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Abstract: Endocrine-based treatments are the normal standard-of-care in women with hormone
receptor-positive/Human Epidermal growth factor Receptor 2-negative metastatic breast cancer.
Despite the well-known efficacy of these drugs as first-line therapies, about 50% of women develop
endocrine resistance and disease progression. The treatment of these patients has represented one
of the most important research fields in the last few years, with several multicenter phase II/III
trials published or still ongoing. Novel therapies, such as cyclin-dependent kinase (CDK)4/6 and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR)
inhibitors, have significantly changed the prognosis of patients progressing to a previous endocrine
treatment, allowing a great benefit in terms of progression-free survival and, in some cases, of overall
survival. However, identifying response predictors is essential for the rational use of these drugs to
avoid unnecessary toxicity and costs, and to ensure the optimal therapeutic sequence is used. In this
review, we analyze the PI3K/AKT/mTOR and CDK4/6 pathways and their roles in endocrine resistant
metastatic breast cancer. We then focus on the new treatments developed and the roles of these drugs
in overcoming endocrine resistance, describing the latest clinical trials that led to the approval of the
drugs in clinical practice.
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1. Introduction

Breast cancer (BC) is the most frequent neoplasm among women, and it is classified into four
different subtypes based on the estrogen receptor (ER), progesterone receptor (PgR), and Human
Epidermal growth factor Receptor 2 (HER2) expression [1]. About 75% of BCs express ER and/or
PgR, and this fact is indicative of hormone dependency. Despite progress in treatment strategies,
metastatic breast cancer (MBC) remains an incurable disease, with a median overall survival (OS)
of 3 years and a 5-year survival rate of 25% [2]. Endocrine-based treatments, such as selective ER
modulators (tamoxifen), selective ER down-regulators (fulvestrant), and aromatase inhibitors (AIs),
are established standards of care in women with hormone receptor (HR)+/HER2−MBC. The choice
between these regimens depends on the type and duration of adjuvant endocrine therapy used as
well as the time elapsed from the end of adjuvant endocrine therapy. In all pre-menopausal women,
ovarian follicle suppression or ovarian follicle analogue agents should be associated [2]. Besides the
well-known efficacy of these treatments as first-line therapies in women without visceral crisis, about
50% of patients develop endocrine resistance leading to therapeutic failure [3]. Primary endocrine
resistance is defined as relapse during the first 2 years of adjuvant endocrine therapy or progressive
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disease within the first 6 months of first-line endocrine therapy for MBC [2]. Secondary resistance
is present (1) when a relapse occurs after the first 2 years of adjuvant endocrine therapy; (2) when a
relapse occurs within 12 months of completing adjuvant endocrine therapy; or (3) when a progressive
disease occurs after more than 6 months from the beginning of endocrine therapy for MBC. In this
context, both combination and sequential single chemotherapy agents are alternative options [2].
In particular, monotherapy should be the preferred choice and combination treatments should be
given to patients with rapid disease progression, visceral crisis, or the need for symptom control.
The chemotherapy regimen should be chosen according to the (neo)adjuvant therapy performed and
should take into account the different toxicity profiles and patient preferences. Anthracyclines and
taxanes are usually preferred in patients who have not received these regimens as (neo)adjuvant
treatments. Other options are capecitabine, vinorelbine, eribulin, gemcitabine, platinum agents,
and liposomal anthracyclines. In recent years, the addition of a cyclin-dependent kinase (CDK)4/6
inhibitor or everolimus to endocrine therapy has represented a significant practice-changing goal that
has led to the use of chemotherapy being postponed [2]. Recently, the Young-PEARL trial presented
by Park and colleagues at the American Society of Clinical Oncology (ASCO) 2019 Annual Meeting
further stressed the superiority of an endocrine regimen plus a CDK4/6 inhibitor over chemotherapy
in patients affected by HR+/HER2− MBC and pre-treated with one chemotherapy line [4]. In this
review, we analyze the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target
of rapamycin (mTOR) and CDK4/6 pathways and their roles in endocrine-resistant HR+/HER2−MBC.
We then focus on the newly developed treatments and the roles of these drugs in overcoming endocrine
resistance, describing the latest clinical trials that led to the approval of the drugs in clinical practice.

