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RON signalling promotes therapeutic resistance in ESR1
mutant breast cancer
Derek Dustin1,2, Guowei Gu1,3, Amanda R. Beyer1, Sarah K. Herzog1,4, David G. Edwards1, Hangqing Lin1, Thomas L. Gonzalez1,
Sandra L. Grimm3,5, Cristian Coarfa3,5, Doug W. Chan1, Beom-Jun Kim1, Jean-Paul De La O6, Matthew J. Ellis1,2,7, Dan Liu8, Shunqiang Li9,
Alana L. Welm 6 and Suzanne A. W. Fuqua 1,2,3,4,5,7

BACKGROUND: Oestrogen Receptor 1 (ESR1) mutations are frequently acquired in oestrogen receptor (ER)-positive metastatic
breast cancer (MBC) patients who were treated with aromatase inhibitors (AI) in the metastatic setting. Acquired ESR1mutations are
associated with poor prognosis and there is a lack of effective therapies that selectively target these cancers.
METHODS: We performed a proteomic kinome analysis in ESR1 Y537S mutant cells to identify hyperactivated kinases in ESR1
mutant cells. We validated Recepteur d’Origine Nantais (RON) and PI3K hyperactivity through phospho-immunoblot analysis,
organoid growth assays, and in an in vivo patient-derived xenograft (PDX) metastatic model.
RESULTS: We demonstrated that RON was hyperactivated in ESR1 mutant models, and in acquired palbociclib-resistant (PalbR)
models. RON and insulin-like growth factor 1 receptor (IGF-1R) interacted as shown through pharmacological and genetic inhibition
and were regulated by the mutant ER as demonstrated by reduced phospho-protein expression with endocrine therapies (ET). We
show that ET in combination with a RON inhibitor (RONi) decreased ex vivo organoid growth of ESR1 mutant models, and as a
monotherapy in PalbR models, demonstrating its therapeutic efficacy. Significantly, ET in combination with the RONi reduced
metastasis of an ESR1 Y537S mutant PDX model.
CONCLUSIONS: Our results demonstrate that RON/PI3K pathway inhibition may be an effective treatment strategy in ESR1 mutant
and PalbR MBC patients. Clinically our data predict that ET resistance mechanisms can also contribute to CDK4/6 inhibitor
resistance.
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BACKGROUND
Over 600,000 women die each year from metastatic breast
cancer (MBC) worldwide.1 Despite effective endocrine and
targeted therapies to treat oestrogen receptor (ER)-positive
breast cancer (BC), 20% of women develop recurrence and/or
metastasis.2 The most common mechanism of endocrine
therapy (ET) resistance is the acquisition of Oestrogen Receptor
1 (ESR1) mutations, which are characterised as having hormone
hypersensitive or ligand-independent transcriptional activity.3–6

The current clinical approach for patients with ESR1 mutations is
to treat with a selective oestrogen receptor degrader (SERD) in
combination with a cyclin-dependent kinase (CDK) 4/6 inhibi-
tor.7 However, there are no effective therapies that can
selectively target ESR1 mutant cancers, and patients with
cancers expressing ESR1 mutations have a worse progression-
free (PFS) and overall survival (OS) compared to cancers
expressing only wild-type (WT) ESR1.3,8–12 ctDNA analysis in
the SoFEA and PALOMA-3 clinical trials found that ESR1
mutations were present in 39% and 25% of patients,

respectively. Patients in these trials were treated with an
aromatase inhibitor (AI) or fulvestrant (Ful) containing regimens,
demonstrating the ESR1 mutant clinical resistance to both of
these ETs. Therefore, there is an unmet need to identify
actionable targets in ESR1 mutant cancers, which are required
to better control metastatic disease.
The addition of CDK4/6 inhibitors to ET has improved PFS and

OS in ER-positive BC.13–19 However, an analysis of the PALOMA-3
clinical trial showed that there was a selection for the ESR1 Y537S
mutation at end of treatment in patients who were treated with
Ful alone or in combination with the CDK4/6 inhibitor palboci-
clib.20 These data demonstrated that the ESR1 Y537S mutation
was intrinsically resistant to this combination in ESR1 mutant-
positive MBC patients. Therefore, we interrogated the kinome of
ESR1 mutant and palbociclib resistant (PalbR) models with the
goal of discovering novel therapeutic strategies for this patient
population.
We and others have previously shown that the insulin-like

growth factor-1 receptor (IGF-1R) signalling pathway was
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upregulated in ESR1 mutant BCs and was associated with ET
resistance.21,22 Inhibition of IGF-1R restored ET sensitivity, and this
finding is an encouraging outcome for the clinical co-targeting of
ER and IGF-1R. However, IGF-1R inhibitors have had limited clinical
utility in BC, potentially due to the reliance on insulin receptor to
propagate insulin growth factor 2 (IGF-2) signalling, as well as IGF-
1R inhibitor induced hyperglycemia.23,24 In this study we aimed to
identify additional kinases that may cooperate with IGF-1R, and
found that recepteur d’origine nantais (RON) kinase activation is
an escape driver pathway with therapeutic vulnerability in ESR1
mutant MBC.
RON is a growth factor receptor tyrosine kinase (RTK) that is

expressed on resident macrophages and epithelial cells. RON
can be activated by its ligand, macrophage stimulating protein
(MSP),25 or by ligand-independent dimerisation in RON-
overexpressed cancers.26 The oncogenic potential of RON
signalling has been demonstrated in several epithelial cancer
types, where RON propagates signalling pathways involved in
cell motility, invasion, epithelial-mesenchymal transition, and
metastasis.27–29 In BC, RON primarily signals through the PI3K
and MAPK pathways.28,30 Previous studies have shown that
overexpression of RON is sufficient to induce metastasis in ER-
positive BC cell lines, and pharmacological inhibition with a
small molecule inhibitor selective for RON delayed progression
in RON-overexpressing ER-positive BC patient-derived xenograft
(PDX) models.31,32 Additionally, knockout of the RON tyrosine
kinase domain resulted in reduced lung metastasis in an ER-
negative mouse tumour model.33 RON overexpression has been
shown to confer tamoxifen (Tam) resistance in ER-positive BC
cell lines;30 however, the mechanisms by which the mutant ER
can regulate RON activity has not been reported. Although
previous studies have shown that RON activation could cross
talk with ER signalling,30 our data demonstrated that the mutant
ER could hyperactivate RON signalling to promote therapeutic
resistance, and that RON inhibition inhibited metastasis of an
ESR1 Y537S mutant PDX model. Herein, we use a proteomic
approach to identify hyperactivated kinase pathways in ESR1
mutant models. Our data demonstrated that ESR1 mutations
induce RTK/PI3K hyperactivation and identified that RON and
IGF-1R cooperate to promote ET resistance and metastasis. We
also demonstrated that ESR1 mutant and PalbR models
exhibited a shared transcriptional reprogramming that suggests
acquired ESR1 mutations may predispose cancers to palbociclib
resistance.

