mRNA content. Primers used for the amplification of CD44, SMAD4,
OCT-4, SOX-2, SOX-4, SOX-9, BMI-1, MAPK®6, YES-1, CDH2, VIM, YAP-1, ERRB2,
NOTCH1, NOTCH2, NOTCH3, NOTCH4 are listed in Table 1.

GENE Forward Primer 5’ — 3° Reverse Primer 5° — 3’
CD44 CCTTTGATGGACCAATTACCATAAC TCAGGATTCGTTCTGTATTCTCCTT
SMAD4 GGAGCTCATCCTAGTAAATG GACGGGCATAGATCACATGA
OCT4 AGCGACTATGCACAACGAGA CCATAGCCTGGGTACCAAA
SOX-2 GCACATGAACGGCTGGAGCAACG TGCTGCGAGTAGGACATGCTGTAGG
SOX-4 GGCCTCGAGCTGGGAATCGC GCCCACTCGGGGTCTTGCAC
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GENE Forward Primer 5’ — 3’ Reverse Primer 5° — 3’
SOX-9 AACGCCGAGCTCAGCAAGA TTCTTGTGCTGCACGCGCA
BMI GTGCTTTGTGGAGGGTACTTCAT TACACGTTTTACAGAAGGAATGTAGAC
MAPK6 GTCGGAGAAGTCCCGTTGTATC GTCGGAGAAGTCCCGTTGTATC
YES-1 CCTCGAGAATCTTTGCGACTAGA CCATTCCATGTTCCCATCCA
CDH2 ACAGTGGCCACCTACAAAGG CCGAGATGGGGTTGATAATG
VIM GAGAACTTTGCCGTTGAAGC GCTTCCTGTAGGTGGCAATC
YAP-1 GCCGGAGCCCAAATCC GCAGAGAAGCTGGAGAGGAATG
ERRB2 CACCTACAACACAGACACGTTTGA GCAGACGAGGGTGCAGGAT
NOTCH1 GTGACTGCTCCCTCAACTTCAAT CTGTCACAGTGGCCGTCACT
NOTCH2 CACCCCAGCTGCTACTCACA GCCAACCCAGCCTGCAT
NOTCH3 CCTGTCTTCCTGGGTTTGAG CAGAACTGGCCTGTGCACTC
NOTCH4 CCAACCCTGCGATAATGCGAG AGTCATCCGTTGAGACCCTGC
GAPDH CCCACTCCTCCACCTTTGAC TGTTGCTGTAGCCAAATTCGTT

Table 1. Sequence of primers

The relative gene expression levels were normalized to a calibrator that was chosen to be
the WT-ERa expressing cells. Final results were expressed as n-fold differences in gene
expression relative to GAPDH rRNA and calibrator, calculated using the DDCt method
as follows: nfold = 2_(DCtsample_DCtcalibrator), where DCt values of the sample and
calibrator were determined by subtracting the average Ct value of the GAPDH rRNA

reference gene from the average Ct value of the different genes analyzed.
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Immunoblot analysis

Cells were lysate in 500ul of 50 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 2 mM sodium fluoride, 2 MM EDTA, 0.1% SDS, containing a mixture of
protease inhibitors (aprotinin, phenylmethylsulfonyl fluoride, and sodium orthovanadate)
for total protein extraction. Equal amounts of proteins were resolved on 10% SDS-
polyacrylamide gel, transferred to a nitrocellulose membrane and probed with specific
antibodies as NOTCH4(Novus Biologicals), JAG1(Santa Cruez), HES1(Novus
Biologicals), DLL1(Abcam), DLL3(Abcam), pERa serine 118 (Cell Signaling) and ERa
(Santa Cruz). To ensure equal loading, all membranes were stripped and incubated with
anti-GAPDH (Santa Cruz) antibody. The antigen-antibody complex was detected by
incubation of the membranes with peroxidase-coupled goat anti-mouse or goat anti-rabbit
antibodies and revealed using the ECL System. Blots are representative of three

independent experiments.
Transmigration Assays

Mammaospheres derived MCF-7 WT-ERa and Y537S-ERa cells were placed in the upper
compartments of Boyden Chamber (8um membranes, Corning). Regular media was used
as chemoattractant and after 24h invaded cells were fixed with 4% paraformaldehyde and
stained with DAPI (Sigma). Migration was quantified by viewing five separate
fields/membrane (10X magnification) and expressed as mean numbers of migrated cells.
Data represent three independent experiments, assayed in triplicate.