2. Biological Mechanisms behind Endocrine Resistance

Several mechanisms are responsible for endocrine resistance, including the deregulation of
multiple components of the ER/PgR pathway (aberration in ER expression, over-expression of ER
co-activators, and down-regulation of co-repressors), altered regulation of signaling molecules involved
in cell cycle or cell survival, and the activation of escape pathways that can provide cell replication
(Figure 1) [5]. The ER is a nuclear receptor that comprises two subdivisions: ERα and ERβ. In many
breast cancers, ERα activation by estrogens is considered to be responsible for enhanced proliferation.
ERβ has contrasting effects to ERα and inhibits the stimulatory effects of estradiol (E2) on cell
proliferation. Both receptors contain two transcription domains, activation function 1 (AF1) and
activation function 2 (AF2), with AF1 being responsible for constitutive ER activity [6]. When E2
binds to ER, it activates a series of processes which lead to its binding as a dimer to specific sites on
DNA, known as E2-response elements (EREs), leading to the transcription of target genes regulated
by the synergistic activity of AF2 and AF1 [7]. The AF1 domain is not dependent on a ligand, and it
regulates gene transcription, even in cells with an ERα deletion [8]. In this independent mechanism,
the activation of AF1 is mediated by crosslinks and crosstalk among the RAS/RAF/MEK/ERK pathway
(also known as mitogen activated protein kinase, MAPK), PI3K/AKT, and cyclin-dependent kinase 2/7
(CDK2/7) pathways. This mechanism might lead to resistance against various endocrine therapies [9].
Molecularly, estrogen activity can induce the activation of insulin-like growth factor and the PI3K/AKT
and MAPK pathways, which can downregulate the expression of ER and PgR on the cell surface [10].
The PI3K/AKT/mTOR pathway is the most frequently altered in MBC, and the upregulation of
these molecules promotes dependent and independent ER transcriptional activity, which contributes
to anti-estrogen resistance, leading to tumor cell growth, survival, motility, and metabolism [11].
Drugs targeting this pathway showed promising results in combination with AIs or anti-estrogens in
HR+/HER2−MBC. Furthermore, it has been demonstrated in vivo that PI3K and mTOR inhibition can
even restore sensitivity to endocrine therapy, providing a strong rationale for the combination of the
two therapies [12]. The PI3K/AKT/mTOR pathway, like other mitogenic pathways, such as the MAPK,
the nuclear factor kappa-light-chain-enhancer of activated B cells/IκB kinase (NF-kB/IKK) and the ERs,
can also provide the interaction between cyclin D and CDK4/6 [11]. The CDKs are cyclin D-dependent
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drivers of cell cycle and division. During the DNA synthesis phase of the cell cycle, the cyclin
D-CDK4/6 complex leads to the hyperphosphorylation of the retinoblastoma (RB) protein, inactivating
its growth inhibitory function by decoupling it from E2F transcription factors [13]. The pathway causes
progression from the G1 to the S phase of the cell cycle. CDK4/6 is also regulated by the Inhibitor of
Cyclin-Dependent Kinase 4 (INK4) family [14]. INK4 proteins, which include p16 INK4A, p15 INK4B,
p18 INK4C, and p19 INK4D, can bind to both monomeric CDK, preventing its association with a
cyclin, and the CDK-cyclin complex, forming an inactive ternary complex. In this way, the INK4
proteins weaken the binding of D-type cyclins to CDK4/6 and interact with the catalytic domains of
CDK4/6 to suppress their kinase activity. These proteins can also negatively regulate CDK4 and CDK6
in response to stress conditions associated with cellular ageing or induced by multiple oncoproteins.
The overexpression of p16 INK4A ultimately engages RB to suppress growth and cell cycle progression
and promotes oncogene-induced senescence [14]. The dysregulation of INK4 has been associated with
poor response to endocrine therapy [15]. Moreover, it has been observed that the loss of the tumor
suppressor gene Cyclin Dependent Kinase Inhibitor 2A (CDKN2A), which encodes for p16 INK4A, is one
of the most common abnormalities in BC, causing uncontrolled activation of CDK4/6, which leads
to abnormal cell proliferation [15,16]. Everolimus, an mTOR inhibitor, was, in combination with AI,
the first target drug developed with the aim of overcoming endocrine resistance [17]. Afterwards,
the use of pan-PI3K inhibitors, in combination with endocrine therapy, showed low clinical benefit and
response in HR+/HER2−MBC treatment and was associated with severe toxicity [18]. On the other
hand, recent data showed that p110α-specific PI3K inhibitors have a better safety profile. In recent
years, phase III clinical trials have also demonstrated the activity and efficacy of therapies targeting
the CDK4/6 pathway [2,19]. In addition, recent data showed that CDK4 plays a key role in the
hormone-independent cell growth mechanism [20].
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Figure 1. Intracellular growth factors and signals involved in breast cancer cell replication: Several
proteins, transcription factors, and soluble mediators have roles in the cascade of events that finally
leads to cell replication, as described in each section of this review. The same mechanisms are involved
in endocrine resistance. The estrogen receptor (ER)α and ERβ receptors contain two transactivation
domains (activation function 1, AF1, and activation function 2, AF2). Upon binding of estradiol (E2) to
ER, a series of successive triggers results in the translocation of chaperone proteins from the ERα, receptor
dimerization, phosphorylation, and the subsequent binding of ER to the DNA. While AF2 serves as a
binder for coactivators and corepressors, AF1 is not dependent on a ligand and its activation is mediated
by crosslinks and crosstalk among the RAS/B-RAF, phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (AKT), and cyclin-dependent kinase (CDK)2 pathways. Moreover, activation of the growth factor
receptor tyrosine kinases leads to the phosphorylation of the ER through the RAS/B-RAF and PI3K/AKT
pathways. The CDKs are cyclin D -dependent drivers in the cell cycle and division. During the DNA
synthesis phase of the cell cycle, the cyclin D-CDK4/6 complex serves as the enzyme that catalyzes the
phosphorylation of the retinoblastoma (RB) protein and dictates DNA replication [5,6,11,14]. mTOR:
mammalian target of rapamycin.
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3. PI3K/AKT/mTOR Pathway

3.1. mTOR

3.1.1. From Biology to Drug Development

mTOR is a serine/threonine protein kinase, a downstream effector of AKT, that comprises two
functionally different complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [21].
mTORC1 belongs to a complex network of regulatory feedback loops, and, once activated, is responsible
for limiting the proliferative signals transmitted by upstream effectors like platelet derived growth factor
receptors α and β, which leads to the attenuation of PI3K/AKT activity. mTORC2, instead, regulates
AKT phosphorylation at S473 and organizes the cellular actin cytoskeleton. In addition, mTORC1
activation leads to the direct reduction of mTORC2 activity and mTOR’s downstream substrate S6
kinase can phosphorylate and activate the functional domain of the ER, leading to ligand-independent
receptor activation [21]. Everolimus, a rapamycin analogue that targets mTORC1, was the first drug
to be approved for the treatment of patients affected by HR+/HER2−MBC and has progressed to a
first-line therapy with an AI [22].