METHODS
KinoBead proteomics
KinoBead proteomics (KiP) analysis was developed using modified
techniques.34 Briefly, MCF-7 ESR1 WT and ESR1 Y537S cells were
cultured in minimal essential media (MEM) supplemented with
10% foetal bovine serum (FBS), 1X non-essential amino acids
(NEAA), and 1X penicillin-streptomycin for 72 h before harvesting
for KiP analysis. Fold changes are represented as mass spectro-
metry (MS) intensity based absolute quantification (IBAQ) values
for each kinase.

siRNA knockdown
siRNA transfections were performed as previously described.21

Cells were seeded in 6-well plates and transfected with indicated
siRNA (Silencer Select Negative Control No.1 4390843, MST1R
s8996, s8997, s8998, PIK3R1 s10535, PIK3R3 s16151, PIK3R4 s105,
GAB2 s19052 from Life Technologies, Carlsbad, CA and ESR1 J-
003401-11-0005, J-003401-12-0005 from Dharmacon, Lafayette,
CO) and Lipofectamine RNAiMAX reagent (Life Technologies,
Carlsbad, CA) using the manufacturer’s suggested protocol. Two
days post transfection, cells were harvested for downstream
analysis.

MTT growth assay
MTT growth assays were performed as previously described.35

Treated plates were analysed at day 7. The absorbance was
measured at 570 nm with background subtraction at 655 nm.

Immunoblot analysis
Cells were prepared and harvested for immunoblot analysis as
previously described.35 Membranes were incubated with primary
antibodies overnight: RON (cat# 2654S), PR (cat# 8757S), c-Jun
(cat# 9165S), CCND1 (cat# 2978S), IGF-1R (cat# 3027S), phospho-
IGF-1R/Insulin Receptor (cat# 3021S), p-AKT S473 (cat# 4060S), AKT
(cat# 9272S), p-p44/42 (cat# 4370S), p44/42 (cat# 4695S), p85 (cat#
4257S), p55 (cat# 11889S) were purchased from Cell Signaling
Technologies, Danvers, MA. GAPDH (cat# sc-25778) was purchased
from Santa Cruz Biotechnology, Dallas, TX. p-RON was purchased
from R&D Systems, Minneapolis, MN. Oestrogen Receptor α (cat#
MA5-13304) was purchased from Life Technologies, Carlsbad, CA.
Membranes were washed and incubated with HRP-linked
secondary antibody (cat# NXA931 and NA934V) purchased from
MilliporeSigma, Burlington, MA before developing.

Organoid growth assay
Ex vivo organoid growth assays were developed using a modified
protocol.36 Primary tumours were harvested from athymic nude
(xenograft models) or SCID/Beige (PDX models) mice when
tumour reached a volume of 800 mm3. Metastatic tumours were
harvested at necropsy. Tumours were minced and digested in
Advanced DMEM/F12 media (Corning, Tewksbury, MA) with 5%
FBS, 50 µg/mL gentamicin, 5 µg/mL insulin, 1 mg/mL collagenase
A, and 300 µg/mL trypsin by shaking for 30 min. Organoids were
collected by differential centrifugation and plated in 24-well plates
at 50 organoids per well. Organoids were supplemented with
Advanced DMEM/F12 media containing 10% FBS, 1X penicillin-
streptomycin, 1X Insulin-Transferrin-Selenium (ITS), 4 µg/mL basic
fibroblast growth factor (bFGF) and 50 µg/mL epidermal growth
factor (EGF). Two days after plating, the media was changed, and
inhibitors were added. 4-Hydroxytamoxifen (Tam), BMS-777607/
ASLAN002 (RONi), and taselisib (PI3Ki) were purchased from
Selleck Chemicals, Houston, TX. Media and inhibitors were
changed twice a week for 2 weeks. Organoids were imaged and
analysed using GelCount software (Oxford Optronix LTD., Abing-
don, UK). Data is represented as the number of organoids greater
than 100 µm. Each treatment had a minimum of three replicates
for analysis.

In vivo tumour growth and metastasis experiments
In all, 5 × 106 MCF-7 ESR1 WT, Y537S, or LTED cells were injected
into the mammary fat pad of 8-week old oophorectomised
athymic nude mice. For PDX tumour transplants, tumour pieces
were transplanted into 8-week old SCID/Beige mice. Tumour size
was measured twice per week using callipers. When tumours
reached 350mm3, animals were randomised to treatment as
indicated. Experimenters were unblinded to group allocation. β-
oestradiol was purchased from MilliporeSigma, Burlington, MA.
BMS-777607/ASLAN002 (RONi, cat # S1561) was purchased from
Selleck Chemicals, Houston, TX and palbociclib (cat # HY-50767)
was purchased from MedChemExpress, Monmouth Junction, NJ.
Tamoxifen citrate (cat #T9262) was purchased from Sigma-Aldrich.
Mice were treated with 50 mg/kg RONi by oral gavage three times
per week. Mice were treated with 60 mg/kg/day tamoxifen citrate
in corn oil by subcutaneous injection. Mice were treated with 125
mg/kg palbociclib five days per week. When tumour sizes reached
800mm3, survival surgery was performed to remove the primary
tumour, and animals remained on treatment. For survival surgery
procedures, mice were treated with subcutaneous injection of 1
mg/kg buprenorphine one hour prior to surgery and maintained
on oxygen and isoflurane at a flow rate of 2.5% during the surgical
procedure. Mice had 5 days of post-surgical monitoring and were
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treated with 2.5 mg/kg meloxicam for 3 days post surgery. Four
months after transplantation, animals were euthanised by
isoflurane inhalation followed by cervical dislocation and
necropsy. Necropsy was performed to collect metastatic tumours
and major organs (lungs, liver, and brain). Tumours and organs
were FFPE and prepared for H&E and IHC analysis. A portion of
tumour was flash frozen to be used for immunoblot analysis.
Sample size was calculated to detect differences of 50% between
any two groups with 80% power. Time to tumour halving and time
to tumour doubling were estimated using Kaplan-Meier analysis
and the Generalized Wilcoxon test adjusted for multiple
comparisons. Metastatic frequency was analysed using Fisher’s
Exact test. Analysis was performed in GraphPad Prism 8.

qRT-PCR
Cells were plated in 6-well plates and treated as indicated for two
days before harvesting. RNA was extracted using RNeasy Mini Kit
(cat# 74104, Qiagen, Germantown, MD) following manufacturer’s
protocol. Reverse transcription of RNA was performed using iScript
RT Supermix (cat# 1708842; BioRad, Hercules, CA). qPCR was
performed on the BioRad CFX96. Analysis was performed using
CFX Maestro software. GAPDH was used for normalisation.

ER transactivation assays
ER transactivation assays were performed as previously described.35

At 24 h post transfection, cells were treated as indicated. After 24 h,
cells were harvested and luciferase signal was measured using the
Luciferase Assay System (Promega, Madison, WI). β-galactosidase
expression was used for transfection efficiency normalisation.

Statistical analysis
For in vitro MTT assays, data is represented by mean of triplicates
and standard deviation. One- or two-way ANOVA was performed
as indicated. For qRT-PCR experiments, data is represented by
mean of triplicates and standard error of the mean. Two-way
ANOVA was performed for statistical analysis. For transactivation
assays and ER-ChIP, data is represented by mean of triplicates and
standard deviation. Student’s t-test was used for statistical
analysis. In ex vivo organoid experiments, data is represented by
mean number of organoids of triplicates and standard deviation.
Student’s t-test or one-way ANOVA was used for statistical
analysis, as indicated. For all one-way ANOVA analyses, the Tukey
multiple comparisons test was performed. For all two-way ANOVA
analyses, the Dunnett’s multiple comparisons test was performed.
For in vivo studies, the Mantel-Cox test was used for primary
tumour survival analysis and the Fisher’s Exact test was used for
metastatic frequency analysis. Statistical analyses were performed
in GraphPad Prism 8.0.
Additional Methods including cell culture, generation of CRISPR/

Cas9 models, ddPCR, microarray analysis, ChIP-seq and ChIP-PCR
are in Supplementary Materials.