Transfection assays

For luciferase assays, cells were plated into 24-well plates with 500 pl of regular growth
medium/well the day before transfection. Transfection was performed using
lipofectamine reagent (Invitrogen) as recommended by the manufacturer, in a mixture
containing 0.5 pg of reporter plasmid and TK Renilla luciferase plasmid (25 ng/well) used
to normalize the efficiency of the transfection. Firefly and Renilla luciferase activities
were measured using a Dual Luciferase kit (Promega, Milan, Italy) according to the
manufacturer's recommendations. The normalized relative light unit values obtained from
MCF-7 WT-ERa cells were set as one-fold induction upon which the activity induced
was calculated. MCF-7 WT-ERa and Y537N, Y537S, D538G-ERa were cultured in

regular media and transfected with an empty vector or a plasmid encoding for the
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dominant-negative of MAML-1 (DN-MAML-1) or for S118A-ERa using lipofectamine
reagent. After 24h cells were plated as mammospheres culture to evaluate MFE.

In vivo experiments

To evaluate tumor initiation capacity of MCF-7 WT-ERa and CRISPR/CAS-9 Y537S-
ERa cells, NOD SCID GAMMA (NSG) mice, the model of choice for cancer xenograft
and stem cell biology studies, were injected subcutaneously with cells in mammosphere
media mixed 1:1 with Matrigel. 60-days slow release estrogen pellets will be implanted
sub-cutaneously into mice 2 days before cell injection. Serial limiting dilution
implantation of cells (10000; 1000; 100;10) will be used to perform calculation of tumor
initiation analysis. After 60 days will be assessed the 95% Confidence Intervals for the
frequency of active cells employing Extreme Limiting Dilution Analysis (ELDA)
software [Simbes BM, et al.2015] [Hu Y, et al.2009].

Statistical analyses

Each datum point represents the meanzs.d. of three different experiments. Data were

analyzed by Student’s t test using the GraphPad Prism 7 software.
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HBD-ESR1 mutations in MCF-7, T47D, ZR75 cell lines

Several point mutations in the hormone binding domain (HBD) of ESR1 have been
identified in metastatic tumor samples from patients with ERa-positive breast cancer after
treatment with anti-oestrogen therapy. These mutations are rare in primary untreated
tumors [Robinson DR, et al. 2013] [Toy W, et al. 2013]. Previously, we generated ERa-
positive breast cancer cell lines, MCF-7, T47D and ZR75, stably infected with wild-type
(WT) ESR1 or the most frequent HBD-ESR1 mutant Y537N, Y537S or D538G (m-
cherry-tagged exogenous receptor, 95kDa) [Gelsomino L, et al. 2016]. These stable
clones co-express endogenous and exogenous ERa receptor to better represent the clinical
situation were wild-type receptor is often co-expressed with the mutant one. It has been
demonstrated using in vitro and in vivo assay, that Y537S compared to D538G mutants,
were more oestrogen-independent in term of proliferation, and were not fully inhibited
by fulvestrant despite dosing to higher levels than are typically achieved in the clinic [Toy
W, et al. 2017]. Thus, as experimental model we decided to use MCF-7, T47D and ZR75
expressing Y537S-ERa (Fig. 3).

MCF-7 ZR7S T47D

s 85 g o5
mcherry-ERa [=== — S s -._I
ERq | = b — W= Saw
GAPDH [—— —— == v —— — |

Figure 3. MCF-7, ZR75 and T47D stable infected with WT-ERa and Y537S-ERa. Western
Blot analysis of breast cancer cell lines stable infected with WT-ERa and Y537S-ERa.
GAPDH, was used as loading control.
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Breast Cancer Stem Cells (BCSCs) activity is enriched by Y537S-ERa,

mutation

To determine the role of HBD-ESR1 mutations in influencing breast cancer stem cell
(BCSC) activity, MCF-7 stable pools expressing wild-type (WT) ERa and the most
frequently occurring clinical ESR1 mutation Y537S-ERa were grown as mammospheres
[Dontu G et al. 2003] [Shaw FL, et al. 2012]. Thus, we performed fluorescence-activated
cell sorting (FACS) analysis to evaluate BCSC subpopulation in relation to CD44 and
CD24 expression. As expected we evidenced an enrichment of CD44%/CD24
subpopulation in mammosphere derived-cells from wild-type and mutated ERa cells lines
compared to the cells grown in adherent conditions (data not shown). Interestingly, MCF-
7 Y537S-ERo mammosphere-derived cells showed a significant higher percentage of
CD447/CD24 cells compared to WT-ERo mammosphere-derived cells both in primary
(M1, 58.98% in Y537S-ERa cells versus 34.67% in WT-ERa cells) and in secondary
generation (M2, 50.60% in Y537S-ERa cells versus 30.45% in WT-ERa cells) as
reported in Fig. 4.
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Figure 4. CD44*/CD24 phenotype in MCF-7 Y537S-ERe. mammosphere-derived cells.
MCF-7 WT-ERa and Y537S-ERa cells were grown in non-adherent conditions (M1, first
generation of mammospheres; M2 second generation of mammospheres) and subjected to FACS
analysis to evaluate CD24 and CD44 expression. Representative plots of FACS analysis (left
panel). Percentage of CD44/CD24 subpopulation (right panel). The values represent the means
* s.d. of three different experiments each performed in triplicate; ****p <0.0001.