3.1.2. Clinical Trials

In a phase II trial involving postmenopausal women with HR+/HER−MBC, 111 patients were
randomized 1:1 to receive tamoxifen or tamoxifen plus everolimus [22]. The primary endpoint
was the clinical benefit rate (CBR) that resulted higher in the combination arm (61% versus 42.1%,
for the experimental and control arms, respectively). The most common adverse events (AEs) in
the combination arm were fatigue (72%), stomatitis (56%), rash (44%), anorexia (43%), and diarrhea
(39%) [23]. The study that led to everolimus approval was the BOLERO-2 trial, a phase III randomized,
double-blinded study, in which 724 postmenopausal women with HR+ MBC were randomized to
receive everolimus plus exemestane or exemestane plus placebo (Table 1) [22]. All patients developed
progression during or following nonsteroidal aromatase inhibitor therapy. Randomization was
stratified according to the presence of visceral metastases and sensitivity to prior endocrine therapy.
The study met its primary endpoint of progression-free survival (PFS), which was higher in the
experimental arm (11.0 versus 4.1 months, respectively; p < 0.0001). Secondary endpoints also favored
the everolimus arm with an overall response rate (ORR) of 12.6% versus 1.7% (p < 0.0001) and a CBR of
51.3% versus 26.4% (p < 0.0001). The most commonly reported AEs with everolimus treatment included
stomatitis (59%), rash (39%), fatigue (37%), and diarrhea (34%). Half of the patients experienced
grade 3–4 AEs, among which stomatitis (8%), anemia (7%), hyperglycemia (5%), and fatigue (4%)
were the most common. However, everolimus did not demonstrate an improvement in OS (31.0
versus 26.6 months in the experimental and placebo arms, respectively, p = 0.1426). Even though
the trial was not powered to demonstrate an increase in OS, this data could suggest an early onset
of drug resistance over the disease course. Moreover, 10–15% patients showed intrinsic resistance
to mTORC1 inhibition [24]. A retrospective, exploratory analysis of the BOLERO-2 study evaluated
genetic variations of cancer-related genes using next-generation sequencing (NGS) from archival
tissues [25]. Individual evaluation of the four most commonly mutated genes (PIK3CA; cyclin D1;
checkpoint gene p53; and fibroblast growth factor receptor 1, FGFR1) showed that PFS benefit in the
everolimus arm in the presence of an alteration in one of these pathways was similar to the PFS
benefit seen in the overall study population. However, patients with wild-type (WT) genes or only
a single genetic alteration in the PIK3CA, cyclin D1, or FGFR1 and 2 genes had greater benefit from
everolimus [25]. Another retrospective trial determined the prevalence of estrogen receptor 1 (ESR1)
mutations (Y537S and D538G) in cell-free DNA (cfDNA) baseline plasma samples from 541 out of 724
patients in the BOLERO-2 trial [26]. About 28.8% of samples had the ESR1 mutation D538G (21.1%)
and/or Y537S (13.3%), while 30% had both. These mutations were found to be associated with shorter
OS (WT, 32.1 months; D538G, 25.99 months; Y537S, 19.98 months; both mutations, 15.15 months).
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The D538G group derived a similar PFS benefit to that of WT patients from everolimus therapy.
Outside of the rigorous inclusion/exclusion criteria of a randomized clinical trial, the EVA real-life study
collected data on the efficacy and safety of the everolimus plus exemestane combination in a real-life
setting [27]. In the study, 404 patients were enrolled. The primary endpoint was the evaluation of the
median duration of everolimus treatment. Secondary endpoints included the ORR, disease control
rate (DCR), and toxicity. The median everolimus dose intensity was >7.5 mg/day in most patients
(59.4%). The median treatment duration was 31.0 weeks (range 15.4–58.3 weeks) in the population as a
whole, and 23.3, 33.8, and 32.5 weeks, respectively, in the three dose intensity groups. No differences in
regard to the dose intensity or type of previous treatment were described. The ORR and DCR were
observed in 31.6% and 60.7% of the patients, respectively. Grade 3–4 AEs were reported in 37.9% of
cases, among which stomatitis (11.2%), non-infectious pneumonitis (3.8%), anemia (3.8%), and fatigue
(3.2%) were the most frequent ones. Recently, in the phase II MANTA study, vistusertib, an oral dual
inhibitor of mTORC1 and mTORC2, was investigated [28]. In this study, postmenopausal women
were eligible if they had disease recurrence while or within 12 months of the end of adjuvant treatment
with AI or progression during or within one month of the end of AI treatment for locally advanced
BC or MBC. A total of 333 patients were randomized 2:3:3:2 to receive fulvestrant alone, fulvestrant
plus daily vistusertib (50 mg twice a day), fulvestrant plus intermittent vistusertib (2 days on, 5 days
off; 125 mg twice a day), or fulvestrant plus everolimus (10 mg day). The primary endpoint was PFS,
but no significant differences between the arms were seen, with the exception of improved PFS in
the fulvestrant plus everolimus arm compared to fulvestrant plus vistusertib, and fulvestrant plus
everolimus compared to fulvestrant alone.

3.1.3. Mechanisms of Endocrine Resistance during mTOR Inhibition

In the aforementioned trials, about 50% of patients did not receive clinical benefit from everolimus
treatment in the presence of hormone-resistant HR+/HER2−MBC. Emerging evidence suggests the
heterogeneous activity of mTORC1 in advanced tumors as being an important limiting factor for
the efficacy of everolimus, and several elements may contribute including genetic and functional
heterogeneity as well as tumor hypoxia [29]. Many studies have proven that mTORC1 activity is
largely reduced in tumor hypoxic regions, suggesting that tumor regions with low levels of oxygen
use alternative pathways in order to grow and replicate [29]. Since hypoxic tumor cells actively
participate in tumor progression, it is suggested that tumor regions displaying low levels of oxygen
grow independently from mTORC1, and they are therefore insensitive to mTORC1 inhibition [30].
Consistent with this hypothesis, it was found that rapamycin reduced cancer cell proliferation in
non-hypoxic tumor area had no effect on hypoxic tumor regions, prompting the proposal that mTORC1
inhibitors may exert a tumor-region-selective anti-proliferative effect [29]. Recently, in BC cells,
survivin, a downstream target of the PI3K/AKT/mTOR pathway, was demonstrated to be involved in
drug resistance, especially to taxanes and kinesin inhibitors [31]. Taglieri and colleagues investigated
whether survivin was involved in the acquired resistance to everolimus treatment in hormone-sensitive
breast tumors, showing that the drug is able to modify survivin expression in vitro in opposite ways
with a downregulation in the sensitive cells and an upregulation in the resistant ones [32]. Moreover,
the block of survivin upregulation in these cells restored sensitivity to everolimus, suggesting that
survivin is a potential target for future treatments [32]. The acquired resistance to mTORC1 inhibitors
was attributed to compensatory feedback loops involving the activation of oncogenes such as Myc,
the upregulation of which is mediated by the transcriptional regulator bromodomain-containing protein
4 (BRD4) [33]. Recently, Kimura and colleagues studied everolimus-resistant cells generated from
two cell lines resistant to AIs: the first had upregulated PI3K/AKT/mTOR signaling and constitutive
ER overexpression; the second had low ER expression and upregulated receptor tyrosine kinase/c-jun
N-terminal kinase (RTKs/JNK) signaling [34]. Both cell lines received long-term exposure to everolimus
in vitro. The study showed that, even if acquired resistance to everolimus did not affect ER expression,
it was able to de-regulate ER signaling by downregulating the PgR and ER1 pathways. However, cells that
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lost ER expression gained everolimus resistance faster, suggesting that ER expression and signaling might
delay resistance to mTORC1 inhibitors. This study also tried to investigate whether chemotherapy agents
could be effective against everolimus-resistant cells, but no positive results were found.

3.2. PI3K/AKT

3.2.1. The Intracellular Molecular Pathway

The PI3K protein family comprises three classes of lipid kinase that catalyze the phosphorylation
of phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) [11].
The PI3K class 1 family, a heterodimer composed of a regulatory and a catalytic subunit, is the most
frequently implicated in human cancer [35]. Somatic mutations in genes encoding for components
of the PI3K pathway occur in more than 70% of BCs. They include mutations or amplification of
PIK3CA (subunit p110α), PIK3CB (subunit p110β), and PIK3R1 (subunit p85α), which are the catalytic
subunits of PI3K, or mutations of PI3K modulators, such as PTEN, AKT, and mTOR [21,35]. The most
common mechanism of PI3K pathway activation is through mutations or amplifications of PIK3CA,
where p110α plays an important role in the tumorigenesis of BC though extra-nuclear ER signaling,
and is often responsible for endocrine treatment resistance [36]. Indeed, PIK3CA mutation occurs
in almost 40% of HR+/HER2−MBC, and it usually appears early in breast tumor progression [37].
Therefore, inhibition of the PI3Kα isoform has been studied as a possible new strategy in order to
overcome endocrine resistance.