RESULTS
ESR1 mutant models exhibited oestrogen-independent growth
and enhanced metastatic propensity
ESR1 mutations are principally acquired in patients who were
treated with an AI in the metastatic setting.3 Thus, we developed
ER-positive BC cell lines that express ESR1 mutations utilising
CRISPR/Cas9 to knock-in homozygous ESR1 Y537S mutations in
MCF-7 and T47D cell lines. We also generated a long-term
oestrogen-deprived (LTED) model by culturing MCF-7 cells in
hormone-deprived media for 6 months. MCF-7 ESR1 mutant and
LTED cells were relatively growth resistant to Tam and Ful, in vitro
(Fig. 1a). T47D ESR1 Y537S cells were relatively resistant to low
concentrations of Tam and Ful, but were ET sensitive at
supraphysiological concentrations (Fig. 1b). These results are
consistent with previous studies that demonstrated ESR1

mutations are relatively resistant to Tam and Ful and required
higher concentrations of ET to suppress ESR1 mutant cell growth.6

MCF-7 and T47D ESR1 Y537S cells, and the MCF-7 LTED cells
exhibited an oestrogen-independent upregulation of ER-regulated
proteins cultured in hormone deprived (5% charcoal-stripped FBS)
media. The MCF-7 ESR1 Y537S model constitutively overexpressed
progesterone receptor (PR), Cyclin D1 (CCND1), and c-Jun proteins,
and the MCF-7 LTED model overexpressed PR and CCND1 (Fig. 1c).
T47D ESR1 Y537S cells constitutively overexpressed PR (Fig. 1d). PR
mRNA expression was also upregulated in MCF-7 ESR1 Y537S and
LTED cells, but not in T47D ESR1 Y537S cells given that T47D cells
have PR amplification (Fig. S1). We observed differences in total ER
protein levels between ESR1 WT and ESR1 mutant cells. We
postulated that differences in cellular localisation and insufficient
cellular nuclear extraction with RIPA buffer contributed to this
observation. To explore this, we performed subcellular fractiona-
tion of MCF-7 and T47D cells that were cultured in hormone-
deprived conditions (Figs. 1c, d and S2). ER was localised in both
the cytoplasm and nucleus of ESR1 WT cells; however, ER was
almost exclusively localised in the nucleus of MCF-7 and T47D
ESR1 Y537S and MCF-7 LTED cells. We conclude that mutant ER
protein was localised to the nucleus as a consequence of its
constitutive activation.
We found that the LTED model spontaneously acquired

polyclonal ESR1 mutations, corroborating previous reports of BC
cell lines acquiring ESR1 mutations under LTED conditions.37 We
quantified allele frequencies of ESR1 WT, Y537C, Y537N, Y537S,
and D538G mutations using digital droplet (dd)PCR in MCF-7 ESR1
WT and LTED cells, and detected the Y537N and Y537C mutations
in the LTED cells at a frequency of 31% and 21%, respectively (Fig.
S3a), but did not detect these ESR1 mutations in the WT cells (Fig.
S3b). The acquisition of polyclonal ESR1 mutations in a single cell
line suggests that certain ESR1 mutant subpopulations may
influence each other and co-evolve, as opposed to a single
dominant ESR1 mutant clone outcompeting other ESR1 mutant-
expressing cells. To define an ESR1 mutant transcriptional
signature, we performed microarray analyses of MCF-7 and T47D
ESR1 WT and mutant cell lines, and performed Gene Set
Enrichment Analyses to identify upregulated Molecular Signature
Database (MSigDB) cancer Hallmarks in ESR1 mutant cells
compared to WT cells (Fig. 1e and Tables S1–3). The three ESR1
mutant models had a shared upregulation of oestrogen response,
interferon response, mTORC signalling, and genes downregulated
by KRAS activation. Additional upregulated pathways in ESR1
mutant cells include genes involved in EMT, DNA repair, and
mitogenic signalling. These data demonstrate that different ESR1
mutations express a shared oestrogen-independent transcriptome
that contributes to ET resistance.
We next performed in vivo experiments to determine the

oestrogen-independent growth and metastatic frequency of ESR1
mutant-expressing tumours. We used MCF-7 ESR1 WT, ESR1 Y537S,
and LTED cells to inject orthotopically into oophorectomised
immune-deficient mice that were treated with oestradiol (E2) until
primary tumours reached 350-700 mm3, and then E2 was removed
to simulate AI treatment. We found MCF-7 ESR1 WT tumours
regressed after E2 withdrawal, whereas Y537S mutant tumours
continued to grow (Fig. 1f, g). The MCF-7 LTED primary tumours
exhibited static tumour growth upon oestrogen withdrawal but
did not regress. Primary tumours were resected after reaching 800
mm3, and at four months post-transplantation mice were
euthanised. We determined metastatic frequency by assessing
the presence of tumours in the omentum and major organs. While
none of the mice transplanted with MCF-7 ESR1 WT cells exhibited
metastases, the frequency of metastasis in mice transplanted with
Y537S mutant cells was 63% (p= 0.0310), and the frequency in
mice transplanted with the LTED cells was 89% (p= 00014).
(Fig. 1h). The latter findings suggest that cells co-expressing
endogenous WT and mutant ER undergo a transcriptional
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reprogramming that promotes a metastatic phenotype. Collec-
tively through the generation of engineered and spontaneously
acquired polyclonal ESR1 mutant models, these data demonstrate
that ESR1 mutations promote an intrinsic ET-resistant and
metastatic phenotype.

ESR1 mutations induced global kinome reprogramming
To identify activated kinases that might contribute to ESR1
mutant-driven ET resistance and metastasis, we performed a KiP
screen. MCF-7 ESR1 WT and ESR1 Y537S cell lysates were
incubated with kinase inhibitor-bound Sepharose beads that
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preferentially capture kinases in the active conformation.34,38 We
analysed the kinome pulldowns by mass spectrometry and
performed relative quantitative analysis between the MCF-7
ESR1 WT and ESR1 Y537S cells. There were 169 kinases identified
in both ESR1 WT and Y537S cells, 13 kinases uniquely identified in
WT cells, and 18 kinases unique to Y537S (Figs. 2a and S4 and
Table S4). We identified 87 hyperactivated kinases (69 hyperacti-
vated by at least 1.5-fold and 18 Y537S-unique) in the MCF-7 ESR1
Y537S cells compared to MCF-7 ESR1WT cells. To determine which
kinase pathways were activated in the MCF-7 ESR1 Y537S model,
we performed KEGG pathway analysis of the 87 kinases (Fig. 2b).
The MAPK signalling pathway was the most significantly
upregulated, and additional upregulated pathways downstream
of RTK activation include mTOR, PI3K-Akt, and Ras signalling.
Given that several of the ESR1 Y537S most activated kinases were
RTKs that classically signal through the PI3K and MAPK pathways
(Fig. 2c), we focused on validating the expression of selected RTKs
in ESR1 mutant cells. RON and IGF-1R were among the top
hyperactivated kinases in the MCF-7 ESR1 Y537S cells (14- and 2.5-
fold, respectively). We analysed the hormone-independent
expression of RON and IGF-1R in ESR1 WT and ESR1 mutant cells
by culturing cells in media supplemented with charcoal-stripped
serum and performing immunoblot analysis. There were increased
RON levels in MCF-7 ESR1 Y537S, MCF-7 LTED, and in T47D ESR1
Y537S cells (Fig. 2d, e). To determine if RON was targetable in the
ESR1 mutant cells, we treated MCF-7 cells with an inhibitor
selective for RON and the closely related MET receptor (BMS-
777607/ASLAN002; RONi), and observed that this inhibitor
decreased both RON and IGF-1R phosphorylation levels (Fig. 2f).
Given this observation, we postulated that RON and IGF-1R may
interact to activate the PI3K signalling pathway, which has
previously been shown in pancreatic carcinoma models.39 Since
the IGF-1R pathway is directly regulated by ER genomic binding,40