13



Results

Accordingly, mutant-expressing cells exhibited increased mRNA level of several genes
strongly associated with stem cell phenotype, such as CD44, SMAD4, OCT4, SOX2,
SOX4, SOX9, BMI1, MAPK®6, YAP1, CDH2, VIM, YES-1 and ERBB2 (Fig. 5).
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Figure 5. Stem-related gene expression in MCF-7 Y537S-ERa mammosphere-derived cells.
Total RNA was isolated from M1 MCF-7 WT-ERa and Y537S-ERa and converted to cDNA.
Real Time RT-PCR was performed for a subset of genes in M1 MCF-7 WT-ERa and Y537S-
ERa cells. Each samples was normalized to its GAPDH mRNA content. The values represent the
means * s.d. of three different experiments each performed in triplicate; *p <0.05; **p <0.01;
**%p < 0.001; *¥***p <0.0001.

We found an increase in mammosphere-forming efficiency (MFE) in mutant expressing
cell lines compared to wild-type (Fig. 6A left panel). Moreover, we also evaluated the
ability to form secondary mammospheres (self-renewal, SR) observing a higher self-
renewal capacity in expressing Y537S-ERa breast cancer cell lines (Fig. 6A right panel).
To extend our results we used also ZR75 and T47D stably expressing both WT-ERa and
Y537S-ERa. We observed in both cell lines that Y537S-ERa mammosphere-derived cells
showed higher MFE (Fig. 6 B left panel) as well as an increased SR (Fig. 6 B right panel)
compared to WT-ERa demonstrating that Y537S-ERa mutation affected BCSC activity

independently of cellular background.
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Figure 6. Effects of HBD Y537S-ERe mutation on MFE and SR in breast cancer cells.

A) Mammospheres Forming Efficiency (MFE) (left panel) and self-renewal (right panel) of
MCF-7 WT-ERa and Y537S-ERa clones. B) Mammaospheres Forming Efficiency (MFE) (left
panel) and self-renewal (right panel) of ZR75, T47D WT-ERa and Y537S-ERa clones. The
values represent the means + s.d. of three different experiments each performed in triplicate; *p
<0.05; **p <0.01; ****p <(0.0001.

Since migratory potential is one of the most important features for BCSCs, we performed
boyden chambers transmigration assays in MCF-7 WT-ERa and Y537S-ERa
mammaosphere-derived cells. The results clearly demonstrated that the expression of the

mutation resulted in an augmented cell migration (Fig. 7).
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Figure 7. Migratory potential in Y537S-ERa MCF-7. Transmigration assays of M1 MCF-7
WT-ERa and Y537S-ERa. The values represent the means + s.d. of three different experiments
each performed in triplicate; **p <0.01;

Collectively these data demonstrated that Y537S-ERa mutation promotes stem cells

activity in breast cancer cells.
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BCSCs activity in Y537S-ERa expressing cells is dependent on Notch
Signaling

Whnt/B-catenin, Sonic Hedgehog and Notch signaling, the main stem cell regulatory
pathways, are frequently deregulated in a number of malignancies, including breast
cancer [Koury J, et al. 2017]. Thus, in order to explore which of these pathways may
sustain BCSCs activity in mutant-expressing cells, we tested the effects of specific
inhibitors of Wnt/B-catenin (XAV-939), Sonic Hedgehog (Ciclopamine) and Notch (N-
[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester, DAPT) pathways
on MFE. We observed that XAV-939 and Ciclopamine did not affect MFE (Fig. 8A and
B) while DAPT significantly decreased the number of mammospheres in mutant-

