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Abstract

Initiation, progression, outcome and sensibility to therapies in breast cancer (BC), the most frequent cancer in women,
are driven by somatic and germline mutations. Although the effectiveness of hormonal therapies is well-founded, it
is prescribed for cancers which express steroid hormone receptors, such as estrogen receptor (ER). RET is a proto-
oncogene encoding a transmembrane tyrosine kinase receptor that is activated by one of its four ligands (GDNF, neurturin,
artemin or persephin) and one of its coreceptors (Gfral1-4). Loss-of-function mutations in RET are responsible for
Hirschsprung disease, while gain-of-function mutations for multiple endocrine neoplasia type 2. In addition, deregulation
of its intracellular signaling, due to mutations, gene rearrangements, overexpression or transcriptional upregulation, can
cause several neuroendocrine and epithelial tumors. In BC, amplification of receptor tyrosine kinases, such as ERBB2,
EGFR, IGFR and FGFR1, and/or their upregulation contribute to cancer initiation and progression. RET can also have an
important role in BC, but only in the subset of ER-positive (ER+) tumors, where it is found overexpressed. Targeting the
RET pathway and shedding light on molecular basis of the resistance to hormone therapy may lead to new therapies in
ER+ BC, improving treatment outcome and preventing tumor-related events. Thus, here, we review the state of the art of
RET biology in BC and agents targeting RET tested in the clinical trials and discuss the specificity of the still available RET
inhibitors and the molecular mechanisms underlying the BC resistance to endocrine therapy.
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INTRODUCTION

Breast cancer (BC) is the most common cancer among women, with approximately 1,700,000 new cases
each year and a median survival in the metastatic setting of ~24 months, thus representing a major
worldwide health problem" ™. Similar to other cancers, genetic causes as well as cellular and environmental
factors play roles in BC onset and progression. Germline and somatic mutations of genes involved in
inherited cancer syndromes[4’5], such as BC gene 1 (BRCA1) and BC gene 2 (BRCA2), and/or related with
specific morphological stages'® and response to therapy”” may influence the BC risk and its outcome. The
availability of a number of distinguishing features to classify different subtypes of tumors allows stratifying
patients for the most appropriate treatments. In particular, several subtypes of BC can be recognized
on the basis of expression of estrogen receptor-alpha (ERa), human epidermal growth factor receptor 2
(HER2) and progesterone receptor (PR)"". Different patterns of gene expression characterize the biology
underneath each subtype[”], thus accounting for distinct clinical responses in terms of treatment outcome
and pattern of recurrence and survival """,

Despite improved screening and treatments and rising survival rates, BC is still the most invasive cancer
in women. Standard therapy combines chemotherapy with targeted drugs and a hormonal approach, with
only women affected with tumors expressing steroid hormone receptors (70% of total cases) having access
to this latter treatment*"”. The endocrine therapy aims at limiting the growth and survival of ER-positive
(ER+) cancers' " by means of the promotion of ER degradation using specific ER downmodulators (e.g.,
fulvestrant), the antagonized binding of estrogens with selective ER modulators (SERMs) (e.g., tamoxifen),
or blocking estrogen synthesis by aromatase inhibitors (AIs)™, which are also the elective therapy for post-
menopausal women with ER+ BC"*".

However, the success of the therapeutic strategy is often limited by acquired or de novo resistance™ ", as
in the czlls]e of AI, for which several molecular pathways seem to be involved in the resistance developed by
patients .

Understanding how ER+ BC metastasizes is critical since the major cause of death in BC is metastasis to
distant organs. Results from many studies suggest dysregulation of the estrogen receptor alpha gene (ESR1)
contributes to therapeutic resistance and metastatic biology[“]. Lei et al.”"s review covers both pre-clinical
and clinical evidence on the spectrum of ESR1 alterations including amplification, point mutations, and
genomic rearrangement events driving treatment resistance and metastatic potential of ER+ BC. Importantly,
we describe how these ESR1 alterations may provide therapeutic opportunities to improve outcomes in
patients with lethal, metastatic BC™,

Indeed, cancer cells can either become hypersensitive to residual estradiol (E2), remaining dependent on
ER signaling for their proliferation™, or possibly elude the inhibitory action of Als by activating E2 in a
ER-independent way. In any case, epidermal growth factor receptor (EGFR), HER2 or insulin-like growth
factor receptor (IGF-IR) overexpression”” would lead to the activation of the MAPK and PI3K/AKT
signaling cascades that induce ER phosphorylation, cell growth and survival . Therefore, the combination
of Als with therapies targeting ER-related pathways could be effective in both enhancing AT therapy
response and preventing resistance.

