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Background: Combined CDK4/6 inhibitor (CDK4/6i) and endocrine therapy
significantly improve the outcome of patients with advanced estrogen
receptor-positive (ER+) breast cancer. However, resistance to this treatment
and disease progression remains a major clinical challenge. High expression of
the receptor tyrosine kinase REarranged during Transfection (RET) has been
associated with resistance to endocrine therapy in breast cancer, but the role of
RET in CDK4/6i treatment response/resistance remains unexplored.

Methods: To identify gene expression alterations associated with resistance to
combined endocrine therapy and CDK4/6i, we performed RNA sequencing of
two ER+ breast cancer cell models resistant to this combined therapy. The
functional role of RET was assessed by siRNA-mediated RET silencing and
targeted inhibition with the FDA/EMA-approved RET-selective inhibitor
selpercatinib in resistant breast cancer cells and patient-derived organoids
(PDOs). RET silencing was evaluated mechanistically using global gene
expression and pathway analysis. The clinical relevance of RET expression in
ER+ breast cancer was investigated by gene array analysis of primary tumors
treated with endocrine therapy and by immunohistochemical scoring of
metastatic lesions from patients who received combined CDK4/6i and
endocrine therapy.

Results: We show that RET is upregulated in ER+ breast cancer cell lines resistant
to combined CDK4/6i and fulvestrant compared to isogenic cells resistant to
fulvestrant alone. siRNA-mediated silence of RET in high RET-expressing,
combined CDK4/6i- and fulvestrant-resistant cells reduced their growth
partially by affecting cell cycle regulators of the G2-M phase and E2F targets.
Notably, targeting RET with selpercatinib in combination with CDK4/6i inhibited
the growth of CDK4/6i-resistant cell lines and resensitized ER+ breast cancer
patient-derived organoids resistant to CDK4/6i. Finally, analysis of RET
expression in ER+ breast cancer patients treated with endocrine therapy
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showed that high RET expression correlated with poor clinical outcomes. We
further observed a shorter median survival to combined CDK4/6i and endocrine
therapy in patients with RET-positive compared to RET-negative tumors, but this
difference did not reach statistical significance.

Conclusions: Our findings show that RET is overexpressed in ER+ metastatic
breast cancer resistant to combined CDK4/6i and endocrine therapy, rendering
RET inhibition a promising therapeutic approach for patients who experience
disease progression on combined CDK4/6i and endocrine therapy.

estrogen receptor-positive breast cancer, RET, selpercatinib, CDK4/6 inhibitor,

drug resistance

Introduction

Estrogen receptor-positive (ER+) breast cancer comprises
approximately 70% of all breast cancers and is dependent on the
ER pathway for proliferation and survival. Therefore, inhibition of
the ER pathway is an effective treatment strategy in this patient
population (1). However, resistance to endocrine treatment remains
a major clinical challenge (2). Several studies have shown that
endocrine resistance mechanisms depend on alterations of cell cycle
regulators, which led to the development of cyclin-dependent
kinases 4 and 6 inhibitors (CDK4/6i) for ER+ advanced breast
cancer (3-6).

CDK4/6 are critical regulators of the G1-S phase progression in
the cell cycle by interacting with cyclin D and subsequently
hyperphosphorylating the retinoblastoma (Rb) protein (7). This
leads to its inactivation and release of transcription factors that
allow progression to the cell cycle S-phase. CDK4/6i, including
ribociclib, palbociclib, and abemaciclib, inhibit the CDK4/6 kinases
and thus arrest the cells in the G1 phase. Clinical studies have
shown that adding CDK4/6i to endocrine therapy improved
progression-free survival (PFS) and overall survival (OS)
compared to endocrine therapy alone in patients with ER+
advanced breast cancer. This resulted in the approval of
combined CDK4/6i and an aromatase inhibitor (AI) for ER+
advanced breast cancer as first-line treatment (1, 8, 9) and as
second-line therapy in combination with the selective estrogen-
receptor degrader (SERD) fulvestrant following initial AI
monotherapy (10-12). More recently, the CDK4/6i abemaciclib
was also approved for high-risk patients with early-stage ER+ breast
cancer in combination with tamoxifen or an AI (13). Despite
favorable outcomes, the development of resistance to combined
CDK4/6i and endocrine therapy is expected in the metastatic
setting, and 70% of these patients will experience progressive
disease within 40 months (14, 15). Understanding resistance
mechanisms to combined CDK4/6i and endocrine therapy and
identifying optimal treatment strategies following progression on
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combined CDK4/6i and endocrine therapy are currently areas of
intense research.

In breast cancer, increased levels of the receptor tyrosine kinase
REarranged during Transfection (RET) proto-oncogene have been
observed in tumors compared to surrounding healthy tissue, and
high RET expression has been associated with tamoxifen and Al
resistance in ER+ breast cancers (16-18). RET comprises an
extracellular domain, a cysteine-rich region, a single-pass
transmembrane domain, and a cytoplasmic region with a split
tyrosine kinase domain. The binding of RET to its ligands
requires the glial cell-derived neurotrophic factor (GDNF)
receptor o family (GFRo 1-4) coreceptors. GFRo forms
homodimers recruited by specific GDNF family of ligands (GFLs)
into a complex that activates RET homodimers, leading to
autophosphorylation of the tyrosine kinase domain (19). RET
activation initiates the activation of the MAPK/ERK, JAK/STAT,
and PI3K/AKT pathways, leading to proliferation, survival, and
migration (20, 21).

Furthermore, RET expression correlates with ER expression in
breast cancer cell lines and tumor specimens (22). Multiple studies
have shown that ER induces the expression of RET, which leads to the
activation of downstream growth signaling pathways. Conversely,
RET has been shown to enhance estrogen-mediated proliferation (22,
23). Overexpression of RET alone has been shown to increase growth
of ER+ breast cancers in mice (24). Importantly, targeting RET with
the multikinase inhibitor vandetanib potentiated the effect of
tamoxifen, demonstrating a greater reduction in tumor growth
compared to single-agent therapy (25). Furthermore, the RET
inhibitor NVP-AST487, in combination with the AI letrozole, was
also shown to be effective in inhibiting breast cancer cell line motility
and growth (26). Notably, RET activation promotes AI and
tamoxifen resistance through estrogen-independent activation of
ER transcriptional activity via the MAPK/ERK and PI3K/AKT
pathways, where mTOR might play a key role (16, 17).

In papillary thyroid carcinoma (PTC) and non-small cell lung
cancer (NSCLC), RET fusion proteins that are constitutively active
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and promote tumor growth have been identified in 13-43% and 2%
of patients, respectively (27-29). In addition, up to 70% of
medullary thyroid cancers (MTC) show activating RET
mutations, but RET fusions and mutations are rare in breast
cancer (30-32). The European Medicines Agency (EMA) and the
Food and Drug Agency (FDA) have recently approved the RET-
selective inhibitor (RETi) selpercatinib in RET fusion-positive
advanced NSCLC and PTC and RET-mutant MTC (33, 34). More
recently, the FDA granted accelerated approval to selpercatinib as a
tissue-agnostic treatment of locally advanced or metastatic solid
tumors with RET gene fusions after prior systemic treatment, or
without alternative treatment options (35). Selpercatinib is effective
towards RET-wildtype, -mutant, and -fusion proteins (36).
Although RET has been associated with ER+ breast cancer
tumorigenesis and endocrine treatment response (22, 23, 25), the
role of RET in resistance mechanisms to combined fulvestrant and
CDK4/6i has not been evaluated.

This study shows that RET overexpression is associated with
resistance to combined CDK4/6i and fulvestrant treatment in ER+
breast cancer cell lines. Inhibition of RET by siRNA-mediated
knockdown or treatment with the tyrosine kinase inhibitor
selpercatinib impaired the growth of CDK4/6i- and fulvestrant-
resistant cell lines and patient-derived organoids by inhibiting, at
least in part, early stages of mitotic cell division. Finally, we show
that clinical ER+ breast cancer samples expressing high mRNA
levels of RET correlated with poor clinical outcomes following
endocrine therapy.

Methods
Cell lines and anti-tumor agents

The original MCF7 (RRID: CVCL_0031), T47D (RRID:
CVCL_0553), and ZR-75-1 (RRID: CVCL_0588) cells were
received from the Breast Cancer Task Force Cell Culture Bank,
Mason Research Institute. The MCF-7-derived cell lines MF-R and
MPEF-R were developed by extended treatment with fulvestrant (100
nM) alone or combined with CDK4/6i (palbociclib, 150-200 nM),
respectively. Cells grew in Dulbecco’s Modified Eagle Medium
phenol red-free (DMEM/F12; Gibco) with 1% glutamine (Gibco),
1% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), and 6
ng/mL insulin (Sigma-Aldrich) supplemented with 100 nM of
fulvestrant and 200 nM CDK4/6i. MCF-7 cells grown in parallel
with MPF-R cells without treatment in the media were designated
M-S and remained sensitive to drug treatment. T47D cells were
maintained in the Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco) without phenol red, supplemented with 1%
glutamine, 5% heat-inactivated FBS, and 8 pg/mL insulin. The
T47D-derived fulvestrant- and combined CDK4/6i- and
fulvestrant-resistant cell lines, TF-R and TPF-R, respectively, were
established by long-term treatment with 100 nM fulvestrant alone
or combined with 150-200 nM of CDK4/6i. T47D-sensitive cells
grown in parallel with TPF-R were designated T-S and were
maintained in the same medium as TPF-R cells without
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treatment. ZR-75-1 cells resistant to combined fulvestrant and
palbociclib (ZPF-R) were established from fulvestrant-resistant
cells (37) by long-term treatment (2 months) with 100 nM
fulvestrant and increasing concentrations of palbociclib (weekly
2-fold increase, from 10 nM to 160 nM). Cells were cultured at 37°C
in 5% CO, and tested regularly for mycoplasma with a MycoAlert
detection kit (Lonza), and all experiments were performed with
mycoplasma-free cells. Cells underwent authentication by short
tandem repeat (STR) analysis in the past three years. Fulvestrant
(ICT 182,780, Tocris) was dissolved in 96% ethanol, CDK4/6i
palbociclib isothiocyanate (HY-A0065, MedChemExpress) was
dissolved in water, RET inhibitor selpercatinib (also known as
LOXO0-292, HY-114370, MedChemExpress) was dissolved in
DMSO (Sigma-Aldrich). The concentrations of CDK4/6i and
RET inhibitor used for in vitro experiments were determined
based on the IC50 for each cell line model.