we also performed siRNA knockdowns of ER and RON. As
expected, ER knockdown reduced IGF-1R levels (Fig. 2g). ER
knockdown also significantly suppressed p-RON levels, demon-
strating the mutant ER regulation of RON activity. We also
observed reduced IGF-1R levels with knockdown of RON, which
supported our findings that RON and IGF-1R may cooperate to
promote PI3K pathway activation. We have previously shown that
the upregulation of the IGF-1R signalling pathway is one
mechanism of ET resistance in ESR1 mutant models, and that
IGF-1R inhibition restored ET sensitivity.21 However, IGF-1R
inhibitors have not yet been proven to be clinically useful in
BC,23 thus we reasoned that inhibition of the RON signalling
pathway may be an alternative approach to reduce both signalling
pathways and restore ET sensitivity. Taken together, these data
show that ESR1 mutant models have selectively reprogrammed
their kinome, and that targeting of RON may be an optimal
therapeutic approach to inhibiting both of these pathways.

ET reduced RON/PI3K pathway activation
ESR1 mutations are relatively resistant to ET including AIs, Tam,
and Ful, where higher doses of drug are required to reduce
mutant ER activity.4 The plasmaMATCH clinical trial evaluated the
efficacy of extended dose Ful in patients with pre-existing ESR1
mutations and found this arm did not meet the pre-specified
criteria for efficacy in this population despite having elevated Ful
exposure compared to exposures achieved in standard of care
dosing.41 Despite this, MBC patients are often treated with Ful in
combination with a CDK4/6 inhibitor given the clinical data that
the combination of Ful and a CDK4/6 inhibitor extended PFS
compared to Ful monotherapy.10,18,19 Therefore, to test the
hypothesis that components of the reprogrammed kinome
contributes to ET resistance, we treated MCF-7 ESR1 WT and
MCF-7 ESR1 Y537S cells with Tam and analysed the kinome using
KiP analyses. Tam treatment reduced 49/88 of the Y537S
hyperactivated kinases by at least 50% (Table S5), including RTKs
such as EPHA2, EPHB2, EPHB3, EPHB4, FGFR4, IGF-1R, INSR, RON
and RET (Fig. 3a). Other kinases involved in the PI3K and MAPK
signalling pathway including MAP2K1, INSR, CDK4, RPS6KA5 and
RPS6KA6 were also reduced by Tam, suggesting that the mutant
ER selectively regulated the activation of these pathways. Tam
significantly reduced RON activity by 74%, however, Tam-treated
MCF-7 ESR1 Y537S had 3.5-fold higher RON levels compared to
untreated MCF-7 ESR1 WT cells by KiP analysis. We then confirmed
these findings using phospho-immunoblot analysis of RON
(Fig. 3b). p-RON was elevated in ESR1 Y537S and LTED cells
compared to ESR1 WT cells (6.3-fold and 2.7-fold, respectively).
Both Tam and Ful reduced p-RON levels in ESR1 mutant models,
but Tam treatment incompletely reduced p-RON levels; Tam-
treated Y537S cells had a 2.4-fold increase and MCF-7 LTED cells
had a 1.2-fold increase in p-RON levels compared to untreated
WT cells. We additionally found that ET reduced p-RON levels in
T47D with RON/MSP overexpression, indicating that RON activa-
tion can be inhibited by blocking ER, even with induction of
exogenous RON activity (Fig. S5). Total RON protein and RNA were
not consistently reduced with ET (Fig. 3b, c), and there were no
mutant ER genomic binding sites within 100 kb of the RON
transcription start site as analysed by ChIP-seq (data not shown),
suggesting that RON activation may be through indirect regula-
tion of RON levels by the mutant ER.
Given our data that RON inhibition or knockdown reduced IGF-

1R activity, we hypothesised that RON inhibition may be a unique
strategy to decrease both receptor signalling pathways for
therapeutic benefit. To determine whether there was an indication
for combining ET with RONi, we first analysed the downstream
signalling effects of RON inhibition in cells with mutant ER.
Treatment with the RONi reduced downstream p-AKT and resulted
in a concomitant increase in p-p44/42 MAPK (Fig. 3d), presumably
due to a relief of negative feedback repression of receptor

Fig. 1 ESR1 mutant models exhibited oestrogen-independent growth and metastatic propensity. a MTT growth assay of Tam and Ful-
treated MCF-7 and b T47D cells. Percent survival is normalised to no treatment controls. Graphs represent mean+ standard deviation (N= 3
replicates) one-way ANOVA was used for statistical analysis. c MCF-7 cells were cultured in charcoal-stripped serum supplemented media,
underwent whole cell lysis, and analysed by immunoblot for ER-regulated proteins (left). Values below PR, CCND1 and c-Jun represent
normalised densitometry of each protein compared to GAPDH. PR was not detected in WT cells; thus, relative expression was normalised to
Y537S cells. Cells were cultured in charcoal-stripped supplemented media and underwent cellular fractionation (right). Nuclear fraction is
shown. d T47D cells were cultured in charcoal-stripped serum supplemented media and analysed by immunoblot for ER-regulated proteins
(left). Values below PR, CCND1 and c-Jun represent normalised densitometry of each protein compared to GAPDH. PR was not detected in
WT cells. Cells were cultured in charcoal-stripped supplemented media and underwent cellular fractionation (right). e Venn diagram of
upregulated MSigDB Hallmark gene sets in MCF-7 ESR1 Y537S and LTED cells compared to MCF-7 ESR1WT, and T47D ESR1 Y537S compared to
T47D ESR1WT. The numbers shown are of Hallmarks with a false discovery rate < 0.25. f In vivo individual tumour growth curves of MCF-7 ESR1
WT, ESR1 Y537S and LTED tumours. g In vivo primary tumour growth of MCF-7 WT, ESR1 Y537S and LTED tumours shown by time to tumour
halving after E2 withdrawal. The Mantel-Cox test was used for statistical analysis (WT N= 5, Y537S N= 8, LTED N= 9). h Metastatic frequency
in MCF-7 ESR1 WT-, ESR1 Y537S- and LTED-transplanted mice (WT N= 5, Y537S N= 8, LTED N= 9). Metastatic frequency is represented by the
total number of mice per group that exhibited a macrometastasis. Fisher’s Exact test was used for statistical analysis. P < 0.05 was considered
statistically significant in all tests. (*p < 0.05, **p < 0.01, ***p < 0.001).
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signalling proteins.42 Furthermore, RONi treatment increased ER
transactivation in MCF-7 ESR1 WT and MCF-7 ESR1 Y537S cells as
demonstrated using ERE-luciferase reporter assays (Fig. 3e),
suggesting that RON inhibition could alter crosstalk between ER
and RTK signalling pathways, leading to ligand-independent

activation of ER. We hypothesised that in the context of RON
inhibition, the mutant ER may exhibit an adaptive response to RTK
inhibition by further enhancing ER activity. To determine the
effects of ET on PI3K pathway activation, we treated MCF-7 and
T47D cells with Tam and Ful and found that ET reduced p-AKT and
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p-p44/42 MAPK (Fig. 3f, g). Given the incomplete reduction of RON
activity with ET and the implications of MAPK reactivation, these
data suggest that a combination of ET and RON inhibition may
provide adequate vertical inhibition of the RON signalling
pathway required to suppress reactivation of additional bypass
pathways.