However, almost all ER+ BC patients develop resistance to ER-directed agents in the metastatic setting.
Apart from mutations in ESR1, which occur in 25%-30% of BCs treated with AI, knowledge about
resistance mechanisms remains incomplete. In the BCs studied by Nayar et al.*”’ (2019), ERBB2 and ESR1
mutations are mutually exclusive, suggesting a distinct mechanism of acquired resistance to ER-targeted
drugs. In vitro analysis confirmed that the ERBB2 mutations conferred estrogen independence and,
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Table 1. RET-altered cancers and percent of RET alterations

RET-altered cancers RET point mutation RET rearrangement Ref.
MEN2

MEN2A 98%-100% (codon 634 in 85% of cases) [37-40]

FMTC 88%-98%

MEN2B M918T (95%), A833F (5%)
Sporadic MTC 43%-71% [41-44]
Papillary thyroid carcinoma (PTC) 10%-40% [45,46]
Non-small cell lung cancer (NSCLC) 1%-2% [4748]
Others (chronic myelomonocytic leukemia and 1%-2% [49-51]
colorectal, ovarian and head and neck tumors)
Intraductal carcinoma 40% [52]
Spitzoid tumors 3% [53]
Breast cancer 0.2%-1.2% [48,54]

differently from ESR1 mutations, also resistance to tamoxifen, fulvestrant and the cyclin dependent kinases
CDK4 and CDKGe inhibitors. Resistance was overcome by combining ER-directed drugs with HER2 kinase

inhibitors™”

Moreover, resistance to hormone therapy has also been studied and mainly accounted for by the signaling
talk between growth factor receptor tyrosine kinases (RTKs) and ER™.

RTKs are known to play a role in cancer development, their mutations deregulating many biological
processes that are under their control, particularly once constitutively activated or when their signaling
pathways are altered”".

For this reason, therapies aimed at counteracting the effect of RTKs activation have already been adopted in
different kinds of tumors such as non-small cell lung cancer (EGFR and gefitinib), gastrointestinal stromal
tumors (c-KIT and gleevec), and BC (HER2 and herceptin)[”].

One of the RTKs playing a central role in BC and, in particular, in the ER+ subtype, is RET (REarranged

during Transfection)".

RET activation by the binding of one of its four soluble ligands [Glial cell Derived Neurotrophic Factor
(GDNEF), Neurturin (NRTN), Artemin (ARTN) or Persephin (PSPN)] and one of four GPI-linked
coreceptors (GFRa1-4) leads to its dimerization and autophosphorylation of tyrosines in the intracellular
tyrosine kinase domain”***. Germline mutations are responsible for two different disorders depending
on whether they induce loss-of-function, as in Hirschsprung’s disease (HSCR), or gain-of-function, as
in Multiple Endocrine Neoplasia type 2 (MEN2). Consistent with the dominant occurrence of the RET-
related tumors, somatic mutations are found in sporadic Medullary Thyroid Carcinoma (MTC). Gene
rearrangements are also possible and they have been found in Papillary Thyroid Carcinoma (PTC) and,
recently, in lung adenocarcinoma” [Table 1].

To further understand the genetic causes of RET-related diseases, and especially its role in the complex
inheritance of some of them, common RET SNPs have also been studied”". In particular, the so-called
RET+3 SNP (rs2435357), affecting an intronic enhancer and thus reducing RET expression, presents a

[58,59]

predisposing genetic factor for HSCR disease, while it is underrepresented in sporadic MTC

The involvement of RET in the pathogenesis of BC has been confirmed by several independent studies”™".

A subset of ER+ tumors showed an overexpression of RET and GFRal[ﬂ’“], which correlates with decreased

metastasis-free survival®**”, thus confirming the importance of RET in the development of ER+ cancers

and making it a promising target to avoid tamoxifen resistance and improve effects of hormone therapy in
[60]

BC™.
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Figure 1. Representation of the RET receptor, its ligands and coreceptors and its activation mechanism. Inside the circle: RET is
represented together with the soluble ligands glial derived neurotrophic factor (GDNF), neurturin (NRTN), artemin (ARTN) and persephin
(PSPN) and the coreceptors GFRal-4 anchored to the membrane by glycosylphosphatidylinositol (GPI) domains. The full arrows indicate
the principal interactions, while the broken ones indicate possible interactions. Outside the circle: activation of RET. Upon ligand-
coreceptor interaction, the complex binds RET, leading to its dimerization and activation through tyrosine auto-phosphorylation. Six
tyrosine residues in the intracellular part of the receptor, involved in its activation, are represented by orange dots and the three principal
isoforms of RET are indicated as RET9, RET43, and RET51

In this review, we emphasize the RET-mediated pathogenic mechanisms leading to BC and provide the
state of the art on RET targeted inhibitors as therapeutic drugs, combined to overcome drug resistance in
selected BC patients.