Patient-derived organoid studies

Organoids were established from ER+ primary tumors as
previously described [15]. Briefly, tumors were mechanically
dissociated in a gentleMACS dissociator (Miltenyi Biotec) and
enzymatically digested with 1 mg/mL collagenase (Thermofisher)
for 1 hour at 37°C. After dissociation, cells were embedded in
cultrex (Bio-techne) and plated in 15 uL domes in six-well cell
culture plates. Plates were incubated for 30 minutes at 37°C for
solidification of the matrix and then, organoid medium consisting
of advanced DMEM/F12 (ThermoFisher) supplemented with 10
mM HEPES (Gibco), 1x Glutamax (Gibco), 1% penicillin/
streptomycin (ThermoFisher), 2% Rspo3-Fc fusion protein
conditioned medium (Ipatherapeutics), 1% Noggin-Fc Fusion
Protein Conditioned Medium (Ipatherapeutics), 1x B27
Supplement (ThermoFisher), 5 mM Nicotinamide (Sigma
Aldrich), 1.25 mM N-acetyl-L-cysteine (Sigma Aldrich), 100 pg/
mL Primocin (Invivogen), 5nM Heregulin 31 (PeproTech), 5 ng/
mL FGF-7 (PeproTech), 10 ng/mL heat-stable FGF-10
(ThermoFisher), 0.5 uM A83-01 (Tocris Bioscience), 10 ng/mL
EGF (PeproTech), 0.5 uM SB202190 (Sigma Aldrich) and 5uM Y-
27632 dihydrochloride (AbMole Bioscience) was added. Media
were renewed every 3 to 4 days. Organoids were dissociated using
TrypleExpress (ThermoFisher) for 15 minutes. Before the described
experiments, established organoids were tested for mycoplasma
(MycoAlert, Lonza).

For drug testing, organoids were plated in 96-well plates at a
concentration of 200 organoids/pL in cultrex (50 uL/well), followed
by treatment with serially diluted CDK4/6i palbociclib, RETi
selpercatinib or both, at different concentrations for 7 days. Cell
viability was evaluated with RealTime-Glo' " MT cell viability assay
(Promega) according to the manufacturer’s instructions. A
Paradigm microplate reader (Beckman Coulter) and SoftMax pro
7.0.2 software were used to measure luminescence. Dose-effect
curves were generated using GraphPad Prism software (version
9.0). Data was inputted into SynergyFinder (38) to calculate the
Bliss synergy score.
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Western blotting

Whole-cell extracts were obtained using RIPA buffer (50 mM
Tris HCl (pH 8), 150 mM NaCl (pH 8), 1% IgePAL 630, 0.5%
sodium deoxycholate, 0.1% SDS) with protease and phosphatase
inhibitors (Thermo Scientific). Pierce BCA Protein Assay kit
(Thermo Scientific) was used to determine protein concentration
at 562 nm in the Paradigm microplate reader (Beckman Coulter).
Protein (10-45 pg) was loaded on a 4-20% SDS-PAGE gel (Bio-Rad)
under reducing conditions and electroblotted onto a PVDF transfer
membrane (Bio-Rad). Tris-buffered Saline (TBS) with 0.1% Tween-
20 (Sigma-Aldrich) and 5% non-fat dry milk powder (Sigma-
Aldrich) was used to block membranes for one hour at room
temperature. The following antibodies were used: Anti-RET
(3223S, 1:250-1:1000), anti-phospho-Rb Ser780 (3590, 1:1000),
anti-Rb (9309, 1:1000), anti-cyclin D1 (2978, 1:1000), anti-
phospho-CDK2 Thr160 (2561, 1:500), anti-cyclin E2 (4132,
1:1000), anti-CDK2 (2546, 1:2000), anti-cyclin D3 (3223, 1:2000)
and anti-cyclin A (4656, 1:2000) from Cell Signaling Technologies;
anti-cyclin A2 (ab38, 1:500) and anti-CDK6 (ab12482, 1:5000) from
Abcam; anti-cyclin E1 (sc-247, 1:100), anti-CDK4 (sc-23896), and
anti-GAPDH (sc-32233, 1:20000) from Santa Cruz Biotechnology.
Horseradish peroxidase (HRP)-conjugated goat anti-mouse (P0447,
Dako, 1:5000) and HRP-conjugated goat anti-rabbit (P0448, Dako,
1:5000) antibodies were incubated in blocking buffer for one hour at
room temperature. Membranes were developed with SuperSignalTM
West Pico PLUS chemiluminescent Substrate (Thermo Scientific)
and visualized on a ChemiDoc MP imaging system (Bio-Rad).

RET-specific siRNA-mediated knockdown

RET gene knockdown was performed using two different RET-
specific siRNAs (RET_15, SI04950554 and RET_17, SI05089756),
both from Qiagen and a nontargeting scrambled (control) siRNA
used as the universal negative control (SIC001, Sigma-Aldrich).
Chemical transfection was performed in M-S, MPF-R, T-S, and
TPE-R cell lines with Lipofectamine 3000 transfection reagent
(15282465, ThermoFisher Scientific) in Opti-MEM medium
(Gibco) according to the manufacturer’s instructions. Efficiency
was evaluated at the mRNA level 48 hours after transfection by
quantitative real-time PCR (RT-qPCR) and at the protein level 96
hours after transfection with Western blotting. The effect of siRNA-
mediated knockdown of RET on cell growth was evaluated with
crystal violet assay at 24, 48, 96, and 144 hours after transfection.

RNA extraction, cDNA synthesis,
quantitative real-time PCR

TRI reagent® (Sigma Aldrich) was used for total RNA extraction,
and cDNA synthesis was performed with random deoxynucleic acid
hexamers and reverse transcriptase (Fermentas). RT-qPCR with
SYBR Green PCR Mastermix (Applied Biosystems) was performed
according to the manufacturer’s instructions. The following primers
(Qiagen) were used: RET (QT00047985, transcript ID:
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ENST00000355710, amplicon length 120), CDK6 (QT00019985,
transcript ID: ENST00000265734, amplicon length 82), CDK4
(QT00016107, transcript ID: ENST00000257904, amplicon length
60) and cyclin D1 (QT00495285, transcript ID: ENST00000227507,
amplicon length 96), and PUMI (QT00029421, transcript ID:
ENST00000257075, amplicon length 73) was used as a reference
gene. The RT-qPCR reactions were performed using a StepOnePlus
system (Applied Biosystems), and data were analyzed with StepOne
Software. Reactions were conducted in triplicates, and data were
analyzed with the delta-delta CT method (39).

Global gene expression analysis

Gene expression analysis was performed on RNA purified from
three biological replicates of the combined CDK4/6i- and
fulvestrant-resistant cell lines MPF-R and TPF-R treated with
control or RET siRNAs using Human Transcriptome Arrays 2.0
(HTA). Cells were grown to reach 70-80% confluency, and RNA
was purified using TRI reagent® according to the manufacturer’s
instructions. Transcriptome Analysis Console (TAC) software
(ThermoFisher) was used for data analysis. Genes from the
dataset that exhibited a two-fold or greater alteration in
expression with a false discovery rate (FDR) < 0.05 cut-off and
p < 0.05 with one-way ANOVA were considered significantly
regulated. Gene Set Enrichment Analysis (GSEA 4.3.2) was
performed to identify the gene sets enriched in the resistant cells.
Microarray gene expression data from the tumor biopsies in the
NeoPalAna trial (40) was used to investigate RET expression
(GSE93204). Normalized RET expression data from baseline
samples from CDK4/6i-sensitive or -resistant patients were used
for the analysis.

RNA sequencing

Exon-spanning primers were designed to perform RNA
sequencing (primer sequences are available upon request). RNA
from three independent experiments were prepared for sequencing
on the Illumina NovaSeq 6000 platform using the NEBNext Poly(A)
mRNA Magnetic Isolation Module (New England Biolabs) and the
NEBNext Ultra I DNA Library Prep Kit for Illumina (New England
Biolabs) with unique dual indexes according to the manufacturer’s
instructions. FASTQC (Babraham Bioinformatics) was used to
assess the quality of raw sequencing reads, and adaptor sequences
were removed using the FASTX toolkit. Trimmed Reads were
aligned to the human genome (hg38) using the Spliced
Transcripts Alignment to a Reference (STAR) software with
default parameters (41). Tags in exons were counted using iRNA-
seq (42), and differential expression (FDR-adjusted p < 0.05)
between three independent replicates of sensitive cell line and
double-resistant cell line samples was determined using DESeq2
(43). Genes with FDR < 0.05 and a log2 fold change > 1.0 in either
direction were defined as statistically significant. GSEA and gene
ontology (GO) enrichment analysis with ShinyGO (v0.80) were
used to identify the gene sets enriched in cells resistant to combined
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CDK4/6i and fulvestrant versus fulvestrant alone. To identify
candidate fusion transcripts from the sequence data, fusion
calling was performed on the fastq files using FusionCatcher
version 1.33 (44), STAR-fusion version 1.11.0 (45), and Arriba
version 2.3.0 (46), with default settings. The GRCh38/hg38 build
was used as the human reference genome.