3.2.2. Clinical Trials

Preclinical and clinical studies showed that PI3K/AKT/mTOR pathway inhibition has a synergistic
effect with endocrine therapies, and could reduce tumor progression in HR+ PI3K mutant BCs beyond
the first endocrine line of treatment [34,38,39]. The BELLE-2 trial was a phase III, double-blind,
placebo-controlled randomized study that included women with HR+/HER2−MBC, whose diseases
progressed on or after endocrine treatment with an AI (Table 1) [40]. In total, 1147 patients were
randomly assigned to receive fulvestrant plus buparlisib, a panPI3K inhibitor, versus fulvestrant
plus placebo. The trial met its primary endpoint since it demonstrated an improvement in PFS for
the experimental arm (6.9 versus 5.0 months, respectively, p = 0.00021). However, an exploratory
analysis in patients with PIK3CA mutation (detected in circulating tumor DNA, ctDNA) described
a benefit in terms of PFS from panPI3K inhibition (7.0 versus 3.2 months for the experimental and
control arms, respectively, p not available), although patients without the PI3KCA mutation did not
receive any additional benefit from buparlisib (6.8 months for both arms). Regarding OS, a survival
improvement in favor of the buparlisib arm was described, but it did not result in statistical significance
(33.2 versus 30.4 months, for the experimental and control arm, respectively). Furthermore, among
PIK3CA-mutant ctDNA patients, the OS benefit was not statistically significant (26.0 versus 24.8
months) [41]. The most common grade 3–4 AEs in the buparlisib group were increases in alanine
aminotransferase and aspartate aminotransferase (25% versus 18%, respectively), hyperglycemia
(15%), and skin rash (8%) [40,41]. Another panPI3K inhibitor, pictilisib, was tested in association
with fulvestrant in a phase II, placebo-controlled, randomized clinical trial in which postmenopausal
women with HR+/HER2−MBC, resistant to a preceding treatment with an AI in adjuvant or metastatic
setting, were enrolled (the FERGI trial) (Table 1) [42]. The study was divided into two parts: part 1
included patients with or without PIK3CA mutations, whereas part 2 included only patients with
PIK3CA mutations. In total, 168 and 61 patients were randomly allocated to parts 1 and 2, respectively.
The primary endpoint was PFS; PIK3CA mutation was assessed by quantitative real-time PCR.
The study did not reach its primary endpoint, since no differences in terms of PFS were seen between
the pictilisib arm and the placebo one in part 1 (6.6 versus 5.1 months for the experimental and control
arms, respectively, p = 0.096). Also, in part 2, no differences were evident (5.4 versus 10.0 months,
respectively, p = 0.84). Regarding safety, in part 1, grade 3 or worse AEs occurred in 61% of patients
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in the pictilisib group, 16% of which were serious AEs. In part 2, grade 3 or worse AEs occurred in
36% of patients in the pictilisib arm with 5% having serious AEs. The most common toxicities were
maculopapular rash, diarrhea, fatigue, and elevated alanine and aspartate aminotransferase levels.
Interestingly, the AEs of buparlisib and pictilisib were related to their low selectivity for the PI3K
pathway, suggesting that more selective PI3K inhibitors could improve tolerability [41–43]. Alpelisib
was the first oral inhibitor that selectively targets the PI3Kα isoform to demonstrate antitumor activity
in HR+ BC xenograft models, including those with PIK3CA mutations [44]. A multicenter phase 1b
clinical trial evaluated the use of alpelisib plus fulvestrant in PIK3CA-altered and PIK3CA WT HR+

MBC progressing to antiestrogen therapy [45]. A total of 87 postmenopausal women were enrolled.
The primary end point was the determination of the maximum tolerated dose (MTD). Secondary end
points included safety and preliminary activity. The MTD of alpelisib plus fulvestrant was 400 mg once
daily, and the recommended phase 2 dose was 300 mg once daily. Overall, the most frequent grade
3–4 AEs were hyperglycemia (22%) and maculopapular rash (13%). The median PFS at the MTD was
5.4 months and the median PFS with alpelisib favored patients with PIK3CA-altered tumors versus
WT ones (9.1 versus 4.7 months, respectively, p not available). The ORR was 29% versus zero in the
PIK3CA-altered group and in the WT one, respectively. Based on these positive results, a subsequent
phase III study aimed to compare fulvestrant plus alpelisib (300 mg/day versus fulvestrant plus placebo
in the same setting (SOLAR-1 study) (Table 1) [46]. PIK3CA mutations were detected in tumor tissue,
and the primary endpoint of the study was PFS. The study is still ongoing; however, during the
European Society of Medical Oncology (ESMO) Congress 2018, preliminary results showed that PFS
was nearly doubled in patients with PIK3CA mutations who received alpelisib (11.0 versus 5.7 months
for the experimental and placebo arms, respectively, p = 0.00065). Taselisib, another PI3K inhibitor with
improved selectivity against mutated p110α, was tested in a phase II single-arm study in which 60
postmenopausal patients with HR+/HER2−MBC progressing to endocrine therapy were randomized
to receive taselisib plus fulvestrant [47]. The primary endpoint was clinical activity that was confirmed
among patients regardless of their PIK3CA mutational status (best confirmed response rate in patients
with PIK3CA mutations: 38.5% and CBR: 38.5%; best confirmed response rate in patients PIK3CA WT:
14.3% and CBR: 23.8%; best confirmed response rate in patients with unknown PIK3CA mutation
status: 20.0% and CBR: 30.0%). The effectiveness of taselisib plus fulvestrant in PI3KCA mutant
tumors was further demonstrated in the SANDPIPER trial, a phase III double-blind randomized,
placebo-controlled study, which enrolled pretreated HR+/HER2−MBC patients (Table 1) [48]. The trial
met its primary endpoint, since PFS was longer in patients with PIK3CA-mutant tumors treated with
taselisib plus fulvestrant (7.4 versus 5.4 months for the experimental and control arms, respectively,
p = 0.0037). Survival data are still immature. The most frequent AEs in the experimental arm were
diarrhea (grade 3–4: 12%) and hyperglycemia (grade 3–4: 11%); severe AEs were reported in 32% of
patients. A recent study presented at the ASCO 2019 Annual Meeting, the FAKTION trial, tested a new
AKT inhibitor, capivasertib [49]. This is a phase II study, with an initial dose escalation phase I part and
a subsequent double-blind, randomized, controlled phase II. It enrolled 140 postmenopausal women
with HR+/HER2−MBC who had not received more than three previous lines of endocrine treatment
and up to one line of chemotherapy for metastatic disease; they were also required to have progressive
disease during AI. Following the dose escalation in stage 1, patients were randomized to receive
fulvestrant plus capivasertib or placebo. The study met its primary endpoint of PFS that was longer
in the experimental arm (10.3 versus 4.8 months for the experimental and control arms, respectively,
p = 0.004). Survival data are still immature (37% of maturity), but a preliminary data analysis seems
to favor the capivasertib arm (26.0 versus 20.0 months, p = 0.007). PFS was also evaluated based on
PI3K/AKT/PTEN pathway activation (hotspot PIK3CA mutation and PTEN by immunohistochemistry).
In the activated group, PFS was 9.5 versus 5.2 months (p = 0.064), whereas in the non-activated group,
PFS was 10.3 versus 4.8 months (p = 0.035) in the experimental and placebo arms, respectively [49].
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Table 1. Pivotal trials on the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway.