The Y537S mutant ER regulated key mediators of the RON/PI3K
pathway
Our data demonstrated that acquisition of ESR1 mutations results
in a dynamic transcriptional and kinome reprogramming of breast
tumour cells. RON was hyperactivated in ESR1 mutant cells,
however, the ability of ET to reduce RON signalling was not due to
reduction in total RON RNA or protein. Whether ESR1 mutants
directly regulate signalling proteins downstream of RTKs is an
imperative question to determine sensitivity of ET in combination
with RTK inhibitors, as it has been shown that downstream
signalling proteins are activated by positive feedback loops and
crosstalk with other RTKs.43 To determine possible mechanisms by
which the mutant ER activates PI3K pathway signalling, we
performed an integrated analysis of kinome, transcriptome, and
Y537S mutant ER ChIP-seq datasets. We interrogated these
datasets for kinases that were both hyperactivated and tran-
scriptionally upregulated in MCF-7 ESR1 Y537S cells and exhibited
ER genomic binding sites within 100kB of the selected gene body.
We identified GRB2 Associated Binding Protein 2 (GAB2), an
adaptor protein involved in RTK/PI3K signalling,44 that was
elevated at the RNA level in the ESR1 Y537S cells. Y537S ER
ChIP-seq analysis revealed an ER binding site within intron 2 of
GAB2 (Fig. 4a). We determined using ChIP-qPCR that there was a
30% increase in mutant receptor binding at this site (Fig. 4b). We
then performed qRT-PCR on Tam- and Ful-treated MCF-7 cells to
determine if ET could affect mRNA expression of GAB2, and found
its RNA was elevated by 5.1-fold and was reduced by 35% with Ful
treatment (Fig. 4c). These data suggest that ER binds to a
transcriptional regulatory region of GAB2, and that the enhanced
binding by the mutant receptor could lead to an upregulation of
its expression.
Our data showed that the mutant ER upregulated GAB2

expression and that ET reduced p-AKT, which is downstream
of GAB2 signalling. To determine if GAB2 was a mediator of PI3K
pathway activation in ESR1 mutant cells, we performed a
GAB2 siRNA experiment, and analysed p-AKT and p-p44/42 MAPK
using immunoblot. p-AKT was reduced with GAB2 knockdown in
MCF-7 and T47D ESR1 WT and ESR1 mutant cells (Fig. 4d, e).
Consistent with our other findings, p-p44/42 MAPK levels were
increased with PI3K pathway inhibition, indicating relief of
negative feedback suppression resulting in activation of the
MAPK pathway. These data demonstrate that the mutant
receptor transcriptionally upregulates the GAB2/PI3K axis to
further promote PI3K pathway activation, and that ET in
combination with a RONi may provide robust inhibition of this
pathway.

ESR1 mutant intrinsic resistance predisposed cells to palbociclib
resistance
The preferred first-line therapy for women with ER-positive MBC is
an AI in combination with a CDK4/6 inhibitor.7 However, patients
eventually develop resistance to this combination and require
alternative endocrine and biologic combination therapies to
further control metastatic disease progression.15,45 Therefore,
there is a critical need to understand the mechanisms of
resistance to CDK4/6 inhibitors in this setting. To investigate the
role of CDK4/6 inhibitor resistance in the context of ESR1
mutations, we developed MCF-7 and T47D ESR1 WT and ESR1
Y537S PalbR cell lines by treating the cells with palbociclib for
6 months. By 6 months, MCF-7 PalbR models were relatively
resistant to the three clinically approved CDK4/6 inhibitors
palbociclib, ribociclib and abemaciclib as shown in MTT growth
assays (Figs. 5a and S6a), suggesting there are common resistance
mechanisms between the CDK4/6 inhibitors. Although T47D PalbR
cells were resistant to palbociclib, resistance to ribociclib and
abemaciclib differed from the MCF-7 model (Figs. 5b and S1). The
T47D ESR1 WT PalbR cells remained sensitive to ribociclib, and the
T47D ESR1 Y537S PalbR cells remained sensitive to abemaciclib.
This supports other data showing cancers with acquired
palbociclib resistance can retain sensitivity to other CDK4/6
inhibitors.46 We next performed transcriptomic analyses of the
MCF-7 ESR1 WT and PalbR models to evaluate whether transcrip-
tional reprogramming was also associated with the development
of CDK4/6 inhibitor resistance. Interestingly, there was a significant
overlap of upregulated genes between MCF-7 ESR1 WT PalbR and
MCF-7 ESR1 Y537S (Fig. 5c, p < 1.62 × 10−196 based on hypergeo-
metric distribution), demonstrating there are shared mechanisms
between ET resistance driven by acquired ESR1 mutations and
those leading to palbociclib resistance. We performed GSEA on
the shared upregulated genes and identified pathways including
interferon and oestrogen responses, among others that are known
to be involved in CDK4/6 inhibitor and ET resistance, suggesting
that expression of a subset of genes involved in ER signalling are
maintained in the PalbR setting. ddPCR analysis of the PalbR
models did not detect ESR1 mutations (Fig. S7) confirming that
acquired ESR1 mutations in this model was not contributing to the
shared transcriptional phenotype between the two models.
Transcriptional profiling revealed RTK upregulation in MCF-7
PalbR models, including EPHA2, EPHA4, FGFR4, IGF-1R, RON, and
RET (Fig. 5d). The upregulation of these RTKs suggests that an
upregulation of RTK signalling is a shared resistance mechanism
between ESR1 mutations and acquired palbociclib resistance.
Given our data that RON was intrinsically activated in ESR1 mutant
models, we sought to expand our findings in the PalbR models to
determine if RON may be effectively targeted in the PalbR setting,
using a strategy including a RON inhibitor. RON RNA expression
was increased in MCF-7 ESR1 Y537S PalbR cells by 1.8-fold
compared to ESR1 WT cells. Furthermore, p-RON levels were
increased in the MCF-7 ESR1 Y537S cells by 2.1-fold, in ESR1 Y537S
PalbR cells by 2.6-fold, and in the T47D WT PalbR cells by 2.7-fold

Fig. 2 ESR1 mutations induced a global kinome reprogramming. a Flowchart demonstrating the total number of kinases captured in KiP
experiment and the selection of kinases used to perform KEGG pathway analysis. Hyperactivated was defined as Y537S/WT ≥ 1.5-fold. Unique
was defined as having corresponding peptide detection by MS in only MCF-7 ESR1 WT or MCF-7 ESR1 Y537S cells. b KEGG pathway analysis of
the hyperactivated kinases in ESR1 Y537S cells. Analysis was performed using the DAVID Bioinformatics Functional Annotation Tool. c Y537S/
WT quantitative ratio of kinases in KiP analysis categorised by RTKs, PI3K, and MAPK pathways. Red bars represent Y537S-unique activated
kinases. d MCF-7 cells were cultured in charcoal-stripped serum-supplemented media and analysed by immunoblot for phosphorylated and
total RON. Numbers below each protein represent normalised densitometry of each protein compared to GAPDH. e T47D cells were cultured
in charcoal-stripped serum-supplemented media and analysed by immunoblot for phosphorylated and total RON. Numbers below each
protein represent normalised densitometry of each protein compared to GAPDH. f MCF-7 cells were cultured in full serum-supplemented
media and treated with BMS-777607/ASLAN002 (RONi) for 90min and analysed by immunoblot for phosphorylated and total RON and IGF-1R.
Numbers below each protein represent normalised densitometry of each protein compared to GAPDH. g MCF-7 cells were cultured in full
serum-supplemented media and transfected with indicated siRNA. Immunoblot analysis for phosphorylated and total IGF-1R was performed
two days post transfection. Numbers below each protein represent normalised densitometry of each protein compared to GAPDH.
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as analysed by immunoblot (Fig. 5e, f). We conclude that acquired
ESR1 mutations predispose cells to palbociclib resistance, and that
ET resistance via RON hyperactivation may be a biomarker for
palbociclib resistance.