Cell growth assay

Cells were seeded at 20,000-50,000 cells/well in 96-well plates,
and drugs or vehicles were added after 24 hours. Cell growth was
evaluated using a crystal violet-based colorimetric assay wherein
cells were incubated with a crystal violet solution for 5 minutes,
followed by three washes in ddH20O and overnight drying. Cellular
crystal violet was extracted by incubation with a 0.1 M citrate buffer
(29.41 g sodium citrate dissolved in 50% water and 50% ethanol,
pH=6) for 30 minutes on a shaker at room temperature. Reading
measurements were performed in a Paradigm microplate reader at

570 nm and data were analyzed with SoftMax pro 7.0.2 software.

KM plotter

The web tool Kaplan-Meier (KM) plotter (47) was used to
generate survival curves for ER+ breast cancer patients based on
mRNA expression (gene chip) of RET. All datasets available in the
KM plotter were included in the analysis. The inclusion criteria
were ER status positive by IHC, HER2 status negative by array, and
previous treatment with endocrine therapy. These criteria were
independent of pathological characteristics such as grade, lymph
node status, and previous chemotherapy. The JetSet optimal probe
was selected for RET (probe ID 211,421). The ‘auto select best
cutoff’ option was used to evaluate all possible cutoff values between
the lower and upper quartiles, and the best performing threshold
was selected as a cutoff (Supplementary Table S1, selected cutoff
highlighted). The endpoints were relapse-free survival (RFS) and
overall survival (OS).

Clinical samples and endpoints

Formalin-fixed, paraffin-embedded (FFPE) ER+ metastatic
tumor lesions from patients treated with combined CDK4/6i and
endocrine therapy were obtained from Odense University Hospital
(OUH) (N = 115). Inclusion criteria were patients with ER+
advanced breast cancer treated with combined CDK4/6i and
endocrine therapy in the metastatic setting who had undergone
surgery or biopsy at OUH. Tumor sections with ER expression > 1%
were considered ER+. Exclusion criteria were insufficient tumor
material and no metastatic biopsy before starting treatment with
combined CDK4/6i (palbociclib or ribociclib) and endocrine
therapy (letrozole or fulvestrant). These criteria yielded N = 83
patients. Progression-free survival (PFS) was described as the time
from starting treatment with combined CDK4/6i and endocrine
therapy until disease progression or death.
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Immunohistochemistry

FFPE blocks of patient metastatic lesions were sectioned at 4 um
with a microtome and mounted on ChemMateTM Capillary GAP
slides (Dako). Sections were dried at 60°C, deparaffinized, hydrated,
and endogenous activity was blocked. Unmasking of epitopes was
achieved by boiling sections in a T-EG solution. The following primary
antibody was used: anti-RET antibody (ab134100, 1:50). Primary
antibody binding for anti-RET was detected with Optiview-DAB (8-
8), EnV, FLEX/HRB+ Rabbit LINK 15-30. An experienced breast
pathologist evaluated the clinical samples in a blinded setup. RET
protein was primarily expressed in the cytoplasm. The staining
intensity was recorded on a semi-quantitative scale of 0-3, with 0
meaning absolutely no reaction and 3 as the most intense staining. The
cut-off value for positive versus negative was set as intensity > 1 versus
intensity = 0 and determined based on the survival significance.

Statistical analysis

GraphPad Prism v.9.4.0 software was used for statistical
analyses. One-way analysis of variance (ANOVA) and two-tailed
t-test were performed to determine statistical significance among
data for the in vitro studies (as indicated in the figure legends).
Kaplan-Meier estimates generated survival curves for the clinical
data, and the log-rank test was used to test the correlation between
the expression levels of RET and the PFS. p-values were defined as
follows: *p<0.05, **p<0.01, *** p<0.001, and **** p<0.0001.

Results

RET is upregulated in ER+ breast cancer
cells resistant to combined CDK4/6i
and fulvestrant

To investigate the resistance mechanisms to combined CDK4/6i
and fulvestrant, we utilized two ER+ breast cancer cell line models
resistant to combined CDK4/6i and fulvestrant derived from MCF7
and T47D cells (MPF-R and TPEF-R, respectively), which have been
previously described (37, 48). To identify the resistance mechanism
associated specifically with combined CDK4/6i and fulvestrant rather
than fulvestrant alone, we evaluated gene expression alterations in
MPF-R and TPF-R cells compared to the respective cell lines resistant
to fulvestrant alone (MF-R and TF-R). We focused on this comparison
instead of comparison with drug-sensitive cells (M-S and T-S) since we
aimed to identify gene alterations uniquely associated with resistance to
the combination therapy and distinct from those caused by endocrine
therapy alone. Using RNA-sequencing, we identified a total of 1103
genes (523 upregulated and 580 downregulated) that exhibited
significantly altered expression in MPF-R versus MF-R, and 1041
genes (600 upregulated and 441 downregulated) that exhibited
significantly altered expression in TPF-R versus TF-R cells (fold-
change > 2, FDR < 0.05, Wald significance test p < 0.05). Gene set
enrichment analysis (GSEA) was performed to identify the most
altered pathways in combined CDK4/6i and fulvestrant-resistant vs.
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fulvestrant-resistant cells. The enrichment analysis revealed that the top
hallmark pathways altered in both MPF-R vs. MFR and TPF-R vs. TFR
included “estrogen response early” and “estrogen response late”
(Figures 1A, B). Although RET ranked 34™ and 15" in the list of
genes enriched in the gene set “estrogen response” in MPF-R and TPF-
R cells, respectively (Figure 1C), only a few genes were shared between
the two models, with RET consistently being in the top 5 of the
common genes. Notably, neither model showed an alteration of the
RET ligand GDNF between resistant and sensitive cells. These findings,
together with the established role of RET in ER+ breast cancer,
prompted us to further investigate RET in the context of resistance
to combined CDK4/6i and endocrine therapy. Increased expression of
RET was also observed in MPF-R and TPF-R compared to M-S and T-
S cells, respectively (Figure 1D). Notably, RET expression levels were
significantly higher in the MCF7-derived cells than in the T47D-
derived cells, as previously reported (16), which suggests a more critical
role for RET in MCF-7 cells. Next, we investigated whether RET-
fusions could be identified in our RNA sequencing data of MPE-R,
TPE-R, MF-R, TF-R, M-S, and T-S cells. However, no fusion
transcripts involving the RET gene were identified in any of the ER+
breast cancer cell lines using three fusion callers (Fusioncatcher, STAR-
fusion, and Arriba). Notably, combined fulvestrant and CDK4/6i-
resistant cells do not exhibit RET mutations or alterations associated
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with known/putative mechanisms of resistance towards CDK4/6i, such
as ESRI mutations or CDK4 or CDK6 amplifications (48). To further
validate the overexpression of RET in combined CDK4/6i- and
fulvestrant-resistant cells, qPCR and Western blotting were
performed. Overexpression of RET at the mRNA and protein levels
in resistant cells was confirmed (Figures 1E, F). Importantly, while RET
expression is elevated in fulvestrant-resistant cells compared to
sensitive cells, the highest expression levels are observed in combined
CDK4/6i- and fulvestrant-resistant cells (Figure 1F). Because of the
higher levels of RET in the MCF7 model, the amount of protein from
T47D-derived cells loaded to detect RET expression was five times that
from MPE-R cells (Figure 1F). Our findings support a significant
upregulation of RET in both cell line models resistant to combined
CDK4/6i and fulvestrant.

RET-specific siRNA-mediated knockdown
impairs the growth of combined CDK4/6i-
and fulvestrant-resistant ER+ breast
cancer cells

To investigate RET’s role in the resistance mechanism to
combined CDK4/6i and fulvestrant, we performed gene

HALLMARK INTERFERON ALPHA RESPONSE = °
HALLMARK ESTROGEN RESPONSE LATE = [ ] N. of Genes
HALLMARK ESTROGEN RESPONSE EARLY = L] e 20
HALLMARK INTERFERON GAMMA RESPONSE = () e 30
HALLMARK EPITHELIAL MESENCHYMAL TRANSITION = °
HALLMARK UV RESPONSE UP = . ® 40
HALLMARK ANDROGEN RESPONSE =
HALLMARK PEROXISOME =
HALLMARK HYPOXIA = @ “log10(FDR)
HALLMARK XENOBIOTIC METABOLISM = @ ®:
HALLMARK MYOGENESIS = @
HALLMARK COMPLEMENT = ® ® s
HALLMARK P53 PATHWAY - @ @ 12
HALLMARK KRAS SIGNALING UP = ® ® 16
HALLMARK FATTY ACID METABOLISM = ®
4 4 s

Fold Enrichment

F
250 M-S MFR MPFR kDa
*
100 TS TFR TPFR  kDa
2, 8.9, %
A

RET is overexpressed in ER+ breast cancer cell lines resistant to combined CDK4/6i and endocrine therapy. Dot plots of Hallmark gene set
significantly enriched in (A) MPF-R vs. MF-R and (B) TPF-R vs. TF-R. (C) List of genes enriched in gene set "Hallmark estrogen response early”.