Author, Year
[Ref] Trial Study Design N◦ Patients Treatment Line Drug Primary

Endpoints Results

Bachelot, 2012
[23] TAMRAD Phase II

Randomized 1:1 111 Progressed on
previous ET

EVE plus TAM
versus
TAM

CBR 61.1% versus 42.1%

Yardley, 2013
[22] BOLERO-2

Phase III
Placebo-controlled
Double-blind
Randomized 2:1

724 Progressed on
previous ET

EVE plus EXE
versus
PBO plus EXE

PFS 11.0 versus 4.1 mo, p < 0.0001

Baselga, 2017
[40] BELLE-2

Phase III
Placebo-controlled
Double-blind
Randomized 1:1

1147 Progressed on
previous ET

BUP plus F500
versus
PBO plus F500

PFS
(overall
population and
inactivated or
non-activated
PI3K pathway)

Overall population (n = 1147) 6.9 versus 5.0 mo, p = 0.00021;
PIK3CA mutant (n = 200) 7.0 versus 3.2 mo, p = 0.0005
PIK3CA WT (n = 387) 6.8 versus 6.8 mo, p = 0.642
PI3K activated (n = 372) 6.8 versus 4.0 mo, p = 0.014
PI3K non-activated (n = 479) NR

Krop, 2016
[42] FERGI

Phase II
Placebo-controlled
Double-blind
Randomized:
1:1 (part 1)
2:1 (part 2)

168 (part 1)
61 (part 2)

Progressed on
previous ET

PIC plus F500
versus
PBO plus F500

PFS
(overall
population
and in patients
with PI3K mutated
tumors)

Part 1
PIK3CA mutant (n = 70) 6.5 versus 5.1 mo, p = 0.268
PIK3CA WT (n = 84) 5.8 versus 3.6 mo, p = 0.23
Part 2
PIK3CA mutant (n = 61) 5.4 versus 10.0 mo, p = 0.84

Andrè, 2018
[46] SOLAR-1

Phase III
Double-blind
Placebo-controlled
Randomized 1:1

572 Progressed on
previous ET

ALP plus F500
versus
PBO plus F500

PFS PIK3CA-mutated (n = 341) 11.0 versus 5.7 mo, p < 0.001

Baselga, 2018
[48] SANDPIPER

Phase III
Double-blind
Placebo-controlled
Randomized 2:1

631 Progressed on
previous ET

TAS plus F500
versus
PBO plus F500

PFS 7.4 versus 5.4 mo, p = 0.0037

Abbreviations: ALP: alpelisib; BUP: buparlisib; CBR: clinical benefit rate; ET: endocrine therapy; EXE: exemestane; EVE: everolimus; F500: fulvestrant; HR: hazard ratio; mo: months; N:
number; NSAIs: nonsteroidal aromatase inhibitors; NR: not reported; PBO: placebo; PFS: progression-free survival; PIC: pictlisib; TAM: tamoxifen; TAS: taselisib; WT: wild-type.
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3.2.3. Mechanisms of Endocrine Resistance in PI3K/AKT Pathway

Despite the efficacy of PI3K-inhibitors in HR+/HER2−MBC that developed resistance to endocrine
therapy, in particular, in the presence of the PI3K mutation, some patients still do not respond to these
treatments or develop early disease progression [38]. Resistance to PI3K inhibitors is mainly associated
with hyper-expression of the phosphatase and tensin homolog PTEN, which is a tumor suppressor
protein that is lost or mutated in about 30% of human cancers. PTEN is a protein that antagonizes PI3K
by catalyzing the de-phosphorylation of phosphatidylinositol 3,4,5-trisphosphate (PI3,4,5P3), which is
the product of activated PI3K [50]. Therefore, PTEN acts to attenuate PI3K signaling and switch off

proliferative and anti-apoptotic signals [38]. PTEN activity is upregulated by PIK3R1 (p85α regulatory
subunit), which inhibits the catalytic activity of p110α and prevents PTEN ubiquitination, increasing
its stability [51]. Inositol polyphosphate 4-phosphatase type II (INPP4B) is another protein that inhibits
PI3K activity by catalyzing the de-phosphorylation of PIP2 [36]. INPP4B is a tumor suppressor and
downregulates PTEN; however, it has been demonstrated that its upregulation could provide cancer
development through the activation of AKT and SGK3 [52]. In fact, these proteins are responsible
for the regulation of the cell cycle, and mutations of PTEN, PIK3R1, or INPP4B may be the cause of
resistance to PI3K inhibitors.

4. CDK4/6 Inhibitors

4.1. Biological Functions and Cross-Link Interactions

CDK4 and CDK6 are enzymes that, together with D-type cyclins (D1, D2, D3), promote cell
progression from the G1 to the S phase [53]. In the presence of mitogenic signals, these kinases form
D-CDK4/6 complexes which phosphorylate RB, a tumor suppressor gene. This causes the repression of
E2F transcription, which modulates the expression of a host of genes responsible for the coordination
of subsequent cell cycle progression (cyclin E and cyclin A), DNA replication (MCM7 and PCNA),
and mitotic progression (cyclin B1 and Cdk1). Cancer-specific mutations, such as those affecting receptor
tyrosine kinases (RTKs), or RAS, RAF, PI3K, or PTEN mutations, can enhance cyclin D-dependent
CDK4/6 activity [54]. Instead, cell type-specific RTK, RAF/MEK/ERK, and PI3K/AKT inhibitors,
some hormone or interleukin antagonists, and anti-proliferative cytokines, such as transforming
growth factor beta (TGF-β), can increase the threshold for CDK4/6 activation and synergize with
CDK4/6 inhibitors to induce G1 phase cell cycle arrest. However, the mitogenic signaling elicited
by D-CDK4/6 complexes is limited and down-regulated by a highly specific 16 kDa polypeptide
inhibitor of CDK4, encoded by the INK4a gene [55]. In this phase, p16INK4a binds to cyclin D–CDK4,
inhibiting its kinase activity, preventing RB phosphorylation, and arresting cells in the G1 phase of
the cell cycle. Importantly, cells lacking functional RB are resistant to p16INK4a-mediated cell cycle
arrest, implying that the ability of CDK4 and CDK6 to drive G1 phase progression requires RB [56].
Many studies identified p16INK4a as a frequent target of inactivating mutations and deletions in many
human cancers and revealed that the loss-of-function of p16INK4a and RB generally occur as mutually
exclusive events in tumor cells [54,56]. Therefore, the loss of RB expression induces high-levels of
endogenous CKD4/6 inhibitors such as p16INK4a [57]. For this reason, tumor with high levels of
p16ink4a, like human papilloma virus-positive cancers (e.g., cervical cancer and squamous cell cancer
of the head and neck district), would be resistant to CDK4/6 inhibitors [58]. In HR+/HER2− BC, genetic
loss of RB is rare (<3%), whereas cyclin D1 is overexpressed or amplified in a significant proportion
of cases [59].