To determine if PalbR models were responsive to RON
inhibition, we transplanted MCF-7 ESR1 WT PalbR and MCF-7
ESR1 Y537S PalbR cells into mice and treated with palbociclib for
up to three months. The MCF-7 ESR1 WT PalbR tumours were
indeed resistant to palbociclib; in vivo median survival was 11.0 vs
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5.0 weeks, (p= 0.0276; Fig. S8). We then developed organoids
from primary tumours from both models, and a metastatic tumour
from the MCF-7 ESR1 Y537S PalbR model to test their responsive-
ness to the RONi. Organoid growth was significantly reduced with
RONi treatment compared to untreated control in all three PalbR
organoid models tested (Fig. 5g–i). The RONi reduced organoid
growth in MCF-7 ESR1 WT PalbR primary tumour organoids by
61% (p < 0.0001), the MCF-7 ESR1 Y537S primary tumour
organoids by 25% (p= 0.0008), and the MCF-7 ESR1 Y537S
metastatic tumour organoids by 42% (p < 0.0001). Collectively,
these data demonstrate that ESR1 mutant and PalbR models
express a shared ET-resistant transcriptional phenotype, and that
targeting common upregulated pathways such as the RON
pathway may overcome the therapeutic resistance in both of
these settings.

Inhibition of the RON signalling pathway restored ET sensitivity
Our data supported that the combination of ET with the RONi
could be an effective strategy to suppress the RON signalling
pathway and the MAPK signalling pathway. Therefore, we next
determined if inhibition of the RON signalling pathway could
reduce the growth and metastasis of ESR1 mutant models. We first
developed organoids derived from a cohort of PDX and
xenografted primary and metastatic tumours that expressed
either ESR1 WT or ESR1 mutations (BCM-15034: ESR1 WT; WHIM20:
ESR1 Y537S, E2 independent;47 HCI-005: ESR1 L536P, E2 depen-
dent;48 HCI-013: ESR1 Y537S, E2 dependent49). By 4 months, the
mice injected with MCF-7 ESR1 Y537S cells developed distant
metastases in vivo. Primary tumours from ESR1 WT and mutant
models, and metastatic tumours from the MCF-7 ESR1 Y537S
model were harvested and utilised for ex vivo organoid
development. To test the effects of RON and downstream PI3K
inhibition on ESR1 mutant tumour growth, we treated organoid
cultures ex vivo with ET in combination with the RONi or PI3K
inhibitors (taselisib; PI3Ki) (Fig. 6a, b). HCI-005 organoid growth
was significantly inhibited with Tam monotherapy and was further
suppressed with the RON and PI3K inhibitors. Tam alone had no
effect on HCI-013 organoid growth, but enhanced the growth of
BCM-15034, MCF-7 ESR1 Y537S primary and metastatic, and MCF-7
LTED organoids. This data suggests that these models were all
resistant to Tam and that Tam was acting as an agonist in some of
the models. However, the addition of RON or PI3K inhibitors
suppressed organoid growth in the majority of ESR1 mutant
models tested. These data show that RON activation is a potential
therapeutic vulnerability in ESR1 mutant-expressing tumours.
We next determined if RON inhibition could reduce primary and

metastatic tumour growth in vivo. We performed orthotopic
transplants of the WHIM20 ESR1 Y537S PDX model into mice and
randomised them to -E2, Tam, RONi, or Tam+ RONi treatments.
Tam and Tam+ RONi treatments significantly slowed primary
tumour growth compared to -E2 (time to tumour doubling was
5.5 weeks, 6.5 weeks vs 2.0 weeks, respectively; Fig. 6c, d). In this
study, mice were treated with 60 mg/kg Tam which results in

higher exposure than what is seen clinically and may contribute to
the activity seen in WHIM20 tumours.50 Mice underwent survival
surgery to remove the primary tumours and continued treat-
ments. At four months post-transplant, mice were euthanised, and
major organs were harvested to determine distant metastatic
frequencies. The metastatic frequency in the -E2 group was 90%,
and treatment with Tam alone or Tam in combination with a RONi
significantly reduced metastatic frequency to 29% (p= 0.0128)
and 14% (p= 0.0025), respectively (Fig. 6e). To determine if the
RON signalling pathway was indeed inhibited with these
treatments, we performed immunoblot analysis of the treated
primary tumours (Fig. 6f). As expected, Tam monotherapy reduced
the expression of IGF-1R. Although the RONi monotherapy had no
significant effects on the phosphorylated protein levels in the RON
signalling pathway, the combination of Tam and a RONi
significantly reduced pathway activation, as demonstrated by
reduced p-RON, p-AKT, and p-p44/42 MAPK levels. We postulate
that the addition of Tam may augment the pharmacodynamic
effect of the RONi, as we have shown that the mutant receptor up-
regulated downstream effectors of the RON pathway. The longer
time to tumour doubling and lower metastatic frequency
observed in the combination arm compared to Tam alone were
not significant; however, this may be due to the limited sample
size in each arm. The enhanced inhibition of the RON and IGF-1R
signalling pathway in the combination arm is a promising effect
that may contribute to the enhanced therapeutic benefit in this
study. Collectively, our ex vivo organoid growth assays and in vivo
spontaneous metastasis models demonstrated that Tam in
combination with RONi may be a unique therapeutic approach
to inhibit ESR1 mutant-expressing tumour growth and metastasis.