(D) Evaluation of RET expression in ER+ breast cancer cell lines resistant to combined palbociclib and fulvestrant (MPF-R and TPF-R), resistant to
fulvestrant only (MF-R and TF-R), and parental sensitive cells (M-S and T-S) using RNA sequencing. Statistical comparison is shown relative to
double-resistant cells. TPM = transcripts per million. The data represent independent experiments in triplicates + SEM. (E) Quantitative RT-PCR
verifying the gene expression alterations of RET. The expression was normalized using the PUM1 gene and shown as a relative expression in MPF-R
vs. M-S and TPF-R vs T-S cells. Data represent three independent experiments + SEM (*0.01 < p < 0.05). (F) Western blotting analysis of lysates from
M-S, MF-R, MPF-R, T-S, TF-R and TPF-R cells. 10 pg and 50 pg of total protein of MCF-7- and T47D-derived cells, respectively, were loaded.
B-actin was used as a loading control. A representative for three biological replicates is shown. Asterisk indicate significant differences in students

t-test (*0.01 < p < 0.05, **0.001 < p < 0.01 and ***0.0001< p <0.001).
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knockdown by using two specific siRNAs targeting RET (RET15
and RET17) and a scrambled siRNA (control). RET was efficiently
silenced in both MCF-7- and T47D-derived sensitive and resistant
cell lines when using the individual and pooled RET-siRNAs
compared with the control siRNA, as determined by RT-qPCR
and Western blotting (Figures 2A, B). It was not possible to
visualize the RET knockdown in T-S cells by Western blotting
due to the extremely low levels of RET in these cells. Silencing of
RET significantly reduced the growth of M-S and MPF-R cells
compared to the control siRNA (Figure 2C), indicating that these
cells depend on the expression of RET for proliferation and growth.
The same effect on cell growth upon RET siRNA-mediated
knockdown was not observed in T-S and TPF-R cells, which may
be due to the significantly lower level of RET in these cells.

To identify pathways altered following RET silencing, we
performed gene expression analysis on MPF-R and TPF-R cells
transfected with RET-siRNA (pooled RET15 and RET17) compared

A B

mm Scrambled sSiRNA mm RET17 siRNA

10.3389/fonc.2024.1497093

to cells transfected with control siRNA (scrambled). Remarkably,
alterations in regulators of the cell cycle, particularly regulators of
the G2-M phase and E2F targets, were identified as the most
significantly enriched gene datasets by GSEA in control-siRNA
compared to RET-siRNA treated MPF-R and TPF-R cells
(Figures 3A, B, respectively). In both MCF7- and T47D-derived
resistant cells, RET knockdown significantly correlated with
reduced gene expression of regulators of late cell cycle phases.
These findings were validated by Western blotting, showing that
levels of cyclin B1, the primary regulator of early events of mitosis,
together with E2F2 and, to a lesser extent, cyclin D1/2, were lower in
MPEF-R treated with RET-siRNA compared to cells treated with
control-siRNA (Figure 3C). Conversely, multiple regulators of G1-S
phase transition, such as CDK4/6, cyclin D3, p-Rb, CDK2, and
cyclin E, were found upregulated, likely to compensate for the cell
division inhibition induced by RET knockdown. Together, our data
suggest that RET is a driver of cell cycle progression at the G2-M
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FIGURE 2

RET-specific siRNA-mediated knockdown inhibits the growth of MPF-R breast cancer cells. The efficiency of RET silencing in combined CDK4/6i-
and fulvestrant-resistant cell lines (MPF-R and TPF-R) and their parental sensitive cell lines (M-S and T-S), respectively, transfected with two different
RET-specific siRNAs (RET15 and RET17) or scrambled siRNA (control). (A) RT-gPCR verifying reduction of RET mRNA level 48 h post-transfection
with RET-specific siRNA. The expression was normalized using the PUM1 gene. The knockdown efficiency is represented as the average percentage
compared to the control (scr) of triplicates (mean + SEM). (B) Western blot validation of protein levels 96 h post-transfection with RET-specific
siRNAs. GAPDH was used as a protein loading control. (C) Cell growth at different time points following RET-specific siRNA transfection as assessed
by crystal violet assay. Graph columns show cell growth at days 6 and 10 for MCF7-derived cell lines and T47D-derived cell lines, respectively.
Scrambled siRNA: control siRNA; RET15, and RET17: two different RET-specific siRNAs. RET15 + 17: combination of both RET-specific siRNAs.
Asterisks indicate significant differences in the one-way ANOVA test (****p < 0.0001).
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FIGURE 3

RET gene knockdown impairs cell growth of combined CDK4/6i- and fulvestrant-resistant breast cancer cells by blocking the G2-M phase
progression of the cell cycle. Bar graphs and enrichment plots of Hallmark gene sets significantly enriched in (A) MPF-R RET-siRNA vs. control-siRNA
and (B) TPF-R RET-siRNA vs. control-siRNA. RET-siRNA 15 and RET-siRNA 17 pools were used. Statistical significance (nominal P-value) of the
enrichment score (ES) is calculated using an empirical phenotype-based permutation test. (C) Western blotting of cell cycle regulators in three
biological replicates (BR) of MPF-R RET-siRNA versus control-siRNA. GAPDH was used as a loading control.

phase of the cell cycle in combined CDK4/6i- and fulvestrant-
resistant ER+ breast cancer cells.

The RET-selective inhibitor selpercatinib
inhibits growth of combined CDK4/6i- and
fulvestrant-resistant ER+ breast cancer
cells and CDK4/6i-resistant patient-
derived organoids

To evaluate whether we could pharmacologically overcome
resistance to combined CDK4/6i and fulvestrant, we examined
the effect of the RET-selective inhibitor, selpercatinib, alone or in
combination with CDK4/6i and/or fulvestrant, on the growth of
MPF-R and TPF-R cells resistant to CDK4/6i and fulvestrant.
Although the concentration of selpercatinib selected based on the
IC50 calculation was high (5 pM), it remains within the maximum
serum concentration observed in patients (mean steady-state Cmax
2980 ng/mL or 5.67 uM) (49). Treatment with selpercatinib
resensitized resistant MPF-R and TPF-R cells to combined
CDK4/6i and fulvestrant (Figures 4A, B). Indeed, incubation with
the triple combination consisting of fulvestrant, CDK4/6i, and RET1i
significantly reduced the growth of MPF-R cells compared to
combined CDK4/6i and fulvestrant. Furthermore, the triple
combination more efficiently inhibited the growth of TPF-R cells
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compared to dual therapy with fulvestrant and RETj, although the
difference did not reach statistical significance. Interestingly, the
dual combination with RETi and either fulvestrant or CDK4/6i
reduced MPF-R and TPF-R cells growth more efficiently than
combined CDK4/6i and fulvestrant (Figures 4A, B). These data
further indicate that ER+ breast cancer cells utilize RET
upregulation to acquire resistance to combined CDK4/6i and
endocrine therapy.

To validate these findings, we tested the efficacy of RETi in
combination with fulvestrant with or without CDK4/6i in another
combined CDK4/6i- and fulvestrant-resistant ER+ cell model
derived from ZR-75-1 cells (Supplementary Figures SI1A, B).
Consistently with the findings in the other two models, we
observed that all treatments significantly inhibited the growth of
sensitive Z-S cells in comparison to the vehicle, while the growth of
combined CDK4/6i- and fulvestrant-resistant ZPF-R cells was only
significantly inhibited by the triple combination with fulvestrant,
CDK4/6i and RETi (Supplementary Figure S1B). Furthermore, we
investigated changes in cell cycle regulators upon treatment with the
RETi selpercatinib in the three ER+ cell line models (Figure 4C;
Supplementary Figure 1C). Treatment with selpercatinib induced
marked reductions in cyclin Bl levels, a key regulator of early
mitotic events, particularly when combined with a CDK4/6i. These
findings parallel the trends observed following RET siRNA-
mediated knockdown (Figure 3C). However, contrary to the
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RETi resensitizes combined CDK4/6i- and fulvestrant-resistant ER+ breast cancer cells. Cell growth of (A) MPF-R and M-S cells and (B) TPF-R and
T-S cells over six days in the presence of fulvestrant (100nM), CDK4/6i (200 nM) and RETi (5uM) alone or different combinations analyzed by crystal
violet assay. Growth at day six is represented by columns. The data represents the mean of three biological replicates + SEM. Asterisks indicate
significant differences in one-way ANOVA tests at day six. Means are compared to the mean of the standard combined CDK4/6i and fulvestrant
(*0.01 < p < 0.05, **0.001 < p < 0.01, ***0.0001 < p < 0.001, and ****p < 0.0001). (C) Western blotting of cell cycle regulators in MPF-R and TPF-R
cells treated with RETi alone or combined with CDK4/6i and/or fulvestrant. GAPDH was used as a loading control.

upregulation of multiple modulators facilitating G1-S phase
transition observed after RET knockdown, treatment with
selpercatinib led to more efficient inhibition of these regulators,
including CDK4, CDK®, cyclin D, and Rb, while leaving others
unchanged (Figure 4C; Supplementary Figure 1C). Notably, the
CDK inhibitor p21 showed a substantial increase following
treatment with RETi. Collectively, these data underscore a
blockade of both early and late cell cycle phase progression by
RET inhibition with selpercatinib, thereby suggesting a more
profound suppression of cell cycle activity.