RET RELATED MECHANISMS AND RET INHIBITORS UNDERLYING RESISTANCE TO

ANTITUMOR THERAPY IN BC
RET-ER crosstalk in BC

The proto-oncogene RET is located on chromosome 10 (10q11.2) and is composed of 21 exons. The
encoded receptor tyrosine kinase consists of three regions: the extracellular, the transmembrane and
the intracellular portions. The N-terminal extracellular region is composed of a cadherin-like domain
that guarantees conformational changes necessary for its interaction with ligands and coreceptors and
a cystein-rich domain, which is important for the tertiary structure of RET through the establishment
of intramolecular disulfide bonds. The intracellular portion of the receptor contains two tyrosine kinase
domains involved in several intracellular signaling cascades regulating cell proliferation, differentiation,
chemotaxis and migration. Consistent with its main role in the enteric neuronal system development™™*,
RET is expressed by neural crest-derived cells.

Apart from the peripheral enteric, sympathetic, and sensory neurons, thymus and testis, a very low amount
of the RET protein is expressed in adult tissues'®”

The RET activation process starts with one of the four ligands belonging to the Glial cell-line-derived
neurotrophic factor (GDNF) family (GDNE, Neurturin, Artemin or Persephin) binding one of the
glycosylphosphatidylinositol membrane anchored coreceptors GFRa1-4 and RET itself. The three-
protein complex is then recruited to the lipid rafts and RET molecules dimerize, thus inducing the
autophosphorylation of tyrosines in the intracellular domain'**” [Figure 1].



Page 1140 Lo Nigro et al. Cancer Drug Resist 2019;2:1136-52 | http://dx.doi.org/10.20517/cdr.2019.66

GDNF/NRTN/ RET
ARTN/PSPN RET Gain of function mutations
l - Multiple Endocrine Neoplasia type 2
ath R )
domain -Familial and Sporadic Medullary
GFRal- . . CANCER Thyroid Carcinoma (MTC)
Cysteine-rich
domain RET over-expression
- BreastCancer (BC)
- Pancreatic and Prostate Cancer
TK1 domain
RET Fusion Proteins
TK2 domain - Papillary Thyroid Cancer (PTC)

- Non-small Cell Lung Cancer(NSCLC)

Figure 2. RET and RET-related cancers (adapted from Morandi et a/."*”, 2011). On the left: physiological activation of RET receptor
tyrosine kinase with the representation of the molecules interacting in the formation of the complex that activates the intracellular
cascade. All the RET domains, namely cadherin-like, cystein-rich, transmembrane and tyrosine kinases domains, are represented together
with the calcium binding site. On the right: RET involvement in cancers. Germline and somatic point mutations cause MEN2 and MTC,
respectively; the overexpression of the receptor has been observed in breast cancer, both ERa. and endocrine resistant, and in prostate and
pancreatic cancers; the fusion between the intracellular part of RET and the amino-terminal of different proteins cause PTC and NSCLC

RET exists in two different isoforms obtained by different splicing of the distal exon: RET9 and RET51
differ for their C-terminus length (9 and 51 amino acids, respectively). Despite the limited knowledge about
the function of the 2 RET isoforms, RET51 seems to be more important in tumor development”™"". A third

isoform has been identified and named RET43 as the result of the replacement of exon 20 with exon 21"

Germline gain-of-function mutations in RET cause the MEN2 syndromes[35’73], including MEN2A, MEN2B,
and Familial MTC (FMTC). In particular, MEN2A is characterized by MTC, pheochromocytoma (a tumor
of the adrenal chromaffin cells) and hyperparathyroidism (HPT). Rarely it also presents with amyloidosis or
HSCR. MEN2B associates with a severe form of MTC, pheochromocytoma, mucosal ganglioneuromatosis,
and marfanoid habitus”*", Ninety-five percent of MEN2B cases are due to a mutation at codon 918 of the
RET gene (M918T), in the tyrosine kinase 2 domain. A small percentage (5%) of cases are caused instead
by mutations at codon 883 (A883F). MTC is therefore a tumor shared by both syndromes and arises from
the thyroid C-cell, secreting calcitonin and derived from neural crests.