expressing cells (Fig. 8C).
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Figure 8. MFE of MCF-7 Y537S-ERuq in the presence of Wnt/p-catenin, Sonic Hedgehog
and Notch inhibitors. MFE of MCF-7 WT-ERa and Y537S-ERa treated with XAV-939 (5uM
and 10uM, A), Ciclopamine (5uM and 10uM, B), DAPT (5uM and 10uM, C) The values
represent the means + s.d. of three different experiments each performed in triplicate; ns, not
significant, ***p < 0.001.
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To further confirm these data, we used a different Notch inhibitor RO4929097 (GSI), a
potent and selective small molecule inhibitor of gamma-secretase that is currently in
phase 1 study in patients with solid tumors [NCT Number: NCT01131234]. Notch
inhibition can be achieved inhibiting the formation of NICD, responsible of Notch
activity, using gamma-secretase inhibitor to prevent the final cleavage step of the
precursor form of Notch [Olsauskas-Kuprys R et al. 2013]. Remarkably, GSI also
decreased MFE (Fig. 9A) and strongly reduced the migratory activity in mutant-
expressing cells (Fig. 9B).
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Figure 9. GSI inhibitor effects in MCF-7 Y537S-ERa. A) MFE of MCF-7 WT-ERa and
Y537S-ERa treated with RO4929097 (GSI, 5uM and 10uM). B) Transmigration assays of M1
MCF-7 WT-ERa and Y537S-ERa grown in non-adherent conditions, in the presence or absence
(-) of GSI 10uM. The values represent the means + s.d. of three different experiments each
performed in triplicate; **p <0.01; ***p < 0.001.

The same inhibitory effects of GSI on MFE have been also detected in ZR75 Y537S-ERa,
stable clones (Fig.10), confirming a positive interaction between Notch signaling and
Y537S-ERa mutation. These results demonstrated that the blockade of Notch pathway
selectively reduced the stemness potential of breast cancer cells displaying Y537S-ERa

mutation.

18



Results

5 L] WT
I Y5378
l -
1.5 -
g T
= 14
E TR EwT
0.5 - |J—‘
0
GSI (uM) - 5 10

Figure 10. MFE of ZR75 WT-ERe and Y537S-ERa treated with GSI. ZR75 WT-ERa and
Y537S-ERa were grown as mammospheres in non-adherent conditions, in the presence or
absence (-) of GSI 10uM. The values represent the means + s.d. of three different experiments
each performed in triplicate; *p <0.05; ***p < 0.001.

Notch signaling plays a key role in cell biology (stem cell maintenance, cell
differentiation, cellular homeostasis), angiogenesis, tumor formation and cell fate
decision [Guo S, et al.2011] [Brzozowa-Zasada M, et al.2016] [Lamy M, et al.2017]. Its
activation derived by contact between signal-sending cell expressing Notch ligand and
signal-receiving cell expressing Notch receptor. In mammals have been identified four
Notch transmembrane proteins receptors (NOTCHL1, 2, 3 and 4) that can bind five ligands
(DLL-1, 3 and 4 and JAG-1 and 2). After the binding, Notch receptor undergoes to
proteolytic cleavage by ADAM-family protease (S2 cleavage) and then by presenilin-y-
secretase complex (S3 cleavage) that induces a release of the Notch intracellular domain
(NICD). NICD can translocate to the nucleus and interact with RBP-Jk/CBF-1
transcription factor complex mediating the transcription of target genes which are
transcriptional repressor of the HES (Hairy and Enhancer Of Split) (HES1-7) and HEY
(Hairy/Enhancer-Of-Split Related With YRPW Motif Protein) subfamilies (HEY1,
HEY2, HEYL) [Iso T, et al. 2003] [Miele L. 2006].

Thus, to better explore the role of Notch pathway in driving MCF-7 Y537S-ERa stem
cell activity, we first assessed mRNA level of Notchl, Notch2, Notch3 and Notch4
receptors by real time RT-PCR. Our data showed a higher expression of these genes in
mutant expressing-cells compared to WT-ERa cells (Fig. 10A, left panel). Several studies
reported Notch4 as a crucial player in BCSCs activity and its elevated expression

significantly correlated with poor patient survival among BC patients [Simbes BM, et
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al.2015] [Lombardo Y, et al.2014]. We found using immunoblot analysis in mutant-
expressing cells that Notch4 and its intracellular domain (Notch4'“®) were up-regulated
along with its ligands, JAG1, DLL1, DLL3 and its primary target gene HES1 (Fig. 10A
right panel). The increased mRNA levels of Notch receptor isoforms, concomitantly with
the activation of Notch4 signaling pathway have been also revealed in ZR75 Y537S-ERa
stable clones as reported in Fig. 10B.