Next, we evaluated the efficacy of RET1 selpercatinib and CDK4/6i
palbociclib, alone or combined, in ER+ patient-derived breast cancer
organoids (PDO-P48) that exhibited high IC50 towards CDK4/6i,
and thus primary resistance to this treatment (Figure 5). This model
exhibited increased CDK4, CDK6, and CCNDI expression upon
treatment with CDK4/6i (Figure 5A). Importantly, combined
CDK4/61 and RETi markedly impaired PDO viability at lower
concentrations (10 uM) compared to either CDK4/6i or RETi alone
(50 and 100 uM, Figure 5B). Notably, the IC50 of combined CDK4/61
and RETi was lower than that of CDK4/6i alone in PDO-P48
(Figure 5C). Treatment of the organoids with 10 pM of CDK4/6i
and RETj, combined or as single agents, showed that the combined
treatment reduced cell viability relative to controls (untreated
organoids), while CDK4/6i or RETi alone did not impair the
organoid’s viability (Figures 5D, E). The combination of CDK4/6i
and RETi demonstrated significant synergy within the concentration
range 0.001-10 uM of RETi and 0.0001-1uM of CDK4/6i, as assessed
using the Bliss model (Supplementary Figure S2; Mean synergy score:
22.85, p=3.91e-51). These data support the efficacy of combined
CDK4/6i and RET1 in tumors with poor response to CDK4/6i, such
as PDO-P48.
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High expression of RET correlates with
poor clinical outcomes in patients with
ER+/HER2- breast cancer treated with
endocrine therapy

Finally, we evaluated the clinical relevance of RET by assessing
the correlation between RET expression and clinical outcomes in
ER+ breast cancer patients. We first used the web-based tool
Kaplan-Meier plotter (50) to assess the correlation between RET
mRNA expression and overall survival (OS) and relapse-free
survival (RFS) in a cohort of ER+ breast cancer patients receiving
endocrine treatment in the primary setting. High RET mRNA
expression significantly correlated with shorter OS (n=189,
p=0.05, HR=1.92; Figure 6A) in ER+, HER2- breast cancer
patients treated with endocrine therapy. The estimated 10-year
survival was 70% for patients with high RET expression and 85% for
patients with low RET expression (Figure 6A). High RET expression
was also associated with shorter RFS (n=1201, p=0.054, HR=1.3;
Figure 6B). The median time to relapse was 15 years (180 months)
in the high-RET group, whereas the median time to progression in
the low-RET group was 16 years (200 months) (Figure 6B).
Multivariate analysis including RET, MKi67, and ESRI expression
levels revealed that MKi67 and RET expression are independent
prognostic factors for RES (HR 1.52, p = 0.0017; HR 1.34, p = 0.034,
respectively) but not for OS (HR 1.14, p = 0.73; HR 1.89, p = 0.061,
respectively; Supplementary Table S2).

Next, we evaluated the clinical relevance of RET as a biomarker
of response/resistance to combined CDK4/6i and endocrine therapy
in a cohort of ER+ advanced breast cancer patients that has been
previously described (37, 48). The protein expression levels of RET
were evaluated in whole sections of metastatic lesions before

frontiersin.org


https://doi.org/10.3389/fonc.2024.1497093
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Kindt et al. 10.3389/fonc.2024.1497093
A B CDK4/6i RETi CDK4/6i+RETi
£87 e onke 37 1M 47 159
€ = CDK4 ° —&— 10nM ° °
] - & |-= 100nMm ] 5
° 64 cyclin D1 S |-e 1000nm - §
° o 2o 7+ 10000nM o °
2 - 50000 nM I - °
& 2 —-e— 100000 nM | S 2
< E= = -l s s
[4 ] F3 sl K) =
g [EEE - _So i :
g U e z z
2 s s S
2 7Y 0
0 T 1 1 U T T T 1 e T I 1 1
0 2 4 6 0 2 4 6 8 0 2 4 6 8
Time (days) Time (days) Time (days)
C E
—&— CDKA4/6i IC50= 12.4 uM 3-
150 nglcég::;'?c:o'w-u - o s
TR g - RETI 2
—~ o CDK4/6i+RETi 8
2100~ ®
3 v
s S 1< E
£ 50 2 %
> = - &
! S s
s 8
T T T T o T T T
0 2 4 6 0 2 4 6 8
log [drug] um Time (days)
FIGURE 5

Combined CDK4/6i and RETi efficiently reduces viability of breast cancer patient-derived organoids resistant to CDK4/6i. (A) RT-qPCR verifying
CDK6, CDK4, and CCND1 gene expression alterations upon palbociclib treatment. The expression was normalized using the gene PUM1 and shown
as relative expression in control vs. treated with CDK4/6i. (B) Effect of increasing concentrations of CDK4/6i palbociclib and RETi selpercatinib, alone
or RETi combined with a fixed concentration of CDK4/6i (1 uM), on the viability of patient-derived breast cancer organoid PDO-P48 for seven days.
The results represent the mean + SEMs of three replicates relative to the control (untreated). (C) Dose-effect curves of each single drug, CDK4/6i
and RETI, or RETi combined with a fixed concentration of CDK4/6i (1 uM), during treatment of PDO-P48 for seven days. IC50 were calculated by
normalizing the transformed data and using the non-linear curve fitting method “log(inhibitor) vs. normalized response — Variable slope”. (D) Viability
of PDO-P48 treated with 10 pM of CDK4/6i and RETi single agents or their combination for seven days. (E) Brightfield images depicting PDO-P48
control (untreated) and treated with combined CDK4/6i and RETi. Scale bars: black 400 pm; blue 100 ym; orange 200 pym.

treatment initiation with combined CDK4/6i and endocrine
therapy. RET score was determined on a semi-quantitative scale
of 0-3, with 0 meaning no staining and 3 as the most intense
staining (Figure 6C). Although the survival analysis indicated
shorter median survival in the RET-positive (intensity >1)
compared to RET-negative (intensity = 0) groups (11.83 and
21.87 months, respectively), differences in progression-free
survival (PFS) between the two groups were not statistically
significant (p=0.92, Figure 6D). Finally, we observed a higher
mean of RET relative expression at baseline in the CDK4/6i-
resistant compared to the -sensitive samples (1.08 and 0.93,
respectively) in the neoadjuvant NeoPalAna trial (Supplementary
Figure S3), which assessed the antiproliferative activity of the
CDK4/6i palbociclib in breast cancer neoadjuvant setting (40).

Discussion

Although combined CDK4/6i and endocrine therapy has
significantly improved outcome of patients with advanced ER+
breast cancer, progression is expected and thus new therapeutic
strategies to overcome treatment resistance are urgently needed. In
this study, we show that RET is upregulated in breast cancer cell lines
resistant to combined CDK4/6i and endocrine therapy compared to
cells resistant to endocrine therapy alone, and inhibition of RET,
either by siRNA-mediated knockdown or with the RET-selective
inhibitor selpercatinib, alone or in combination with CDK4/6i and/or
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fulvestrant, reduced growth of CDK4/6i-resistant ER+ breast cancer
cell lines and patient-derived organoids. In this study, we focused on
the CDK4/6i palbociclib as it has been approved for a more extended
period and is more frequently used in clinical practice. Nonetheless,
we have previously demonstrated cross-resistance with ribociclib and
abemaciclib in these cell models (37). Selpercatinib is approved for
clinical use in patients with NSCLC, PTC, and MTC with RET-
activating fusions or mutations. We examined our CDK4/6i- and
fulvestrant-resistant cell lines for RET fusions using RNA-sequencing
and RET mutations with panel NGS, but none were found. Since the
drug has also shown efficacy on RET-wildtype tumors, it may also be
useful in patients with RET overexpressing cancers. Indeed, our data
support the addition of RETi to CDK4/6i and/or endocrine therapy
as a therapeutic strategy following resistance to combined CDK4/6i
and endocrine therapy in ER+ breast tumors exhibiting RET
overexpression. Although previous studies have shown that the
addition of the RETi pralsetinib to CDK4/6i further suppressed the
growth of breast cancer cells with active ESRI fusions resistant to
endocrine therapy compared to CDK4/6i alone (51), our study is the
first, to our knowledge, to suggest an association between RET
overexpression and resistance to combined CDK4/6i and endocrine
therapy in ER+ breast cancer.

Previous studies have shown that RET induces estrogen-
independent ERot phosphorylation and expression of ER target
genes in ER+ breast cancer cells (17, 52). Overexpression of RET or
its ligand GDNF has been associated with resistance to ER-targeted
treatment (tamoxifen) through activation of the RAS/RAF/MEK/
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High RET expression correlates with shorter overall and relapse-free survival in patients with ER+ breast cancer receiving endocrine therapy. Kaplan-
Meier survival curves for (A) OS and (B) RFS for RET expression by KM plotter analysis. (C, D) Kaplan-Meier survival curves evaluating PFS according
to RET intensity score in ER+ metastatic lesions from patients treated with combined CDK4/6i and endocrine therapy. (D) Cut-off values: negative
RET: intensity = O; positive RET: intensity > 1. A two-sided p-value calculated using Log-rank testing is shown.

ERK or the mTOR/P70S6K pathways. This is consistent with our
finding that RET induces growth and proliferation during
combined CDK4/6i and endocrine therapy, though we have not
evaluated alterations of PI3K and ERK as these pathways were not
significantly altered following RET knockdown in cells resistant to
combined CDK4/6i and fulvestrant. Importantly, we showed that
RET is significantly overexpressed in CDK4/6i- and endocrine
therapy-resistant compared to single endocrine therapy-resistant
cells by global gene expression analysis and RNA sequencing,
indicating that the observed RET upregulation is not a result of
endocrine treatment alone. We further found that RET silencing
using RET-specific siRNAs significantly inhibited the growth of
MCEF7-derived ER+ breast cancer cells resistant to combined
CDK4/6i and endocrine therapy (MPE-R) but not of T47D-
derived double-resistant cell line (TPF-R). Although TPF-R
showed increased RET expression compared to the sensitive
parental T-S cell line, the amount of RET was significantly lower
than in MPF-R, both at mRNA and protein levels. The difference in
the effect of RET silencing in the growth of the two CDK4/6i and
endocrine therapy-resistant cell lines MPE-R and TPF-R might be
due to different levels of activation of the PI3K/AKT/mTOR and
RAS/RAF/MEK/ERK pathways in MCF-7 and T47D parental cells.
Indeed, increased AKT and ERK activation has been observed in the
MCF7-derived fulvestrant-resistant cell line (MF-R) due to its
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reliance on HER2 receptors for growth compared to the sensitive
parental cell line, but this was not observed in the T47D-derived
fulvestrant-resistant cell line (TF-R) (53-55). Since RET activates
the RAS/MAPK and PI3K/AKT pathways in breast cancer cell lines,
this might suggest that cell lines less dependent on these growth
pathways will likely respond less to RET inhibition. Notably, RET
inhibition with the approved inhibitor selpercatinib combined with
CDK4/6i significantly impaired the growth of both MPF-R and
TPE-R cell models, which suggests that additional or alternative
growth pathways are impaired with RET-selective inhibitor
compared to gene silencing. Furthermore, we observed that
adding RETi was required to resensitize CDK4/6i-resistant
patient-derived organoids. These data concur with a recent phase
Ib/1I clinical study of lenvatinib, a multikinase inhibitor with potent
activity against RET, in patients with ER+ advanced breast cancer,
which showed efficacy after progression on prior endocrine therapy
with or without CDK4/6 inhibitor therapy (56).