DISCUSSION
MBC continues to be therapeutically challenging despite available
endocrine and targeted therapies. Acquired resistance to these
therapies occurs in a significant number of patients and therefore
additional biologic targeted agents are required to control
metastatic disease.2,20,51 Adding to this complexity is the
acquisition of ESR1 mutations that are primarily found in patients
treated with AIs in the metastatic setting.3 ESR1 mutations were
first discovered in MBC tumours,5 and are now considered to be
the most common mechanism of ET resistance in ER-positive MBC.
Analysis of metastatic tumours and ctDNA have demonstrated the
clinical resistance of ESR1 mutations to ET in several clinical
trials.10,52 In the SoFEA clinical trial in which patients were treated
with exemestane or Ful, 39% of patients exhibited ESR1mutations.
Patients in the exemestane group who had an ESR1 mutation had
a worse PFS compared to those whose tumours expressed WT ER.
In the PALOMA-3 trial in which patients were treated with Ful or
Ful in combination with palbociclib, ESR1mutations were detected
in 25% of patients. In a meta-analysis of ESR1 mutations detected
in clinical trials, the presence of an ESR1 mutation was prognostic
for worse PFS and OS. In a subgroup analysis of individual ESR1

Fig. 3 ET reduced RON/PI3K pathway activation. a Fold change of kinases in KiP analysis in MCF-7 Y537S cells after treatment with Tam. X-
values represent fold change of Tam-treated Y537S cells compared to untreated Y537S cells. b MCF-7 cells were cultured in 10% FBS
supplemented media and treated with 1 µM Tam and 1 µM Ful for 48 h. Immunoblot analysis of phosphorylated and total RON was
performed. Numbers below each protein represent normalised densitometry of each protein compared to GAPDH. c MCF-7 cells were
cultured in 10% FBS supplemented media and treated with Tam and Ful for 48 h. qRT-PCR analysis of RON was performed. Graphs represent
mean+ standard error of the mean (N= 3 replicates). Two-way ANOVA was used for statistical analysis. d MCF-7 cells were cultured in 10%
FBS supplemented media and treated with RONi for ninety minutes. Immunoblot analysis was performed for phosphorylated and total AKT
and p44/42 MAPK. e MCF-7 cells were cultured in charcoal-stripped serum supplemented media and treated with RONi for 24 hours and ER
transactivation assay was performed. Graphs represent mean+ standard deviation (N= 3 replicates). Student’s t-test was used for statistical
analysis. f MCF-7 cells were cultured in 10% FBS supplemented media and treated with 1 µM Tam and 1 µM Ful for 48 h. Immunoblot of
phosphorylated and total AKT and p44/42 MAPK was performed. g T47D cells were cultured in 10% FBS supplemented media and treated
with Tam and Ful for 48 h. Immunoblot of phosphorylated and total AKT and p44/42 MAPK was performed. P < 0.05 was considered
statistically significant in all tests. (*p < 0.05, **p < 0.01, ***p < 0.001).
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mutations, the D538G, but not the Y537S mutation, was
associated with worse PFS.12 Despite this, more recent studies
demonstrated the selective resistance of the Y537S mutation with
Ful therapy, suggesting clinical resistance of this mutation.20 In the
MONALEESA-2 study, patients who progressed 12 months after
completing adjuvant AI therapy and who had de novo metastatic
disease received either anastrozole or anastrozole with riboci-
clib.53 ESR1 mutations were present in only 4% of patients in
this relatively ET sensitive cohort and therefore it was not possible
to correlate with clinical outcome. Unfortunately, there are no
clinical agents that can effectively target the mutant ER directly, so
we therefore aimed at identifying targets that could restore ET
sensitivity and reduce metastatic burden in MBC models.
We found that RON and IGF-1R were hyperactivated kinases in
ESR1 mutant models, and up until now the molecular mechanisms
of this hyperactivation in ESR1 mutant BCs have not been
explored. In this study, we have demonstrated that RON activation
is a shared resistance mechanism in ESR1 mutant and PalbR
models, and that inhibition of the RON signalling pathway was an

effective therapy in both up-front ET-resistant and in the PalbR
setting.
Similar to patients, polyclonal ESR1 mutations were acquired in

MCF-7 cells when cultured long-term in hormone-deprived media,
simulating clinical AI treatment. A previous study showed that
monoclonal ESR1 mutations were acquired and enriched in LTED
conditions in multiple ER-positive BC cell lines.37 Interestingly, our
study demonstrated polyclonal acquisition of ESR1 Y537N and
Y537C mutations in our ER-positive BC cell line, supporting clinical
data that shows a positive selection of both monoclonal and
polyclonal ESR1 mutant-expressing cells in AI-resistant MBC
patients.3,54 In line with the clinical scenario of MBCs acquiring
polyclonal ESR1 mutations, a recent study found that the levels of
co-expressing WT and mutant ERs influence the cellular response
to SERDs and selective oestrogen receptor modulators (SERMs);
cells that overexpress higher levels of the mutant relative to WT ER
were less sensitive to growth inhibition with standard of care ET.55

Although pharmacological differences in cells that co-express WT
and mutant ER were demonstrated in that study, our cell line with
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spontaneously acquired polyclonal ESR1 mutations exhibited a
significantly shared ET-resistant transcriptional signature and
metastatic proclivity with our engineered homozygous ESR1
Y537S model, suggesting that these are dominant phenotypes
that are shared among different ESR1 mutations.

We observed that RON was hyperactivated in MCF-7 and T47D
ESR1 mutant models, suggesting RON and other RTK activation
may contribute to ET resistance observed in ESR1 mutant tumours.
Additionally, we found that the mutant ER upregulated RTK/PI3K
signalling by at least three means: the mutant ER transcriptionally
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upregulated RTKs such as IGF-1R to directly promote activation of
the pathway, transcriptionally upregulated RTKs such as IGF-1R
cooperated with RON to promote PI3K pathway activation, and
the mutant ER directly upregulated the transcription of PI3K
effector proteins such as GAB2, to promote activation. We and
others have previously shown that the IGF-1R signalling pathway
is upregulated in ESR1 mutant BCs,21,22 and that its inhibition
restores ET sensitivity. In this study, we developed a unique
hypothesis to target this pathway by identifying kinases that may
interact with IGF-1R, such as RON. Using this approach,
therapeutic inhibition of RON resulted in inhibition of both the
RON and IGF-1R pathways. We hypothesise that this approach
may help overcome limitations of IGF-1R inhibitors used in the
clinic such as on-target off-tumour induced hyperglycaemia since
there is no appreciable RON expression in pancreatic epithelial
cells,56 there were no hyperglycaemic adverse events reported
in an BMS-777607/ASLAN002 Phase 1 clinical trial.57 In addition,
we found that ET in combination with a RONi may prevent
compensatory activation of the MAPK signalling pathway. GAB2 is
a scaffolding protein that facilitates RTK pathway activation
through interaction with PI3K subunits, and its overexpression in
BC has been associated with PI3K and MAPK hyperactivity.58,59

This finding has important clinical implications for the use RTK
inhibitors; upregulation of downstream signalling molecules may
overcome therapeutic effects of RTK inhibitors and may require
additional pathway suppression. This study showed that ET
significantly reduced expression or activation of downstream
signalling molecules, which may augment the effects of RON
inhibition. These data demonstrate that the mutant ER has an
inter-related network of kinase upregulation that collectively
promote a metastatic phenotype.
Based on our data, targeting the RON/PI3K signalling pathway

may be a unique and efficacious strategy for the selective
treatment of ESR1 mutant-positive and/or palbociclib-resistant
MBC. Our ex vivo ESR1 mutant organoid modelling and in vivo
metastasis experiments demonstrated profound inhibition of ESR1
mutant organoid growth, and a significant reduction of metas-
tasis. In a Phase 1 clinical trial (NCT01721148) evaluating the safety
of the RON/MET inhibitor BMS-777607/ASLAN002 in solid cancers,
BMS-777607/ASLAN002 was well-tolerated and five patients
exhibited stable disease.57 There are currently no Phase 2 trials
evaluating the therapeutic efficacy of BMS-777607/ASLAN002,
however, given our data we hypothesise that ESR1-mutant
expressing, RON-activated BCs may demonstrate sensitivity to
vertical inhibition of the RON pathway using ET and a RONi. Our
proteomic and immunoblot experiments demonstrated that ESR1
mutant-induced RON/PI3K activation was incompletely reduced
with ET alone and that additional RON pathway blockade was
required to achieve maximum therapeutic benefit. Although we
did not demonstrate the therapeutic efficacy of triplet combina-
tions of ET with RON and PI3K inhibition, it has been shown that
triplet blockade using ET, the pan-HER family inhibitor neratinib,
and the mTOR inhibitor everolimus had enhanced therapeutic

benefit compared to either inhibitor used alone in HER2-positive
BC cell lines,60 and combinatorial therapies have become standard
of care for the clinical management of MBC.61