Y5378

A MCF-7 E

[] WT

0 vss7s =% & = | NOTCH4 full length
g - 1 1.5

i 2
6 - ek 1 1.9
o [

4 EEEY FEE 1 2,7

1 14

ol ol Ol ol o=

mRNA transcript levels
(Fold Change)

\ 0 3 N
‘G‘\ ‘C\x "Cx\ (‘CY\ 1 46
o e e B oo
2z
[3e]
5 ZR75 : @
4
. - NOTCH4 full length
E g w*w
= *
z g 21 .
£ =
==
Z 1A
o
0

Figure 10. Notch expression and signaling in Y537S-ERa MCF-7 and ZR75. Real Time RT-
PCR for NOTCH1, NOTCH2, NOTCH3, NOTCH4 receptors in M1 MCF-7 (A) and ZR75 (B)
WT-ERa and Y537S-ERa clones (left panel). NOTCH4 full length, NOTCH4'P, JAG1, DLL1,
DLL3 and HES1 protein expression levels revealed by immunoblot analysis of total cellular
extracts of M1 MCF-7 WT-ERa and Y537S-ERa clones (right panel). GAPDH, was used as

loading control. Numbers represent the average fold change versus MCF-7 WT-ERa normalized
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for GAPDH. The values represent the means * s.d. of three different experiments each performed
in triplicate; ns, not significant *p<0.05; **p<0.01; ***p < 0.001; ****p < 0.0001.

Since HES1 is one of the main Notch target genes and it is considered as a read-out of
NOTCH activation [Borggrefe T, et al. 2009], we also evaluated the HES1 transcriptional
activity by HES1 Luciferase reporter assay. As shown in Fig. 11 HES1 transcriptional
activity resulted higher in Y537S-ERa clones compared to WT-ERa expressing cell, both

transfected with HES1 promoter, confirming the Notch pathway activation.
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Figure 11. HES1 transcriptional activity in MCF-7 Y537S-ERe. HES1-luciferase reporter
assay in MCF-7 WT-ERa and Y537S-ERa. The values represent the means + s.d. of three

different experiments each performed in triplicate; ***p < 0.001.

Additionally, to further sustain a possible role of Notch pathway in mutant-expressing
cells we evaluated MFE in MCF-7 clones transfected with a dominant-negative of Notch
transcriptional coactivator, Master-mind like 1 (DN-MAML-1) [Wu L, et al. 2002][Pupo
M, et al.2014]. The presence of DN-MAML1 affected MFE only in mutant expressing

cells, while no changes have been found in WT-ERa stable clones (Fig. 12).
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Figure 12. MFE is reduced in the presence of Notch dominant-negative coactivator. MFE in
MCF-7 WT-ERa and Y537S-ERa cells transiently transfected with either an empty vector (-) or
a dominant negative for MAML-1 (DN-MAML-1). The values represent the means + s.d. of three

different experiments each performed in triplicate; ns, not significant, ***p < 0.001.

These data demonstrated that Notch pathway might sustain BCSC activity in mutant-

expressing cells.
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Phosphorylation at serine 118 residue of ERa is involved in stemness in

mutant-expressing cells

It has been reported that HBD-ESR1 mutant-expressing cells showed high ERa serine
118 (S118) phosphorylation level and consequently a constitutive transactivation of the
receptor [Toy W, et al.2014]. In addition, it has been demonstrated that increased levels
of S118 are linked to the tumor initiating ability of SOX2-overexpressing cells [Vazquez-
Martin A, et al. 2013]. Thus, we investigated whether phosphorylation at S118 might be
potentially involved in stemness activity of mutant-expressing cells. First, we performed
immunoblot analysis to evaluate phosphorylation levels of ERo at S118 in
mammospheres derived from WT-ERa and mutant-expressing cells. Our data
demonstrated that mutant expressing cells showed higher phosphorylation level of S118
compared to WT-ERa cells (Fig. 13A). Since serine residue 118 is one of the main
effectors of Mitogen Activated Protein Kinase (MAPK), to confirm also the involvement
of this pathway in sustain stemness in mutant-expressing cells we performed immunoblot
analysis [Catalano S, et al.2004]. We discovered a hyper phosphorylation of MAPK in

mammospheres derived from mutant-expressing cells (Fig. 13B).
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Figure 13. Hyper phosphorylation at S118 of ERa in MCF-7 Y537S-ERa. A) Phosphorylation
levels of serine residue 118 (pERo *™'%) and total level of ERa protein expression revealed by
immunoblot analysis of total cellular extracts of M1 MCF-7 WT-ERa and Y537S-ERa clones.
B) Phosphorylation (pMAPK 20211204 and total level of MAPK protein expression revealed by
immunoblot analysis of total cellular extracts of M1 MCF-7 WT-ERa and Y537S-ERa clones.
GAPDH, was used as loading control.
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To better elucidate the role of S118, in our experimental model, we transfected S118A-
ERa construct, a plasmid containing a serine to alanine substitution at residue 118. In the
presence of S118A ERa we observed in Y537S-ERa cells a reduction in phosphorylation
level of S118 and concomitantly decreased expression of Notch4 and Notch4'®, JAG-1
and HES-1 (Fig. 14A) suggesting a possible crosstalk existing between ERa and Notch4
in supporting stemness in mutant clones. Indeed, cells transfected with S118A-ERa