Mechanistically, RET inhibition with selpercatinib was associated
with a significant decrease in the activation of pathways involved in
both the GI-S and G2-M phase transition of the cell cycle. This
indicates that RET plays a role in multiple phases of the cell cycle,
which has not been reported previously. Earlier studies have shown
that RET upregulates the transcription of cyclin D1, leading to cell cycle
progression at the G1-S phase and tamoxifen resistance, an effect
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blocked by the addition of a CDK4/6i (57). In our study, we observed
that treatment with the RETi selpercatinib caused a marked decrease in
cyclin D1, which regulates G1-S phase progression, and cyclin BI,
which regulates the early stages of the M-phase of the cell cycle.
Together, this suggests blockade of both early and late cell cycle phase
progression by RET inhibition. RETi-induced downregulation
of the cyclin D1-CDK4/6-Rb axis may lead to sustained
hypophosphorylation of Rb, increasing its susceptibility to
proteasome-mediated degradation (58). Although we have not
investigated the mechanism driving the increased expression of RET
in our cell models of resistance to combined CDK4/6i and endocrine
therapy, we hypothesize that overexpression of cyclin D1 observed in
the resistant cells (59) may promote the transcription of ER-mediated
genes, such as RET. While we cannot exclude that the growth reduction
observed in cells resistant to combined CDK4/6i and fulvestrant may
be due to a general anti-proliferative effect of RET inhibition, we believe
that the elevated levels of RET and its involvement in regulating both
early and late cell cycle phase progression in these resistant cells
indicate a more specific function related to CDK4/6i resistance.
Finally, we show that high mRNA levels of RET significantly
correlated with shorter OS and RFS in patients with primary ER+
breast cancer who received any type of endocrine therapy. These
findings concur with other studies showing increased RET
expression in primary ER+ breast cancer following adjuvant
endocrine therapy and with the observation that RET plays a role in
resistance to endocrine therapy (16, 17, 52). Indeed, we observed
increased levels of RET in cells resistant to fulvestrant alone, but we
showed further upregulation of RET following treatment with
combined CDK4/6i and endocrine therapy compared to single
endocrine therapy. Although we observed a shorter median survival
to combined CDK4/6i and endocrine therapy in patients with RET-
positive compared to RET-negative tumors, there was no significant
correlation between RET protein expression and PFS in this patient
cohort. These findings suggest that, although RET overexpression may
be involved in the resistance mechanisms to combined CDK4/6i and
endocrine therapyj, it is likely not a robust biomarker of response to this
treatment in metastatic samples obtained prior to treatment initiation.
Future studies with larger clinical cohorts should address this.
Importantly, the lack of association between RET level before
treatment and PFS does not diminish the potential role of RET in
the mechanisms of resistance to combined CDK4/6i and endocrine
therapy, as supported by data from three ER+ cell models and a
patient-derived organoid model resistant to CDK4/6i. Nevertheless, we
underscore the preliminary nature of our findings and the need for
further validation in additional clinical samples and patient-derived
xenograft models.

Conclusions

RET overexpression appears to contribute to resistance to
combined CDK4/6i and endocrine therapy in ER+ breast cancer
by promoting cell cycle progression at the mitotic phase. RET
inhibition could be a potential treatment strategy for patients who
develop resistance to combined CDK4/6i and endocrine therapy
and with tumors exhibiting high RET expression.

Frontiers in Oncology

12

10.3389/fonc.2024.1497093

Data availability statement

The generated gene expression and RNAseq data are available
in the gene expression omnibus (GEO) database (GSE228637 and
GSE268699). Data on survival analyses and immunohistochemical
stainings are not publicly available to ensure patient privacy, but
will be provided to authorized researchers with an approved
Institutional Review Board application and approval from the
Regional Committee on Health Research Ethics for Southern
Denmark. For data access, please contact the corresponding
author. All other datasets generated during the study will be
available upon reasonable request to the corresponding author,
Carla L. Alves, email address: calves@health.sdu.dk. Uncropped
Western blots are included in the Supplementary Material.

Ethics statement

The Danish Data Protection Agency and the Ethics Committee
of the Region of Southern Denmark have approved this study
(approvals no S-2008-0115 and S-20230029). Patient samples
were obtained in compliance with the informed consent policy
and coded to maintain patient confidentiality. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

CK: Conceptualization, Formal analysis, Funding acquisition,
Investigation, Methodology, Validation, Visualization, Writing — original
draft, Writing - review & editing. SE: Investigation, Methodology,
Writing - review & editing. ST: Investigation, Methodology, Writing —
review & editing. BP: Investigation, Methodology, Writing — review &
editing. NN:Investigation, Methodology, Writing — review & editing.
MJ: Investigation, Methodology, Writing - review & editing.
MH: Investigation, Methodology, Writing — review & editing. LJ:
Investigation, Methodology, Writing - review & editing.
MB: Investigation, Methodology, Writing - review & editing.
EA: Investigation, Methodology, Writing — review & editing. JS:
Methodology, Writing - review & editing. HD: Conceptualization,
Funding acquisition, Methodology, Resources, Supervision, Writing —
original draft, Writing - review & editing. CA: Conceptualization,
Formal analysis, Investigation, Methodology, Supervision, Visualization,
Writing — original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the Danish Cancer Society,
Sygeforsikring Danmark, Pink Tribute, and Academy of Geriatric
Cancer Research (AgeCare).

frontiersin.org


https://doi.org/10.3389/fonc.2024.1497093
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Kindt et al.

Acknowledgments

We thank Lone Christiansen and Anne Marie Bak Jylling at the
Department of Pathology, Odense University Hospital, for technical
assistance with immunohistochemistry and tissue collection,
respectively, and M. Kat Occhipinti for editorial assistance. Part
of the manuscript has been published in the PhD thesis of CK,
University of Southern Denmark, April 2023.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Finn RS, Martin M, Rugo HS, Jones S, Im S-A, Gelmon K, et al. Palbociclib and
letrozole in advanced breast cancer. N Engl ] Med. (2016) 375:1925-36. doi: 10.1056/
NEJMoal607303

2. Pan H, Gray R, Braybrooke ], Davies C, Taylor C, McGale P, et al. 20-Year Risks of
Breast-Cancer Recurrence after Stopping Endocrine Therapy at 5 Years. N Engl ] Med.
(2017) 377:1836-46. doi: 10.1056/NEJMoal701830

3. Varma H, Skildum AJ, Conrad SE. Functional ablation of pRb activates cdk2 and
causes antiestrogen resistance in human breast cancer cells. PloS One. (2007) 2:e1256.
doi: 10.1371/journal.pone.0001256

4. Finn RS, Dering ], Conklin D, Kalous O, Cohen DJ, Desai AJ, et al. PD 0332991, a
selective cyclin D kinase 4/6 inhibitor, preferentially inhibits proliferation of luminal
estrogen receptor-positive human breast cancer cell lines in vitro. Breast Cancer Res.
(2009) 11:R77. doi: 10.1186/bcr2419

5. Markey MP, Bergseid ], Bosco EE, Stengel K, Xu H, Mayhew CN, et al. Loss of the
retinoblastoma tumor suppressor: differential action on transcriptional programs
related to cell cycle control and immune function. Oncogene. (2007) 26:6307-18.
doi: 10.1038/sj.0nc.1210450

6. Thangavel C, Dean JL, Ertel A, Knudsen KE, Aldaz CM, Witkiewicz AK, et al.
Therapeutically activating RB: reestablishing cell cycle control in endocrine therapy-
resistant breast cancer. Endocr Relat Cancer. (2011) 18:333-45. doi: 10.1530/ERC-10-
0262

7. Lundberg AS, Weinberg RA. Control of the cell cycle and apoptosis. Eur ] Cancer.
(1999) 35:1886-94. doi: 10.1016/50959-8049(99)00292-0

8. Hortobagyi GN, Stemmer SM, Burris HA, Yap Y-S, Sonke GS, Paluch-Shimon §,
et al. Ribociclib as first-line therapy for HR-positive, advanced breast cancer. N Engl |
Med. (2016) 375:1738-48. doi: 10.1056/NEJMo0al609709

9. Goetz MP, Toi M, Campone M, Sohn J, Paluch-Shimon S, Huober J, et al.
MONARCH 3: abemaciclib as initial therapy for advanced breast cancer. J Clin Oncol.
(2017) 35:3638-46. doi: 10.1200/JC0O.2017.75.6155

10. Turner NC, Ro J, André F, Loi S, Verma S, Iwata H, et al. Palbociclib in
hormone-receptor-positive advanced breast cancer. N Engl ] Med. (2015) 373:209-19.
doi: 10.1056/NEJMoal505270

11. George W, Sledge J, Toi M, Neven P, Sohn J, Inoue K, et al. MONARCH 2:
abemaciclib in combination with fulvestrant in women with HR+/HER2- advanced
breast cancer who had progressed while receiving endocrine therapy. J Clin Oncol.
(2017) 35:2875-84. doi: 10.1200/JC0O.2017.73.7585