4.2. Clinical Trials

4.2.1. Palbociclib

The first CDK4/6 selective inhibitor to be studied back in 2005 was palbociclib. In preclinical trials,
palbociclib showed high efficacy in breast, colon, and lung cancer xenograft models, arresting the
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proliferation of tumor cell lines that retained functional RB [60]. Preclinical data also demonstrated
the major sensitivity of ER + BC cell lines compared with ER− cell lines, probably due to a higher
incidence of loss of RB function in this BC subgroup [61]. A subsequent phase I study demonstrated
that treatment with 125 mg/day palbociclib for three weeks on a one week on/off schedule could be
combined with the standard dose of letrozole (2.5 mg once daily) [54]. The PALOMA-1/TRIO-18
trial, an open label, phase II, double-blind study randomized study, involved 1:1 postmenopausal,
treatment-naïve women with HR+/HER2−MBC who received palbociclib plus letrozole or letrozole
alone (Table 2) [62]. Patients were recruited in two separate cohorts that accrued sequentially: cohort 1
enrolled patients only on the basis of their HR+/HER− status, whereas cohort 2 required patients to have
tumors with cyclin D1 (CCND1) amplification, loss of p16 (INK4A or CDKN2A), or both. The study
included 165 patients: 84 received palbociclib plus letrozole and 81 received letrozole alone. The study
met its primary endpoint, since PFS was higher in the palbociclib plus letrozole group (20.2 versus
10.2 months for the experimental and placebo arms, respectively, p = 0.0004). In cohort 1 the median
PFS favored the experimental arm with 26.1 versus 5.7 months (p < 0.0001); in cohort 2, the difference
in PFS between the two arms was also evident but was reduced (18.1 versus 11.1 months for the
palbociclib group and letrozole group alone, respectively). The most frequent grade 3–4 AEs in the
palbociclib arm were neutropenia (54%) and leucopenia (19%). The subsequent double-blind, phase III,
randomized study, the PALOMA-2 trial, enrolled 666 postmenopausal women with HR+/HER2−MBC
who had not received prior treatment for advanced disease (Table 2) [63]. Patients were randomized
1:1 to receive either palbociclib plus letrozole or letrozole alone. The primary endpoint was PFS
and it favored the experimental arm (24.8 versus 14.5 months, respectively, p < 0.001). The study
confirmed that grade 3–4 neutropenia was the most common AE during treatment with palbociclib in
all subgroups, but a downward trend in the severity of the neutropenia was shown over time after
six cycles of treatment. Finally, the PALOMA-3 trial was a double-blind, randomized, phase III study
which recruited HR+/HER2−MBC women, of both pre- and postmenopausal status, who relapsed or
progressed during or after endocrine therapy, to receive palbociclib plus fulvestrant versus fulvestrant
plus placebo (Table 2) [64]. The primary endpoint was PFS. The trial also assessed endocrine therapy
resistance by clinical parameters, quantitative hormone receptor expression, and tumor PIK3CA
mutational status in circulating DNA at baseline. A total of 521 patients were assigned to the treatment
arm in a 2:1 ratio. The primary endpoint was met with a PFS that favored the palbociclib arm (9.5
versus 4.6 months for the experimental and placebo arms, respectively, p < 0.0001). The most common
grade 3–4 AEs in the palbociclib arm were neutropenia (65%), anemia (3%), and leucopenia (28%).
PIK3CA mutation was detected in the plasma DNA of 33% of patients; however, neither PIK3CA status
nor the hormone-receptor expression level significantly affected the treatment response. Recently,
a new analysis assessed OS, a key secondary endpoint of PALOMA-3, at a median follow-up time of
44.8 months [65]. Among the 521 patients who underwent randomization, the median OS was 34.9
versus 28.0 months (p = 0.09) in the palbociclib–fulvestrant group and in the placebo–fulvestrant group,
respectively. However, despite the combination treatment resulting in a longer OS, the differences in
OS in the entire trial group were not statistically significant.

4.2.2. Ribociclib

Ribociclib is another orally bioavailable selective CDK4/6 inhibitor that was developed and
approved for use in daily clinical practice. The drug showed its acceptable safety profile and activity
in combination with letrozole in a phase 1b study that recruited women with HR+/HER2−MBC who
had received no previous systemic treatment for advanced disease [66]. The trial showed an ORR of
46% and a CBR of 79% among patients with measurable disease. In a phase III, placebo-controlled
study, ribociclib plus letrozole was administered as first line treatment in postmenopausal women with
HR+/HER2−MBC (MONALEESA-2) (Table 2) [67]. A total of 668 patients were enrolled. The study
met its primary endpoint of PFS favoring the experimental arm (25.3 versus 16.0 months, respectively,
p < 0.001). Also, the ORR was higher in the ribociclib arm (42.5% versus 28.7%, respectively). Nausea,
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vomiting, alopecia, and diarrhea were the most frequent AEs in the ribociclib arm. These positive results
were also maintained in pre-planned subgroups of elderly and younger patients. The subsequent phase
III study, the MONALEESA-3, was a placebo-controlled, randomized clinical trial in which HR+/HER2−
postmenopausal MBC women who were treatment naïve or had received up to one line of prior
endocrine therapy in the advanced setting were randomized 2:1 to receive ribociclib plus fulvestrant
versus placebo plus fulvestrant (Table 2) [68]. A total of 484 patients were assigned to the experimental
arm, and 242 were assigned to the placebo one. The median PFS was significantly improved with
ribociclib (20.5 versus 12.8 months, p < 0.001). In patients with measurable disease, the ORR favored
the ribociclib arm (40.9% versus 28.7%, respectively). The most common AEs were neutropenia (46.6%),
and leucopenia (13.5%). MONALEESA-7 was the first trial to focus on premenopausal, treatment-naïve
women with HR+/HER−MBC [69]. Patients were randomly assigned to receive ribociclib or placebo
plus goserelin and one of the following endocrine therapies: the nonsteroidal aromatase inhibitors
letrozole or anastrozole, or tamoxifen (Table 2). PFS was the primary endpoint of the study and was
found to be higher in the experimental arm (23.8 versus 13.0 months, p < 0.0001). The most common
grade 3–4 AEs in the ribociclib arm were neutropenia (61%) and leucopenia (14%). A recent update
of the prespecified interim analysis of OS was published, and it confirmed the superiority of the
experimental arm (not reached versus 40.9 months, p = 0.00973) [70]. The PFS benefit was similar in the
low and high gene expression subgroups, but a trend toward a PFS benefit with ribociclib in the presence
of high cyclin D1, insulin-like growth factor-1 receptor (IGF1R), and erb-B2 receptor tyrosine kinase-3
(ERBB3) was reported. A stronger PFS benefit was reported with ribociclib in the presence of low cyclin
E1 and MYC; finally, a trend toward a similar PFS benefit was observed with ribociclib, regardless of the
lower and higher expression of ESR1, the value of the marker of proliferation, Ki67 (MKI67), and the
FGFR1 gain. Interestingly, the TRINITI-1 trial was the first study to analyze the combination between
CDK4/6 inhibitors, endocrine therapy, and mTOR inhibitors following progression with a CDK4/6
inhibitor [71]. This was a phase I/II, open-label trial of triplet therapy: ribociclib plus everolimus plus
exemestane in men or postmenopausal women with HR+/HER2−MBC that progressed following
CDK4/6 inhibitor therapy. The trial showed encouraging results, since the majority of patients had
stable disease (49.5%) with a median PFS of 5.7 months. The ctDNA genotyping analyses revealed that
patients with ESR1 or PIK3CA mutations had numerically shorter median PFS than those who were
WT (6.9 versus 3.5 months for the ESR1 WT and ESR1 mutated patients, respectively; 7.3 versus 5.7
months for the PIK3CA WT and PIK3CA-mutated patients, respectively). These biomarker analyses,
however, were hypothesis generating and need validation. In particular, the shorter PFS in patients
with ctDNA mutation may reflect the presence of a more aggressive tumor or a higher tumor burden.