showed a significant reduction in MFE in mutant-expressing cells (Fig. 14B).
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Figure 14. Serine Residue 118 in Y537S-ERa modulates stemness activity. A) MCF-7 WT-
ERa and Y537S-ERa cells were transiently transfected with either an empty vector (-) or S118A-
ERa plasmid (S118A-ERa). NOTCH4 full length, NOTCH4'°®, HES1, pERa '8 and ERa
protein expression levels revealed by immunoblot analysis of total cellular extracts of MCF-7
WT-ERo and Y537S-ERa cells. GAPDH, was used as loading control. Numbers represent the
average fold change versus MCF-7 WT-ERa normalized for GAPDH. B) MFE in MCF-7 WT-
ERa and Y537S-ERa cells transiently transfected with either an empty vector (-) or S118A-ERa
plasmid (S118A-ERa). The values represent the means = s.d. of three different experiments each
performed in triplicate; ns, not significant, ***p < 0.001.

All these results demonstrated that the hyper phosphorylation of S118 is required for

Notch4 activation in maintaining stem cell phenotype in mutant-expressing cells.
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Y537N and D538G-ERa mutations influence BCSCs phenotype

In order to extend our knowledge of HBD-ESR1 mutations in regulating stemness, we
investigated the impact of other two more frequent mutations, named Y537N- and
D538G-ERa. in BCSCs activity. Thus, we used as experimental models other two
different previously established MCF-7 stable clones expressing Y537N-ERa and
D538G-ERa mutations respectively [Gelsomino L, et al.2016] (Fig.15).
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Figure 15. MCF-7 stable clones expressing Y537N and D538G-ERa. Western Blot analysis
of MCF-7 stable infected with WT, Y537N and D538G-ERa. GAPDH, was used as loading
control.

In agreement with the results obtained in Y537S-ERa mutant-expressing cells, we
observed in both clones an increased MFE as well as SR compared to WT-ERa expressing
cells (Fig. 16A and B).
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Figure 16. MFE and SR in Y537N and D538G-ERa MCF-7 cells. A) MFE of MCF-7 WT-
ERa, Y537N-ERa and D538G-ERa cells. B) Self Renewal of MCF-7 WT-ERa, Y537N-ERa
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The values represent the means + s.d. of three different experiments each performed in triplicate;
p*<0.05; **<0.01.

Moreover, these mutant-expressing cells displayed higher levels of S118 phosphorylation
and increased Notch activation compared to WT-ERa expressing cells (Fig. 17A) and
consequently a reduced MFE either in the presence of S118A-ERa plasmid or by using
the Notch inhibitor, GSI (Fig. 17B and C).
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Figure 17. Phosphorylation at S118 in Y537N-EReo and D538G-ERa sustains stemness. A)
Phosphorylation levels pERa 118, total ERa, NOTCH4 full length and NOTCH4'°® protein
expression levels revealed by immunoblot analysis of total cellular extracts of M1 MCF-7 WT-
ERa and Y537N-ERa and D538G-ERa clones. GAPDH, was used as loading control. Numbers
represent the average fold change versus MCF-7 WT-ERa normalized for GAPDH. B) MFE of
MCF-7 WT-ERa, Y537N-ERa and D538G-ERa clones transiently transfected with either an
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empty vector (-) or S118A-ERa or treated with GSI 10uM. The values represent the means + s.d.
of three different experiments each performed in triplicate; ns, not significant **p<0.01; ***p <
0.001.

All together our data highlight a crucial role for both S118 and Notch4 pathway in
influencing BCSCs activity in the more frequent mutations harboring in the HBD of ERa.
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MCF-7/CRISPR-Cas9 knock-in of Y537S-ERa increases tumor initiation capability

of breast cancer cells

To further confirm the role of Y537S-ERo mutation in tumor initiation and progression,
we generated Y537S-ERa knock-in MCF-7 using CRISPR-Cas9 genome editing
technique.

CRISPR-Cas9-mediated genomically introduction of Y537S mutation in the encoded
ESR1 gene, would facilitate direct comparison of isogenic wild-type and mutant breast
cancer cells. As expected, MCF-7/CRISPR-Cas9 knock-in of Y537S-ERa cells showed
a higher MFE and SR compared to parental MCF-7 cells (Fig.19A and B) and treatment
with GSI reduced MFE confirming the involvement of Notch signaling (Fig.19C).
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Figure 19. MFE and SR in CRISPR/CAS-9 knock-in Y537S-ERo MCF-7 cells. A) MFE of
parental MCF-7 and MCF-7/CRISPR-Cas9 knock-in of Y537S-ERa. B) Self Renewal (SR) of
parental MCF-7 and MCF-7/CRISPR-Cas9 knock-in of Y537S-ERa. C) MFE of parental MCF-
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7 and MCF-7/CRISPR-Cas9 knock-in of Y537S-ERa treated with GSI 10uM. The values
represent the means + s.d. of three different experiments each performed in triplicate; *p<0.05;
**<0.01; ****p < 0.0001.