12. Im S-A, Lu Y-S, Bardia A, Harbeck N, Colleoni M, Franke F, et al. Overall
survival with ribociclib plus endocrine therapy in breast cancer. N Engl ] Med. (2019)
381:307-16. doi: 10.1056/NEJMo0al903765

13. Johnston SRD, Toi M, O’Shaughnessy J, Rastogi P, Campone M, Neven P, et al.
Abemaciclib plus endocrine therapy for hormone receptor-positive, HER2-negative,
node-positive, high-risk early breast cancer (monarchE): results from a preplanned
interim analysis of a randomised, open-label, phase 3 trial. Lancet Oncol. (2023) 24:77-
90. doi: 10.1016/S1470-2045(22)00694-5

14. Condorelli R, Spring L, O’Shaughnessy ], Lacroix L, Bailleux C, Scott V, et al.
Polyclonal RB1 mutations and acquired resistance to CDK 4/6 inhibitors in patients
with metastatic breast cancer. Ann Oncol. (2018) 29:640-5. doi: 10.1093/annonc/
mdx784

Frontiers in Oncology

13

10.3389/fonc.2024.1497093

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1497093/
full#supplementary-material

15. Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, et al. A living
biobank of breast cancer organoids captures disease heterogeneity. Cell. (2018) 172
(1):373-86.€10. doi: 10.1016/j.cell.2017.11.010

16. Morandi A, Martin LA, Gao Q, Pancholi S, Mackay A, Robertson D, et al.
GDNF-RET signaling in ER-positive breast cancers is a key determinant of response
and resistance to aromatase inhibitors. Cancer Res. (2013) 73:3783-95. doi: 10.1158/
0008-5472.CAN-12-4265

17. Plaza-Menacho I, Morandi A, Robertson D, Pancholi S, Drury S, Dowsett M,
et al. Targeting the receptor tyrosine kinase RET sensitizes breast cancer cells to
tamoxifen treatment and reveals a role for RET in endocrine resistance. Oncogene.
(2010) 29:4648-57. doi: 10.1038/0nc.2010.209

18. Kothari V, Wei I, Shankar S, Kalyana-Sundaram S, Wang L, Ma LW, et al.
Outlier kinase expression by RNA sequencing as targets for precision therapy. Cancer
Discovery. (2013) 3:280-93. doi: 10.1158/2159-8290.CD-12-0336

19. Ibafiez CF. Structure and physiology of the RET receptor tyrosine kinase. Cold
Spring Harb Perspect Biol. (2013) 5(2):a009134. doi: 10.1101/cshperspect.a009134

20. Gattelli A, Hynes NE, Schor IE, Vallone SA. Ret receptor has distinct alterations
and functions in breast cancer. ] Mammary Gland Biol Neoplasia. (2020) 25:13-26.
doi: 10.1007/s10911-020-09445-4

21. Mulligan LM. RET revisited: expanding the oncogenic portfolio. Nat Rev Cancer.
(2014) 14:173-86. doi: 10.1038/nrc3680

22. Wang C, Mayer JA, Mazumdar A, Brown PH. The rearranged during
transfection/papillary thyroid carcinoma tyrosine kinase is an estrogen-dependent
gene required for the growth of estrogen receptor positive breast cancer cells. Breast
Cancer Res Treat. (2012) 133:487-500. doi: 10.1007/s10549-011-1775-9

23. Boulay A, Breuleux M, Stephan C, Fux C, Brisken C, Fiche M, et al. The Ret
receptor tyrosine kinase pathway functionally interacts with the ERalpha pathway in
breast cancer. Cancer Res. (2008) 68:3743-51. doi: 10.1158/0008-5472.CAN-07-5100

24. Gattelli A, Garcia Sola ME, Roloff TC, Cardiff RD, Kordon EC, Chodosh LA,
et al. Chronic expression of wild-type Ret receptor in the mammary gland induces
luminal tumors that are sensitive to Ret inhibition. Oncogene. (2018) 37:4046-54.
doi: 10.1038/541388-018-0235-y

25. Spanheimer PM, Park JM, Askeland RW, Kulak MV, Woodfield GW, De
Andrade JP, et al. Inhibition of RET increases the efficacy of antiestrogen and is a
novel treatment strategy for luminal breast cancer. Clin Cancer Res. (2014) 20:2115-25.
doi: 10.1158/1078-0432.CCR-13-2221

26. Andreucci E, Francica P, Fearns A, Martin LA, Chiarugi P, Isacke CM, et al.
Targeting the receptor tyrosine kinase RET in combination with aromatase inhibitors
in ER positive breast cancer xenografts. Oncotarget. (2016) 7:80543-53. doi: 10.18632/
oncotarget.11826

27. Richardson DS, Gujral TS, Peng S, Asa SL, Mulligan LM. Transcript level
modulates the inherent oncogenicity of RET/PTC oncoproteins. Cancer Res. (2009)
69:4861-9. doi: 10.1158/0008-5472.CAN-08-4425

28. Kondo T, Ezzat S, Asa SL. Pathogenetic mechanisms in thyroid follicular-cell
neoplasia. Nat Rev Cancer. (2006) 6:292-306. doi: 10.1038/nrc1836

29. Wang R, Hu H, Pan Y, Li Y, Ye T, Li C, et al. RET fusions define a unique
molecular and clinicopathologic subtype of non-small-cell lung cancer. J Clin Oncol.
(2012) 30:4352-9. doi: 10.1200/JCO.2012.44.1477

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1497093/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1497093/full#supplementary-material
https://doi.org/10.1056/NEJMoa1607303
https://doi.org/10.1056/NEJMoa1607303
https://doi.org/10.1056/NEJMoa1701830
https://doi.org/10.1371/journal.pone.0001256
https://doi.org/10.1186/bcr2419
https://doi.org/10.1038/sj.onc.1210450
https://doi.org/10.1530/ERC-10-0262
https://doi.org/10.1530/ERC-10-0262
https://doi.org/10.1016/s0959-8049(99)00292-0
https://doi.org/10.1056/NEJMoa1609709
https://doi.org/10.1200/JCO.2017.75.6155
https://doi.org/10.1056/NEJMoa1505270
https://doi.org/10.1200/JCO.2017.73.7585
https://doi.org/10.1056/NEJMoa1903765
https://doi.org/10.1016/S1470-2045(22)00694-5
https://doi.org/10.1093/annonc/mdx784
https://doi.org/10.1093/annonc/mdx784
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1158/0008-5472.CAN-12-4265
https://doi.org/10.1158/0008-5472.CAN-12-4265
https://doi.org/10.1038/onc.2010.209
https://doi.org/10.1158/2159-8290.CD-12-0336
https://doi.org/10.1101/cshperspect.a009134
https://doi.org/10.1007/s10911-020-09445-4
https://doi.org/10.1038/nrc3680
https://doi.org/10.1007/s10549-011-1775-9
https://doi.org/10.1158/0008-5472.CAN-07-5100
https://doi.org/10.1038/s41388-018-0235-y
https://doi.org/10.1158/1078-0432.CCR-13-2221
https://doi.org/10.18632/oncotarget.11826
https://doi.org/10.18632/oncotarget.11826
https://doi.org/10.1158/0008-5472.CAN-08-4425
https://doi.org/10.1038/nrc1836
https://doi.org/10.1200/JCO.2012.44.1477
https://doi.org/10.3389/fonc.2024.1497093
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Kindt et al.

30. Paratala BS, Chung JH, Williams CB, Yilmazel B, Petrosky W, Williams K, et al.
RET rearrangements are actionable alterations in breast cancer. Nat Commun. (2018)
9:4821. doi: 10.1038/s41467-018-07341-4

31. Unger K, Wienberg J, Riches A, Hieber L, Walch A, Brown A, et al. Novel gene
rearrangements in transformed breast cells identified by high-resolution breakpoint
analysis of chromosomal aberrations. Endocr Relat Cancer. (2010) 17:87-98.
doi: 10.1677/ERC-09-0065

32. Kato S, Subbiah V, Marchlik E, Elkin SK, Carter JL, Kurzrock R. RET aberrations
in diverse cancers: next-generation sequencing of 4,871 patients. Clin Cancer Res.
(2017) 23:1988-97. doi: 10.1158/1078-0432.CCR-16-1679

33. Della Corte CM, Morgillo F. Rethinking treatment for RET-altered lung and
thyroid cancers: selpercatinib approval by the EMA. ESMO Open. (2021) 6(1):100041.
doi: 10.1016/j.esmo0p.2020.100041

34. Bradford D, Larkins E, Mushti SL, Rodriguez L, Skinner AM, Helms WS, et al.
FDA approval summary: selpercatinib for the treatment of lung and thyroid cancers
with RET gene mutations or fusions. Clin Cancer Res. (2021) 27:2130-5. doi: 10.1158/
1078-0432.CCR-20-3558

35. Duke ES, Bradford D, Marcovitz M, Amatya AK, Mishra-Kalyani PS, Nguyen E,
et al. FDA approval summary: selpercatinib for the treatment of advanced RET fusion-
positive solid tumors. Clin Cancer Res. (2023) 29:3573-8. doi: 10.1158/1078-0432.CCR-
23-0459

36. Subbiah V, Velcheti V, Tuch BB, Ebata K, Busaidy NL, Cabanillas ME, et al.
Selective RET kinase inhibition for patients with RET-altered cancers. Ann Oncol.
(2018) 29:1869-76. doi: 10.1093/annonc/mdy137

37. Alves CL, Ehmsen S, Terp MG, Portman N, Tuttolomondo M, Gammelgaard
OL, et al. Co-targeting CDK4/6 and AKT with endocrine therapy prevents progression
in CDK4/6 inhibitor and endocrine therapy-resistant breast cancer. Nat Commun.
(2021) 12:5112. doi: 10.1038/s41467-021-25422-9