Conversely, PTC derives from thyroid follicles as the result of DNA breaks involving RET and another
unrelated gene: the successive balanced translocation of the 2 broken ends leads to the fusion of
the C-terminus of RET to the N-terminus of the other gene, thus inducing RET to be constitutively
expressed[77]. Indeed, the N-terminal portion of the RET chimeric proteins physiologically dimerizes and
RET tyrosines are auto-phosphorylated. The breakpoint of RET occurs, almost exclusively, in intron 11 and
produces proteins missing the transmembrane domain. These constitutively active cytoplasmic chimeric
proteins are named RET/ pTc”™ [Figure 2].

Many pieces of evidence highlight the importance of RET in ER+ BCs. RET, in fact, has been identified as
a novel gene, upregulated by ER in BC specimens®’ and overexpressed together with its coreceptor GFRa.1
in a subset of ER+ tumors'*”. Studying two ER+ cell lines, MCF7 and T47D, Boulay et al® (2008) showed
that GDNF stimulation activated signaling pathways that increase, in a RET-dependent manner, anchorage-

independent proliferation.
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Moreover, by analyzing two independent BC tissue microarrays, Plaza-Menacho et al.*"! (2010) found
that RET expression was associated with ER+ tumors and that there was a 2-fold increase in RET positive

samples from patients who subsequently developed tamoxifen resistance compared to non-selected invasive
[64]
BC™.

From the analysis of the TCGA dataset, a total of 394 somatic mutations of the RET gene, namely 373 single
base substitution, 10 small deletion, and 11 small insertion, has been detected in 339 samples from a variety
of different tumors. If the search is restricted to BC, nine somatic RET single nucleotide variants and two
somatic RET indels have been found in 104 tumor samples (see http://www.proteinatlas.org).

Expression data of the RET gene in a variety of tumors are available at TCGA"™; in particular, BC results to
be, among other tumors, the one with highest RET expression (for raw and elaborated data with graphs and
figures, see https://www.proteinatlas.org/ENSG00000165731-RET/pathology).

The evidence that RET is more expressed in ER+ than in ER- cancers is tightly correlated to the involvement
of ER pathway in the development and progression of BC"™. In particular, along with the co-expression
of RET with ER-linked genes in BC cell lines and primary cancers, an increased activation of its promoter
has been demonstrated with ER stimulation by estrogen. Moreover, ER regulates RET gene transcription

through multiple estrogen response elements binding sites present in its promoter region[“’ss].

Given the identification of TFAP2C as regulator of ER-associated genes, Spanheimer et al.”* (2013)
defined 5 main binding elements for TFAP2C in the RET promoter through ChIP-seq eXperiments[ss'ssl.
TFAP2C belongs to the AP-2 family of transcription factor modulators with a GCCNNNGGC consensus

[87,88]
sequence .

The role of TFAP2C as regulator in BC has been postulated based on its level in luminal BC and its
regulation of ER and therefore, both directly and indirectly, of several genes in the ER-associated expression
cluster™. Moreover, TFAP2C expression in BC is linked to shortened survival and hormone resistance
(HR), which is, at least in part, due to regulation of RET.

Since RET is also expressed in subsets of ER- tumors, the role of TFAP2C in regulating RET expression was
also investigated in ER- BC cells. In particular, the ER- cells MDA-MB-453 were taken into consideration
and RET was consistently found to not respond to estrogen treatment™”. In particular, it was found that
TFAP2C is able to induce both ER-independent RET expression and hormone responsive mechanisms,
thus suggesting that different sets of coactivators could compete in different phenotypes of BC.

Spanheimer et al.""*" showed that RET and ERa regulate cell proliferation through distinct pathways in
luminal BC, defining the functional role of RET-ER interactions and the potential of combined therapy
targeting these two pathways[m’m]. In fact, as TFAP2C controls both ER and RET, the knockdown of this
gene leads to a greater effect on cell growth than either RET or ER alone. Nevertheless, tamoxifen and
sunitinib have confirmed enhanced effectiveness of the ER and RET pathways inhibition in regulating cell
growth.

A similar approach was used to investigate the regulation and role of EGFR in luminal BC"™ where
the knockdown of TFAP2C has induced decreased expression of EGFR in a panel of this tumor and,
consistently, the EGFR gene has resulted by ChIP-seq to be a TFAP2C target.

In MCF-7 cells, the treatment with the TKI vandetanib was effective on tumor growth; this response is
eliminated by dual knockdown of RET and EGFR, thus establishing a link between expression of RET/
EGFR and response to TKIs.
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In conclusion, TFAP2C modulates EGFR in luminal BC and its targets EGFR and RET have been shown to
mediate the response to vandetanib.