Clinical management of ESR1 mutant MBC patients includes
treatment with Ful in combination with a CDK4/6 inhibitor.7

However, the PALOMA-3 clinical study showed that patients who
were treated with Ful in combination with palbociclib showed
increased levels of the ESR1 Y537S mutation at the end of
treatment.20 The clinical resistance of the ESR1 mutations to ET
warrants investigation of new SERDs and biologic therapies that
can more potently target the mutant ER. Ongoing clinical trials are
investigating the use of novel SERDs such as AZD9833 (SERENA-2;
NCT04214288), SAR439859 (AMEERA-3; NCT04059484) and GDC-
9545 (NCT03332797) in ESR1 mutant expressing BCs. Importantly,
additional ongoing clinical trials are prospectively investigating
the efficacy of ET combined with CDK4/6 inhibitors in ESR1mutant
selected patients (NCT04432454, NCT02738866, NCT04256941).
Studies such as these and other studies that stratify patients based
on ESR1 mutation status are crucial to determine the therapeutic
efficacy in these populations.
Our preclinical study demonstrates for the first time that

mechanistically the intrinsic ET-resistant phenotype of ESR1
mutations may predispose BCs to palbociclib resistance due to
an overlap in resistance bypass pathway activation. Microarray
analyses of ESR1 mutant and WT PalbR models showed a
significant overlap of transcriptionally upregulated genes
between them. Specifically, the interferon α response and
interferon γ response were the most significantly upregulated
MSigDB Hallmark pathways in these models. In the NeoPalAna
neoadjuvant clinical trial in which patients were treated with
anastrozole in combination with palbociclib, the interferon γ
response Hallmark was also significantly upregulated in primary
tumours after 12 weeks of palbociclib treatment.62 Preclinical
validation in an MMTV-rtTa/tetO-HER2 mouse BC model also
demonstrated that the interferon α response and interferon γ
response Hallmarks were upregulated in abemaciclib-treated
mice. These studies and our findings support that upregulation
of interferon signalling is a common response and adaptive
resistance mechanism to CDK4/6 inhibition. There is no clear
therapeutic approach selectively targeting interferon signalling
for the application to the CDK4/6 inhibitor-resistant population,
and further investigation is needed to determine if this would be
an effective approach in these patients. Furthermore, our MCF-7
ESR1 WT PalbR and ESR1 Y537S gene signatures exhibited
an upregulation of early and late response to oestrogen
responses, showing that ESR1 WT models retained oestrogen
signalling after acquiring resistance to palbociclib. Previous
work found that ER-positive PalbR cell lines lost ER signalling
and were intrinsically resistant to ET.63 However, the MCF-7
PalbR cell line characterised in our study expressed a subset of
genes that were shared with the ESR1 Y537S cells and
contributed to upregulated oestrogen response Hallmarks.
Taken together, our data show that the intrinsic ET-resistant

Fig. 5 ESR1 mutant intrinsic resistance predisposed cells to palbociclib resistance. a MTT growth assay of MCF-7 and MCF-7 PalbR models
after treatment with palbociclib. Mean+ standard deviations are shown (N= 3 replicates). Two-way ANOVA was used for statistical analysis. b
MTT growth assay of T47D and T47D PalbR models after treatment with palbociclib. Mean with standard deviations are shown (N= 3
replicates). One-way ANOVA was used for statistical analysis. c Venn diagram of upregulated genes in MCF-7 ESR1 Y537S and MCF-7 WT PalbR
cells compared to MCF-7 WT. GSEA Hallmarks are of the shared upregulated genes. d Microarray profiling of RTKs in MCF-7 WT PalbR cells and
ESR1 Y537S cells compared to MCF-7 WT. X-values represent microarray expression fold change ratios of average values per condition (N= 3
replicates/condition). ANOVA was performed for statistical analysis. e MCF-7 cells were cultured in 10% FBS supplemented media and
analysed by immunoblot for phosphorylated and total RON. Numbers below each protein represent normalised densitometry of each protein
compared to GAPDH. f T47D cells were cultured in 10% FBS supplemented media and analysed by immunoblot for phosphorylated and total
RON. Numbers below each protein represent normalised densitometry of each protein compared to GAPDH. g Organoid growth assays with
RONi treatment in MCF-7 WT PalbR primary tumour, h MCF-7 ESR1 Y537S PalbR primary tumour, and i) MCF-7 ESR1 Y537S PalbR metastatic
tumour. Bar graphs in g–i represent mean number of organoids+ standard deviation (N= 3 replicates). Student’s t-test was used for statistical
analysis. P < 0.05 was considered statistically significant for all tests. (*p < 0.05, **p < 0.01, ***p < 0.001).
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phenotype of ESR1 mutations may predispose to the develop-
ment of palbociclib resistance.
We have additionally observed that ET in combination with the

mutant PI3K-α potent, β-sparing inhibitor taselisib was effective at
reducing the growth of ESR1 mutant BC organoids. This is a

promising result that may support the use of pan-PI3K inhibitors in
ESR1 mutant BCs. However, the clinical use of taselisib is advanced
and MBC is no longer being pursued given the Phase 3 clinical
data that demonstrated only a modest improvement of PFS and
significant toxicity.64 PIK3CA-mutant MBCs progressing on CDK4/6
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inhibitor therapy are successfully treated with Ful in combination
with the PI3K α-specific inhibitor alpelisib.7 Importantly, the Phase
2 BYLieve clinical trial demonstrated that ER-positive advanced BC
patients who were pre-treated with ET in combination with a
CDK4/6 inhibitor had a meaningful therapeutic benefit with the
combination of ET and alpelisib, suggesting that alpelisib
maintains its efficacy in some patients with palbociclib-resistant
tumours.65 However, a separate study demonstrated that PTEN
loss and ESR1 mutations were common alterations that may
promote resistance to an AI and alpelisib.66 In our study, we
observed an upregulation of RTK signalling including activation of
RON in PalbR models. Therapeutic blockade of RON decreased
ex vivo organoid growth in PalbR models suggesting its potential
therapeutic efficacy in tumours with acquired palbociclib resis-
tance. Further investigation of the use of Ful with PI3K inhibitors
such as alpelisib in the context of palbociclib-resistant, ESR1
mutant-expressing tumours is thus warranted.
In conclusion, our data demonstrate that there is a shared

transcriptional signature between ESR1 mutant and PalbR models
that includes upregulation of RTK signalling that may promotes
therapeutic resistance to both ET and CDK4/6 inhibition. Our data
suggest that the intrinsic ESR1 mutant ET resistance mechanisms
can predict CDK4/6i resistance. Our experimental modelling
demonstrated that the RON/IGF-1R/PI3K signalling pathway was
an escape mechanism in both models. Clinical analysis of Ful and
PI3K inhibitors are needed to demonstrate if this may be an
effective therapeutic approach in ESR1 mutant and PalbR
populations. Further investigation of the clinical use of a RONi in
combination with ET should also be considered in ESR1 mutant
and PalbR MBCs.
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