38. Zheng S, Wang W, Aldahdooh ], Malyutina A, Shadbahr T, Tanoli Z, et al.
SynergyFinder plus: toward better interpretation and annotation of drug combination
screening datasets. Genom Proteom Bioinform. (2022) 20:587-96. doi: 10.1016/
j.gpb.2022.01.004

39. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods. (2001) 25:402-8.
doi: 10.1006/meth.2001.1262

40. Ma CX, Gao F, Luo J, Northfelt DW, Goetz M, Forero A, et al. NeoPalAna:
neoadjuvant palbociclib, a cyclin-dependent kinase 4/6 inhibitor, and anastrozole for
clinical stage 2 or 3 estrogen receptor-positive breast cancer. Clin Cancer Res. (2017)
23:4055-65. doi: 10.1158/1078-0432.CCR-16-3206

41. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15-21. doi: 10.1093/
bioinformatics/bts635

42. Madsen JG, Schmidt SF, Larsen BD, Loft A, Nielsen R, Mandrup S. iRNA-seq:
computational method for genome-wide assessment of acute transcriptional regulation
from total RNA-seq data. Nucleic Acids Res. (2015) 43:e40. doi: 10.1093/nar/gkul365

43. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550.
doi: 10.1186/s13059-014-0550-8

44. Nicorici D, Satalan M, Edgren H, Kangaspeska S, Murumigi A, Kallioniemi O,
et al. amp]Jamp;lt;strong<FusionCatcher&lt;/strong< - a tool for finding somatic

Frontiers in Oncology

14

10.3389/fonc.2024.1497093

fusion genes in paired-end RNA-sequencing data. bioRxiv. (2014) 011650.
doi: 10.1101/011650

45. Haas BJ, Dobin A, Li B, Stransky N, Pochet N, Regev A. Accuracy assessment of
fusion transcript detection via read-mapping and de novo fusion transcript assembly-
based methods. Genome Biol. (2019) 20:213. doi: 10.1186/s13059-019-1842-9

46. Uhrig S, Ellermann J, Walther T, Burkhardt P, Fréhlich M, Hutter B, et al.
Accurate and efficient detection of gene fusions from RNA sequencing data. Genome
Res. (2021) 31:448-60. doi: 10.1101/gr.257246.119

47. Lanczky A, Gyorffy B. Web-based survival analysis tool tailored for medical
research (KMplot): development and implementation. ] Med Internet Res. (2021) 23:
€27633. doi: 10.2196/27633

48. Karimi L, Alves CL, Terp MG, Tuttolomondo M, Portman N, Ehmsen S, et al.
Triple combination targeting PI3K, ER, and CDK4/6 inhibits growth of ER-positive
breast cancer resistant to fulvestrant and CDK4/6 or PI3K inhibitor. Cancer Commun
(Lond). (2023) 43:720-5. doi: 10.1002/cac2.12425

49. Markham A. Selpercatinib: first approval. Drugs. (2020) 80:1119-24.
doi: 10.1007/s40265-020-01343-7

50. Gyorfly B. Survival analysis across the entire transcriptome identifies biomarkers
with the highest prognostic power in breast cancer. Comput Struct Biotechnol J. (2021)
19:4101-9. doi: 10.1016/j.csbj.2021.07.014

51. Gou X, Kim BJ, Anurag M, Lei JT, Young MN, Holt MV, et al. Kinome
reprogramming is a targetable vulnerability in ESRI fusion-driven breast cancer.
Cancer Res. (2023) 83:3237-51. doi: 10.1158/0008-5472.CAN-22-3484

52. Zheng ZZ, Xia L, Hu GS, Liu JY, Hu YH, Chen YJ, et al. Super-enhancer-
controlled positive feedback loop BRD4/ERo-RET-ERo promotes ER0i-positive breast
cancer. Nucleic Acids Res. (2022) 50:10230-48. doi: 10.1093/nar/gkac778

53. Frogne T, Jepsen J, Larsen S, Fog C, Brockdorff B, Lykkesfeldt A. Antiestrogen-
resistant human breast cancer cells require activated protein kinase B/Akt for growth.
Endocr Relat Cancer. (2005) 12:599. doi: 10.1677/erc.1.00946

54. Frogne T, Benjaminsen RV, Sonne-Hansen K, Sorensen BS, Nexo E, Laenkholm
A-V, et al. Activation of ErbB3, EGFR and Erk is essential for growth of human breast
cancer cell lines with acquired resistance to fulvestrant. Breast Cancer Res Treat. (2009)
114:263-75. doi: 10.1007/s10549-008-0011-8

55. Kirkegaard T, Hansen SK, Larsen SL, Reiter BE, Serensen BS, Lykkesfeldt AE.
T47D breast cancer cells switch from ER/HER to HER/c-Src signaling upon acquiring
resistance to the antiestrogen fulvestrant. Cancer Lett. (2014) 344:90-100. doi: 10.1016/
j.canlet.2013.10.014

56. Lim JSJ, Wong ALA, Ow SGW, Ngoi NYL, Chan GHJ, Ang YLE, et al. Phase ib/
IT dose expansion study of lenvatinib combined with letrozole in postmenopausal
women with hormone receptor-positive breast cancer. Clin Cancer Res. (2022)
28:2248-56. doi: 10.1158/1078-0432.CCR-21-4179

57. Marks BA, Pipia IM, Mukai C, Horibata S, Rice EJ, Danko CG, et al. GDNF-RET

signaling and EGR1 form a positive feedback loop that promotes tamoxifen resistance
via cyclin D1. BMC Cancer. (2023) 23:138. doi: 10.1186/s12885-023-10559-1

58. Ying H, Xiao Z-X]. Targeting retinoblastoma protein for degradation by
proteasomes. Cell Cycle. (2006) 5:506-8. doi: 10.4161/cc.5.5.2515

59. Al-Qasem AJ, Alves CL, Ehmsen S, Tuttolomondo M, Terp MG, Johansen LE,
et al. Co-targeting CDK2 and CDK4/6 overcomes resistance to aromatase and CDK4/6
inhibitors in ER+ breast cancer. NPJ Precis Oncol. (2022) 6:68. doi: 10.1038/s41698-
022-00311-6

frontiersin.org


https://doi.org/10.1038/s41467-018-07341-4
https://doi.org/10.1677/ERC-09-0065
https://doi.org/10.1158/1078-0432.CCR-16-1679
https://doi.org/10.1016/j.esmoop.2020.100041
https://doi.org/10.1158/1078-0432.CCR-20-3558
https://doi.org/10.1158/1078-0432.CCR-20-3558
https://doi.org/10.1158/1078-0432.CCR-23-0459
https://doi.org/10.1158/1078-0432.CCR-23-0459
https://doi.org/10.1093/annonc/mdy137
https://doi.org/10.1038/s41467-021-25422-9
https://doi.org/10.1016/j.gpb.2022.01.004
https://doi.org/10.1016/j.gpb.2022.01.004
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1158/1078-0432.CCR-16-3206
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gku1365
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1101/011650
https://doi.org/10.1186/s13059-019-1842-9
https://doi.org/10.1101/gr.257246.119
https://doi.org/10.2196/27633
https://doi.org/10.1002/cac2.12425
https://doi.org/10.1007/s40265-020-01343-7
https://doi.org/10.1016/j.csbj.2021.07.014
https://doi.org/10.1158/0008-5472.CAN-22-3484
https://doi.org/10.1093/nar/gkac778
https://doi.org/10.1677/erc.1.00946
https://doi.org/10.1007/s10549-008-0011-8
https://doi.org/10.1016/j.canlet.2013.10.014
https://doi.org/10.1016/j.canlet.2013.10.014
https://doi.org/10.1158/1078-0432.CCR-21-4179
https://doi.org/10.1186/s12885-023-10559-1
https://doi.org/10.4161/cc.5.5.2515
https://doi.org/10.1038/s41698-022-00311-6
https://doi.org/10.1038/s41698-022-00311-6
https://doi.org/10.3389/fonc.2024.1497093
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Kindt et al. 10.3389/fonc.2024.1497093

Glossary

Al Aromatase Inhibitor MAPK Mitogen-activated protein kinase

ANOVA Analysis of variance MEK/MAPKK Mitogen-activated protein kinase kinase

CDK4/6 Cyclin-dependent kinase 4 and 6 MTC Medullary thyroid cancer

CDK4/61 CDK4/6 inhibitor mTOR Mammalian target of rapamycin

DMEM/F-12 Dulbecco’s Modified Eagle Medium NGS Next-generation sequencing

DMSO Dimethyl sulfoxide NSCLC Non-small cell lung cancer

EMA European Medicines Agency (e Overall survival

ER Estrogen Receptor PFS Progression-Free Survival

ER+ Estrogen Receptor positive PI3K Phosphatidylinositol 3-kinase

ERK Extracellular regulated kinase PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
ESR1 Gene encoding estrogen receptor subunit alpha

FES Fetal bovine serum PTC Papillary thyroid carcinoma

FDA Food and Drug Administration PUM1 Pumilio RNA Binding Family Member 1

FDR False discovery rate PVDF Polyvinylidene fluoride

FFPE Formalin fixed paraffin embedded Rb Retinoblastoma

GAPDH Glyceraldehyde-3-phosphate dehydrogenase RET Rearranged during transfection

GDNF Glial cell line-derived neurotrophic factor RES Relapse-free survival

GEL GDNF family of ligands RPMI Roswell Park Memorial Institute Medium
GFRol-4 GDNEF receptor 1-4 RT-qPCR Quantitative real-time polymerase chain reaction
GSEA Gene set enrichment analysis SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
HER2 Human epidermal growth receptor 2 SERD Selective estrogen receptor degrader

HRP Horseradish peroxidase SIRNA Small interfering RNA

IHC Immunohistochemistry STAT Signal transducer and activator of transcription
JAK Janus Kinase
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