Anti-RET drugs

BC has been associated with activating mutations in tyrosine kinases and, in particular, genetic alterations
of the RET gene, including germline and somatic mutations, overexpression, amplifications and

[90]
re arrangements

In oncology, the tyrosine kinase family represents a significant druggable target and, consistently, effective
drugs for cancer therapy have been identified””, such as several small molecules targeting the kinase
nucleotide-binding pocket and thus blocking the phosphorylation activity.

Imatinib is the first clinical Tyrosine Kinase Inhibitor (TKI), which was approved in the early 2000s.
Despite its likely effect on RET""®, it poorly performed in MTC patients”" when compared to its primary
targets ABL, platelet-derived growth factor receptor (PDGFR) and KIT.

In the following paragraph, we report the results of clinical trials involving RET related cancer patients
while for preclinical data another review can be accessed”’.

Despite the big effort to find selective RET kinase inhibitors, only multikinase inhibitors with a significant
activity against RET could be identified up to now"”

Originally, vandetanib (ZDe6474) was developed as a second generation of EGFR TKI, but its unexpected
anti-neoplastic activity with a great specificity for RET receptor” " elected its use in the treatment of
metastatic MTC. Vandetanib-treated murine models with high RET or EGFR have regressed in HER2 and
triple negative (TNBC) tumors, where RET expression resulted to be high'®. This effect seems to be related
both to a significant decrease in RET or EGFR phosphorylation and to MAPKs inhibition. Moreover, this
drug has been shown to be an inhibitor of RET activated focal adhesion kinase (FAK) phosphorylation[%’”]
that is more potent than phospho-RET and phospho—ERK[s"%]. In 2018, Li et al.”™ suggested vandetanib
to also be a potent inhibitor of cell proliferation, by regulating cell cycle and apoptosis. Vandetanib-treated
tumors showed a decrease at both mRNA and protein level of mechanistic targets of rapamycin (mTOR),
hypoxia-inducible factor-1 (HIF-1) alpha, and vascular endothelial growth factor (VEGF), genes allowing
survival, proliferation and tumor growth and all up-regulated in BC. This results in the inhibition of wound

. . . . . . . . [100,101]
healing, invasion and tubular formation in vitro and in vivo :

Another potent inhibitor of RET enzymatic activity is sorafenib, which has comparable efficiency at
nanomolar concentration in vitro and acts on both RET wt and RET V804M. Moreover, in vivo, it inhibits
RET phosphorylation, downstream signaling and cell proliferation®'****")

Sunitinib is a non-selective TKI with anti-RET activity, which also acts against a number of RTKs, such as
VEGEF receptor (VEGFR1-3), PDGFR-0,, PDGFR-p and KIT""*"***"*”! However, its expression and role in
BC need to be further investigated.

The Food and Drug Administration has approved the use of cabozantinib, TKI showing potential anti-RET
activity by an unknown mechanism"*"*”,

Both sunitinib and cabozantinib, together with inhibitory small molecules NVP-BBT594 and NVP-AST487,
were investigated and checked in combination with the AI letrozole in ERo+ BC"”. NVP-AST487 acted as
the best inhibitor abrogating the GDNF-RET pathway and the growth of 3D tumor spheroids.
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The RET antibody Y078 was linked to the DM1 and DM4 derivatives of the strong microtubule-targeted
compound, the cytotoxic maytansine, to generate Yo78-DM1 and Yo078-DM4"". The cytotoxicity and
activity of these compounds were both tested in human BC cell lines. Moreover, cytotoxic activity, dose-
dependent, reversible alterations in blood chemistry, and development of on-target neuropathy were
demonstrated upon a single-dose of Y078-DM1 in cynomolgus monkeys.

As thyroid and lung cancers are often generated by fusion proteins involving RET, Paratala et al.” (2018)
functionally characterized two RET fusions, named NCOA4-RET and RASGEF1A-RET, which showed
oncogenic activity due to the activation of RET kinase, MAPK and PI3K pathways. This explains the case of
metastatic BC progressing on HER2-targeted therapy where the NCOA4-RET fusion was identified.

Thus, the mechanism that could explain the oncogenic activity of fusion proteins of RET might be related
to RET capability of dimerization and activation in a ligand-independent manner, thus resulting in
increased cell survival and proliferation.