One major hallmark of cancer stem cells is the ability to initiate tumors “in vivo”. To
determine the frequencies of CSC in Parental and MCF-7/CRISPR-Cas9 knock-in of
Y537S-ERa cells “in vivo”, we performed limiting-dilution xenograft experiments. Four
groups with four mice each were formed for each cell line. We implanted progressively
smaller number of tumor cells (10,100,1000,10000 cells) into NSG mice for each group,
and they were followed over a period of 60 days. Extreme Limiting Dilution Analysis
(ELDA) revealed a 5-fold enrichment in tumor initiating cell frequency in Y537S-1
compared to MCF-7 Parental cells. Particularly, the estimated frequency of CSC in in
MCF7-Parental was 1 in 1335 cells, whereas that in Y537S-1 was 1 in 253 (P = 0.00273)
(Table 2).

All together these data strongly demonstrated an important role of the Y537S-ERa
mutation in supporting BCSC activity displaying a potential role in sustaining tumor

initiation and metastatic disease progression.
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Transduced | Cell number | Number of mice | Number of tumors
MCF-7 cells injected >100mm?>
PARENTAL 10000 4 3
PARENTAL 1000 4 4
PARENTAL 100 4 3
PARENTAL 10 4 3

YS-1 10000 4 4

YS-1 1000 4 3

YS-1 100 4 2

YS-1 10 4 4
Transduced Lower TIC Upper CI | Chisq | P.value
MCF-7 cells CI Frequency
PARENTAL 1/4662 1/1335 1/382.8 8.98 0.00273

YS-1 1/838 1/253 1/76.3

Table 2. Number of cell injected, numbers of mice and those positive for tumor growth are shown
for MCF-7 parental and YS-1. Tumor-initiating cell (TIC) frequency and 95% confidence
intervals (C1) demonstrating the highly significant difference in TICs using Chi-sqd to test in
Parental and Y'S-1 cells.
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Discussion

Oestrogen receptor alpha (ERa)-positive tumors represent the most common form of
breast cancer (BC) (~70% in newly diagnosed breast cancers) [Ariazi EA, et al. 2006].
ERa and its cognate ligand oestrogen are considered the “driving forces” in development
and progression of BC disease. Therapeutic targeting of oestrogen signaling and
biosynthesis is the mainstay therapy used in both early and metastatic breast cancers.
However, patients after benefit initial endocrine therapy, may experience tumor
recurrence. In the last years, understanding the mechanisms involved in metastatic
process and resistance to conventional therapy, has become the prior aim, to prevent the
development of secondary tumors and to improve the clinical outcome of these patients.
In recent years a better knowledge of tumor heterogeneity has led to the discovery of
small subpopulation within the tumor, characterized by high tumorigenic ability and by
stem cell-like properties of self-renewal, differentiation and development of (malignant)
tissue. This has permitted to define tumor initiating cells referred as *“cancer stem cell
(CSC)”. CSCs have been shown to contribute directly or indirectly to the generation of
metastasis since their highly-resistant feature to conventional cancer therapies. So far,
interest in targeting cancer stemness is becoming priority.

Research attention has been focused also on recurrent hormone-binding domain (HBD)-
ESR1 mutations as mechanism enrolled in metastatic disease and therapy resistance
[Robinson DR, et al.2013] [Jeselsohn R, et al.2017]. HBD-ESR1 mutations were found
in metastatic breast cancer patients. Some studies sustained that these mutations evolved
under the pressure of endocrine treatment in metastatic breast cancer patients who
received long-term anti-oestrogen therapies, and they are rarely found in treatment-naive
ERa-positive breast cancers others described the presence of HBD-ESR1 mutations in
primary tumors proposing that cells might acquire these genomic alterations or that those
arise from a rare single clone [Angus L, et al.2016] [Gelsomino L, et al. 2016].

Since HBD-ESR1 mutations and CSCs are pioneering factors in metastatic disease-
progression, it could be important to provide a therapeutic strategy that can strongly block
their action. Therefore, based on these observations we questioned whether HBD-ESR1

mutations might account for sustain stem cell phenotype.
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Firstly, we used as experimental model breast cancer cell lines, MCF-7, ZR75 and T47D,
expressing Y537S-ERa, the most prevalent ESR1 point mutation that has been found in
metastatic breast cancer.