4.2.3. Abemaciclib

Abemaciclib was the last CDK4/6 to be approved for clinical practice. In comparison with
palbociclib and ribociclib, abemaciclib has a higher potency and greater specificity for CDK4 based
on preclinical pharmacokinetic models [72]. The drug was first evaluated in a phase I study which
established the maximum tolerated dose (MTD) for abemaciclib as a single agent as 200 mg/day every
12 h and demonstrated its safety and clinical activity against different human tumors including BC,
lung cancer, melanoma, and mantle cell lymphoma [73]. In particular, in the hormone refractory
HR+/HER2−MBC setting, the ORR was 26%. MONARCH-1 was a phase II, single arm, open-label
study that enrolled 132 women with HR+/HER2−MBC who developed progressive disease during or
after prior endocrine therapy and who had already undergone one or two chemotherapy regimens in
the metastatic setting (Table 2) [74]. The primary objective was an ORR of 19.7% at the 12-month final
analysis; among the secondary endpoints, the CBR (complete response + partial response + stable
disease ≥6 months) was 42.4%, the median PFS was 6.0 months, and the median OS was 17.7 months.
The most common AEs of any grade in the abemaciclib arm were diarrhea, fatigue, and nausea. Due to
these promising clinical results, a subsequent phase III study was performed, the MONARCH-2
trial [75]. This double-blind study enrolled 669 women with HR+/HER2−MBC whose disease had
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progressed while receiving (neo)adjuvant endocrine therapy (≤12 months from the end of adjuvant
endocrine therapy) or while receiving first-line endocrine therapy for metastatic disease. Patients
were randomized 2:1 to receive abemaciclib plus fulvestrant or placebo plus fulvestrant. PFS was
significantly higher in the experimental arm (16.4 versus 9.3 months, p < 0.001). In patients with
measurable disease, abemaciclib group reached a higher ORR (48.1% versus 21.3%). The most common
AEs in the abemaciclib arm were diarrhea (86.4%), neutropenia (46.0%), nausea (45.1%), and fatigue
(39.9%). Meanwhile, abemaciclib was also tested in the first line metastatic setting in the MONARCH-3
trial (Table 2) [76]. This was a randomized, double-blind, phase III study that enrolled postmenopausal,
treatment-naïve HR+/HER2− MBC patients to receive abemaciclib plus a non-steroidal AI versus
a placebo plus a non-steroidal AI. A total of 493 women were enrolled, and the primary endpoint
was PFS. In the final analysis, which was published after 240 events, the abemaciclib arm had a
significantly higher PFS (28.18 versus 14.76 months; p = 0.000002) [77]. Also, the ORR was higher
in the experimental arm in patients with measurable disease (61.0% versus 45.5%, p = 0.003) as well
as the median duration of response (27.39 versus 17.46 months). The most common grade ≥3 AEs
in the abemaciclib group were neutropenia (23.9%), diarrhea (9.5%), and leukopenia (8.6%). Since
abemaciclib is the only CK4/6 inhibitor to cross the blood–brain barrier, a study recently presented at
the ASCO 2019 Annual Meeting described abemaciclib activity in 58 treatment-naïve MBC patients
with brain metastasis [78]. Patients had more than one new or previously not treated brain metastasis
with a maximum diameter of more than 10 mm or a progressive, previously irradiated brain metastasis.
The primary endpoint was the objective intracranial response rate (OIRR). The trial result was negative,
since the predictive cut-off for the primary endpoint was 11% and the study obtained an OIRR of 6%,
with a median treatment duration of 3.1 months. However, about 60% of patients obtained a stable
disease lasting more than 6 months in about 20% of patients. The OIRR was also higher (29%) in
patients who had not received local treatment (stereotactic radiotherapy or whole brain radiotherapy).
Several clinical trials are trying to investigate the role of immunotherapy in endocrine sensitive
MBC [79]. The inhibition of CD4/6-Rb-E2F induces tumor cell-cycle arrest and promotes an anti-tumor
immune response through antigen presentation in tumor cells, T-cell activation, and suppression of the
proliferation of regulatory T-cells (Tregs) [79]. An in vivo study by Goel and colleagues demonstrated
that treatment with abemaciclib plus an anti-PD-L1 immunotherapy were effective in RB-competent
BC cells due to the enhancement of both immunomodulatory and cell cycle suppression effects [80].
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Table 2. Pivotal trials on the cyclin-dependent kinase (CDK)4/6 pathway.