More recently, novel selective RET inhibitors (BLU-667, LOXO-292 and RXDX-105) have been investigated
in early phase clinical trials in NSCLC, showing promising efficacy with a manageable toxicity proﬁle[”o]
In particular, BLU-667: (1) demonstrated increased efficacy over approved MKIs against oncogenic RET
variants in vitro; (2) inhibited growth of NSCLC and thyroid cancer xenografts; and (3) in first testing in
patients with RET-altered NSCLC and MTGC, significantly inhibited RET pathways and induced durable
clinical responses without notable off-target toxicity!""". The Phase I/II LIBRETTO-001 basket trial
(NCTo3157128) is investigating the safety, tolerability, pharmacokinetics and preliminary antitumor
activity of LOXO-292 in patients with RET rearranged solid tumors. The first results of RET-driven
NSCLC patients were reported at the American Society of Clinical Oncology Annual 2018 meeting and
updated at the 19th TASLC World Conference of Lung Cancer™”. Data reported from this trial at the
European Society For Medical Oncology Annual Meeting 2019 formed the basis for the US Food and Drug
Administration (FDA) breakthrough designation that was granted for LOXO-292 in the treatment of RET
fusion-positive NSCLC, RET fusion-positive thyroid cancer, and RET-mutant MTC. In parallel, BLU-
667 had FDA breakthrough therapy designation in RET-fusion-positive NSCLC that progressed following
platinum-based chemotherapy. All these data support expansion of BLU-677 and LOXO-292 in continuing
enrolment of other RET-altered solid tumor groups, including BC.

Safety outcomes and preliminary antitumor activity results of RXDX-105 were evaluated in a Phase I/Ib
study that has just recently been published""”".

Lastly, a different approach took advantage of the finding that RET is also regulated by IL-6, an
inflammatory cytokine which is involved in FAK-mediated control of migration and metastatic capability of
ER+ BC cells*""", A RET-IL-6 loop was identified with RET activation increasing IL-6 levels that, in turn,
induces RET expression. Thus, RET inhibition might limit IL-6 signaling and, opposite, RET-mediated cell
migration might be reduced by anti-IL-6 antibody[“’m].

Mechanisms of drug resistance in BC

Unfortunately, despite the numerous targeted therapies, many patients develop resistance after an initial
promising response, whose underlying molecular mechanisms remain largely unknown.

Nevertheless, inhibition of RET may be an effective treatment option in RET-altered BC patients and, most
importantly, a combined treatment may delay drug resistance, dissemination of tumor cells and metastasis.

Endocrine therapy is the main option for patients with ERa+ BC. In the last decade, new forms of
endocrine therapy have been developed” including: (1) SERMs, as tamoxifen, which binds ER and
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Figure 3. Intracellular pathways, switched on by RET and receptor tyrosine kinase (RTK), leading to the activation of estrogen receptor
(ER). The activation of RET and other RTKs by specific ligands and growth factors induces both the RAS/RAF/ERK pathways and the
PI3K/AKT/mTOR pathways. Phosphorylation of ER can be mediated directly by ERK, AKT, mTOR, p38, p706SK and p9ORSK, or other
intracellular kinases. ER has five phosphorylation sites, three in the AF-1 domain and two in the AF-2 domain. Red arrows indicate the
principal RET-dependent ER-phosphorylation site. Full and broken arrows indicate known and hypothetical interactions, respectively. This
figure was created by Biorender.com

selectively inhibits or stimulates estrogen; (2) selective ER down-regulators (SERDs), or anti-estrogens,
such as fulvestrant or faslodexW, blocking ER and downstream signals; and (3) Als, inhibiting the
conversion from androgens to estrogens. There are two types of Als: steroidal, as exemestane (aromasinW),
and non-steroidal, as letrozole (femaraW) and anastrazole (arimidexW). In postmenopausal women, Als
are the first-line treatment choice""

Cross-talk between ERa and upstream kinases, with the consequent estrogen-independent activation of the

Era, is one of the most-studied causes of HR""*M7,

Andreucci et al" (2016) demonstrated that a major cause of Al resistance is ligand-independent ER activation

induced by activation of growth factor receptor(s) through PI3K/AKT/mTOR or MAPK'**""*"*!, Thus, BC cells

are able to escape the growth-control effect of endocrine drugs by increasing estrogen-independent ER activity

[Figure 3].

In particular, HER2 overexpression causes ERa phosphorylation and resistance to tamoxifen in vitro!'* ">
. . . . . [127-129]

and is associated with HR in vivo

The monoclonal antibody trastuzumab (TZMB) represents the main therapeutic option for HER2+ BCs".