We demonstrated that cells expressing Y537S-ERo mutation showed higher BCSCs
activity comparing to WT-ERa expressing cells in term of mammosphere forming
efficiency (MFE), self-renewal (SR) and migratory potential along with increased mRNA
level of the genes mostly up-regulated in stemness.

Hedgehog, Notch and Wnt pathways play a key role in normal mammary gland biology
(stem-cell maintenance, development, proliferation) and cell fate, and dysregulation of
these pathways could be responsible for breast cancers [Rizzo P, et al.2008] [Takahashi-
Yanaga F, et al.2010] [ Merchant A, et al.2010]. Thus, we investigated which of these
pathways was correlated with BCSCs activity in mutant-expressing cells. Our results
demonstrated a pivotal role of Notch4 signaling pathway to maintain stem cell phenotype
in Y537S-ERa expressing cells. MFE of mutant-expressing cells was exclusively down-
regulated by two different Notch inhibitors, DAPT and GSI.

De-regulation of the Notch pathway is reported in the pathogenesis of breast cancer in
mice and humans [Gallahan D, et al.1987] [Dievart A, et al.1999] [Farnie G, et al.2007]
and has been linked to treatment resistance [Lombardo Y, et al.2010] [Magnani L, et
al.2014] [Simoes BM, et al.2015]. Particularly, Notch4 signaling has also been implicated
in the regulation of BCSCs [Harrison H, et al. 2010] [Farnie G, et al.2007]. Our results
revealed hyper-activation of Notch4 pathway in Y537S-ERa expressing cells.

The role of ERa in supporting breast cancer growth has been fully elucidated, but its
involvement in BCSC activity is still controversial. Researchers usually described stem
cell population as ERa-negative cells, but some studies revealed that ERa signaling
activation could directly or in a paracrine manner sustains stem cell compartments
[Fillimore CM, et al.2010]. Moreover, Vazquez-Martin group demonstrated the impact
of non-genomic oestrogen-signaling activation in stemness validating the hypothesis that
increased phosphorylation at serine 118 enhanced tumor initiation ability in SOX2-
overexpressing cells [Vazquez-Martin A, et al.2013]. It has been reported that HBD-
ESR1 mutations are characterized by hyper activation of the receptor and showed a
constitutively phosphorylation of serine 118 [Toy W, et al.2017] [Harrod A, et al.2016].
Thus, here we demonstrated that BCSCs retain ERa expression and the constitutive
phosphorylation in serine 118 that resulted necessary to sustain Notch activation in

maintaining stemness in mutant-expressing cells.
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In order to extend our knowledge of HBD-ESR1 mutations in regulating stemness, we
investigated the impact of other two more frequent mutations, named Y537N- and
D538G-ERa in BCSC activity. We demonstrated that Y537N and D538G influence
stemness potential, in fact cells expressing these mutations, exhibited hyper
phosphorylation of serine 118, concomitantly with activation of Notch4 signaling
pathway which is responsible to maintain higher MFE and SR in mutant-expressing cells.
Finally, to further confirm the role of Y537S-ERo mutation in tumor initiation and
progression, we generated Y537S-ERa knock-in MCF-7 using CRISPR-Cas9 genome
editing technique. As expected, MCF-7/CRISPR-Cas9 knock-in of Y537S-ERa cells
showed a higher MFE and SR compared to parental MCF-7 cells, dependent by Notch
signaling. Since, hallmark of CSCs is the ability to initiate tumors in vivo, we
demonstrated that Y537S-ERa mutation displayed a potential role in sustaining tumor
initiation, using tumor dilution “in vivo” assay. Frequency of CSCs in MCF-7 Parental
was 1 in 1335 cells, whereas Y537S-1 was 1 in 253, suggesting enrichment in tumor-
initiation ability.

In conclusion, we suggested for the first time that HBD-ESR1 mutations might account
for a mechanism of metastatic process and endocrine resistance, sustaining stem cell-like
phenotype. Constitutive hyper phosphorylation of ERa Ser118, induced by HBD-ESR1
mutations, is the mainstay of Notch4 activation, which maintained stemness.

Our discoveries might help to define the role of HBD-ESR1 mutations, and reassess them
as a predictive and prognosis marker. Our work consistently will impact breast cancer
outcome, in fact here we propose Notch pathway as a valuable therapeutic target in
patients affected by BCs that exhibit HBD-ESR1 mutations in order to eradicate BCSCs
that are refractory to anti-estrogens with the aim to prevent tumor progression and

metastatic disease.
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