Author, Year
[Ref] Trial Study Design N◦ Patients Treatment Line Drug Primary

Endpoints Results

Finn, 2015
[62]

PALOMA-1/
TRIO-18

Phase II
Open-label
Randomized 1:1

165 1◦ line LET plus PAL versus
LET PFS 20.2 versus 10.2

mo; p = 0.0004

Finn, 2016
[63]

PALOMA-2
Phase III
Placebo-controlled
Double-blind
Randomized 2:1

666 1◦ line
LET plus PAL
versus
LET plus PBO

PFS 24.8 versus 14.5
mo; p < 0.001

Cristofanilli, 2016
[64] PALOMA-3

Phase III
Placebo-controlled
Double-blind
Randomized 2:1

521 Progressed on
previous ET

F500 +/-LHRH analogue
plus PAL
versus
F500 +/-LHRH analogue
plus PBO

PFS 9.5 versus 4.6 mo;
p < 0.0001

Hortobagyi, 2017
[67] MONALEESA-2

Phase III
Placebo-controlled
Double-blind
Randomized 1:1

668 1◦ line
postmenopausal

LET plus RIB
versus
LET plus PBO

PFS 25.3 versus 16 mo;
p < 0.001

Slamon, 2018
[68] MONALEESA-3

Phase III
Placebo-controlled
Double-blind
Randomized 2:1

726
Progressed on
previous ET

F500 plus RIB
versus
F500 plus PBO

PFS 20.5 versus 12.8
mo; p < 0.001

Tripathy, 2018
[69] MONALEESA-7

Phase III
Placebo-controlled
Double-blind
Randomized 1:1

672 1◦ line
premenopausal

TAM/LET/ANA plus LHRH
analogue plus RIB
versus
TAM/LET/ANA plus LHRH
analogue plus PBO

PFS 23.8 versus 13 mo;
p < 0.0001

Dickler, 2017
[74] MONARCH-1

Phase II
Single agent
Open-label

132 Progressed on
previous ET ABE ORR

CR 0
PR 17.4 %
SD 40.2 %
PD 25.0%

Goetz, 2017
[76] MONARCH-3

Phase III
Placebo-controlled
Double-blind
Randomized 2:1

493 1◦ line
LET or ANA plus ABE
versus
LET or ANA plus PBO

PFS 28.18 versus 14.76
mo; p = 0.000002

Abbreviations: ABE: abemaciclib; ANA: anastrozole; CR: complete response; F500: fulvestrant; LET: letrozole; HR: hazard ratio; mo: months; N: number; NR: not reached; ORR: overall
response rate, PAL: palbociclib, PD: progressive disease; PFS: progression- free survival; PR: partial response; PBO: placebo; RIB: ribociclib; SD: stable disease; TAM: tamoxifen.
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4.3. Mechanisms of Endocrine Resistance in the CDK 4/6 Pathway

The aforementioned trial showed the superiority of CDK 4/6 inhibitors plus an endocrine therapy
over an endocrine treatment alone in different settings of HR+/HER−MBC. However, these drugs have
different safety and pharmacokinetic profiles and, to date, no clinical or biological biomarkers exist in
order to help clinicians to choose the best treatment for every patient. High p16ink4a expression or
loss of RB are the most studied markers [81]. The biomarker analysis in PALOMA-2 did not show any
correlation between the expression levels of RB, Ki67, cyclin D1, or p16 and the response to palbociclib
plus letrozole [61], so the basis of the acquired cell resistance to CDK4/6 inhibitors remains largely
unknown. Preclinical studies have suggested that resistance to CDK4/6 inhibitors could develop
through RB1 mutation, cyclin E amplification, CDK6 amplification, or activation of CDK2 [82,83].
Intrinsic resistance to CDK 4/6 inhibitors has been described in the presence of RB loss-of-function
and proto-cadherin FAT1 loss-of-function [84]. Herrera-Abreu and colleagues reported that chronic
inhibition by CDK4/6 inhibitors was associated with increased AKT phosphorylation, which correlated
with the sustained expression of E2F-induced G1-S phase regulators, such as cyclin E2 or CDK2,
preventing the inhibition of RB phosphorylation [85]. In another study, Yang and colleagues described
how some cell lines previously exposed to abemaciclib acquired amplification of CDK6 kinase with a
reduced response to abemaciclib [86]. Moreover, CDK6 overexpression led to reduced expression of ER
and PgR with decreased hormone-responsiveness. Since RB loss can occur more frequently along with
metastatic progression, Condorelli and colleagues reported that MBC cells can acquire a polyclonal
RB1 mutation after exposure to CDK4/6 inhibitors, which become ineffective [87]. From a recent
update of the PALOMA 3 trial, some prognostic markers of early progression (without interaction with
palbociclib) were described: a circulating tumor fraction of >10%, FGFR1 gain, and TP53 mutation in
ctDNA [4].

5. Conclusions

Endocrine treatment is a mainstay for HR+/HER2− MBC [2]; however, endocrine resistance
remains an important challenge. In the last few years, improved knowledge of the mechanism behind
hormone resistance has allowed the development of new generations of targeted therapies for MBC
treatment [11,79]. While PI3K/AKT/mTOR signaling is known to be an important growth pathway
in HR+/HER− MBC, pan-PI3K inhibitors have shown disappointing results due to their modest
effect sizes and significant toxicity [41,42]. On the other hand, the more selective PI3K inhibitors,
such as alpelisib and taselisib, featured promising results, in particular, in PIK3CA-mutated cancer
patients [46,48]. To date, only alpelisib has been approved by the Food and Drug Administration
(FDA) in combination with fulvestrant for the treatment of HR+/HER2−MBC following progression
on or after an endocrine-based regimen. The mTOR inhibitor everolimus significantly improves PFS
when added to endocrine therapy, and everolimus plus exemestane remains a valid second/third line
option after progression on hormonal therapy (tamoxifen/AI/fulvestrant with or without a CDK4/6
inhibitor) [22]. Recently, the use of selective CDK4/6 inhibitors, such as palbociclib, abemaciclib,
and ribociclib, combined with endocrine agents, led to substantial PFS improvements in first- and
second-line settings and changed the current clinical practice, becoming the treatment of choice
in HR+/HER2− treatment-naïve or hormone pre-treated MBC patients without visceral crisis [2].
While these combinations of targeted therapies improve outcomes and often delay the initiation of
chemotherapy, long term OS results remain scarce. Therefore, many issues are still to be addressed in
the near future, as follows: (1) we are currently not aware of how cancer cells develop resistance to
CDK4/6 and mTOR inhibitors; therefore, the best treatment after progression on these drugs is still
unknown; (2) the best sequencing of all available treatment options still needs to be identified; and (3)
how combinations of CDK4/6 inhibitors plus endocrine therapy and mTOR inhibitors plus endocrine
therapy work compared with each other and with chemotherapy remains unknown. Further, studies
should also be focused on the identification of reliable response and resistance biomarkers in order to
select patients who could benefit most from the available therapies to avoid unnecessary side effects,
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“financial toxicity”, and, more importantly, to further improve the survival time and quality of life of
HR+/HER2−MBC patients.
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