TZMB increased tumor response, PFS and OS in metastatic BCs. However, its efficacy is limited by cancer

resistance, either de novo or acquired, after the first years of treatment'*""*,
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In recent years, many studies demonstrated that the RET gene and its pathway play a key role in
the response to endocrine therapy in ER+ BCs by inducing ER phosphorylation, cell growth and

. [18,60,64,65]
survival .

The mechanism(s) of such a resistance is far from being understood. Treatment with estrogens can lead
to upregulation of RET. This latter, once activated by GDNE, results in enhanced ER phosphorylation and
therefore ER downstream signaling[w].

Although oncogenic RET mutations are not common in BC, RET overexpression or rearrangements in ER+
BC, both cell lines and tumors, are known'*”
free survival and OS in BCs'’. On the other hand, RET inhibition reduced growth and metastasis'*”
Moreover, increased RET expression has been reported in patients who did not respond to tamoxifen,

64]

indicating a key role for RET in HR'*".

. RET overexpression is associated with decreased metastasis-
85]

Indeed, RET and ER pathways do functionally interact™, thus inducing HR by cross—talking[m]. Therefore,
inhibition of RET might render BC cells sensitive to endocrine therapy.

Plaza-Menacho et al."*” (2010) showed that RET activation by GDNF in ERa+ BC cells induced both
ERa. phosphorylation on Ser118 and Ser167 and estrogen-independent activation of ERa. activity[64]. They
also showed a key role of mTOR in the downstream signaling pathway. In experiments with tamoxifen in
MCEF?7 cells, RET downregulation increased sensitivity to anti-proliferative effects of the drug, while GDNF
prod[ufed protective effects. In tamoxifen-resistant cells, sensitivity to tamoxifen is restored by targeting
RET*".

Spanheimer et al™ (2014) reported that, in a MCF7 xenograft model, RET inhibition increases the efficacy
of anti-estrogen drugs. In this light, a therapy combining tamoxifen and vandetanib might be a promising
therapeutic strategy for RET-expressing BCs.

Horibata et al."*” (2018) showed that, in ER+ BCs, either endocrine resistant or sensitive, RET has a
functional signaling pathway. However, responsive BC cells lack any RET ligand, “which is needed to
induce HR, and consistently GDNF transcription causes resistance in the ER+ MCF7 cell line. GDNF
produced by resistant cells is secreted and activates the RET signaling in nearby cells. Therefore, RET ligand
expression can predict the responsiveness to endocrine treatment and the clinical outcome.

In addition, the ectopic expression of ARTN induced resistance to tamoxifen and fulvestrant in MCF7 cells
and in xenografts[“]. However, the mechanism by which ARTN is involved in downstream RET signaling
still needs to be clarified.

Noteworthy, inflammatory response seems to be regulated by GDNF-RET pathways. In particular, genes
associated with poor prognosis and HR were shown enriched with interferon-related genes[ls]. Moreover,
in addition to the ER-dependent activation of RET, it has been found that IL-6 is able to induce RET
transcription'®”. In addition, GDNF is induced in vitro by TNF-q and IL-1B'***"**, inflammatory cytokines
secreted by tumor-associated macrophages (TAM) in BC. Intriguingly, in MCF7 xenografts, GDNF was
related to the tumor infiltrating fibroblasts (TIF) and the invasive margin of the lesion'”. A vicious loop
involving RET signaling might influence cell survival and resistance to therapy in ER+ BC: the estrogen-
induced upregulation of RET and ARTN promote tumorigenesis by recruiting inflammatory cells that can,
on their side, induce GDNE

Gattelli et al."”” (2013) showed that elevated RET levels correlate with shorter metastasis-free survival and
that RET activation induces pro-inflammatory cytokines during endocrine treatment, confirming RET
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as a novel druggable target. They also showed that fulvestrant-induced IL-6 production enhances RET
expression, thus demonstrating a RET-IL-6 expression loop™”.

These findings, along with the upregulation of GFRa3 in endocrine resistant models*”, implicates that
increased RET activation in endocrine-resistant BCs may promote tumor growth either through ER-
dependent ER phosphorylation increase or via an ER-independent mechanism activating MAPKs and/or
inducing pro-survival genes such as BCL-2.

Finally, it has recently been shown that RET activation may be relevant in TNBCs"” and HER2+ BCs'™",
being low RET levels also found in ERa- and TNBC tumors. TFAP2C has been shown to induce ERa
independent RET expression in MDA-MB-453 cells, with important implications for the ERa- BCs™.

How RET inhibitors might overcome drug resistance

Overall, since RET level and activation of its kinase are linked to HR, a solid biological rationale for
combining endocrine drugs with RET inhibitors exists.

Since administration of letrozole with a RET inhibitor has demonstrated improved efficacy over letrozole
alone in preclinical models, an increasing number of clinical trials has started to evaluate the use of RET
inhibitors to enhance sensitivity and to reduce HR in BCs (clinicaltrials.gov).

Both RET and ERa are strictly connected in the cell proliferation and survival control in BC, thus
suggesting the combined targeting of both pathways'®. Indeed, RET inhibition increases the efficacy of
antiestrogen drugs, and the tamoxifen + vandetanib treatment has been proved as a promising approach for
RET+ BCs'™.
Spanheimer et al.""*"
tumor growth in vivo™™. On the other hand, the combination of these two drugs was much more efficient
than either drug alone™. However, Gattelli et al.”*” also studied the combination of RET inhibitor with
hormonal therapy in a BC murine model and obtained different results.

reported that tamoxifen and vandetanib have similar efficacy in limiting MCF7

Griseri et al.® (2016) compared the MCF7 and T47D cell lines to disclose the molecular mechanisms able
to account for their different RET levels. In particular, the MCF7 and T47D BC cell lines were characterized
for the two candidate RET variants that had discordant genotype (rs12247456:AA vs. GG; rs2435357:CC vs
TT). These data are in agreement with the observation that T47D, expressing lower RET mRNA level, are
homozygous for the T allele of rs2435357, a genotype known to associate with RET downregulation[37’“°].
To verify the effect of 1s2435357C>T SNP in vivo, 93 ERa+ BC patients were genotyped. Consistent with
the observation that RET overexpression leads to poor prognosis in ERa+ BC, the presence of at least one
variant allele (CT or TT) was associated with a longer OS when compared to patients carrying the wt CC
alleles, thus suggesting that the RET+3 SNP represent a reliable prognostic factor in these patients.

Moreover, Hatem et al.”” (2016) reported the potential of vandetanib in the treatment of chemotherapy
for TZMB resistant ER- BCs. In RET or EGFR expressing models, vandetanib showed a remarkable tumor
regression, an effect ascribed to inhibition of RET or EGFR phosphorylation and downstream signaling
pathways. Subsets of patients expressing RET, such as < 10% of TNBCs and 20%-40% of HER2+ BCs, as
well as those expressing EGFR, approximately 6%, might have benefited from treatments with vandetanib.

Finally, given the RET expression in the peripheral nervous system in adults, we need to be aware that
down-regulating drugs might lead to peripheral neuropathy[m]. Therefore, RET inhibitors with potential
clinical application in BC and reduced toxicity should be developed.
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In summary, the involvement of RET in the pathogenesis of BC and in the development of ERo+ tumors
is confirmed by several independent studies and a strong body of evidence confirms that RET might be an
effective target to enhance sensitivity of BC to antitumoral therapy and to overcome drug resistance.

CONCLUSION

Improved knowledge around BC and persisting unsolved aspects of its biology, does suggest we keep on
current research strategies: (1) patient stratification, according to gene expression patterns[m], distinct
response to treatments, recurrence and survival®”"**
markers; (2) around 40%-50% of BC patients develop endocrine-resistant BC[W], thus disclosing the
mechanism of HR has become a priority in reducing the BC mortality; (3) RTKs have emerged as
promising therapeutic targets to modulate the response to therapy in BCs, mostly mediated by their
amplification or overexpression. Unfortunately, thus far, there is no evidence for the direct involvement of
amplification or overexpression of RTK in ER+ disease, a circumstance explaining why no RTKi has been
approved yet; (4) RET has emerged as driving oncogenesis not only in thyroid tumors but also in lung

[79]

! will result useful to search for further suitable

cancers as well as in other epithelial tumors (e.g., ERa+ BC)
drugs will require a better understanding of RET-mediated signaling pathways and their crosstalk with ERa
signaling; (5) inhibitors actually found to also hit RET in screenings designed to target other RTKs have
revealed the emerging role of RET as a potential druggable target. Nevertheless, no RET-specific inhibitor
has been developed thus far; and (6) as downstream RET pathways modulating ER activity are shared
with other RTKs, combining endocrine therapies with inhibitors targeting shared signaling components
has been proposed as a promising approach in ER- and RTK signaling-positive patients[m]. Indeed,
combination approaches will allow larger subsets of patients to become eligible for trials, besides preventing
secondary resistance in highly mutable tumors.

. The development of new biomarkers and
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