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Abstract: Breast cancer is one of the most devastating diseases in the world, the most diffused 
cancer in women. Despite the incredible progress made in the field, the mortality rate in the 
metastatic setting is still quite high. Among the different drugs used to treat this disease, the mTOR 
inhibitor everolimus is one of the most promising ones, that has been approved to be used together 
with exemestane in the treatment of oestrogen receptor positive/human epidermal growth factor 
receptor 2 negative BC patients in combination with exemestane in patients who have progressed to 
anastrozole or letrozole, following the encouraging results coming from BOLERO-2 clinical trial 
showing a significant increase in progression-free-survival of patients compared to patients treated 
with exemestane and placebo. In this article we will discuss how the toxicity of this drug could be 
increased with Rs1045642 C>T genetic alteration in ATP Binding Cassette Subfamily B Member 1 
(ABCB1), a pump that expels this drug from the cells, leading to a more inactive ABCB1. With an 
inactivation of ABCB1 more everolimus would linger within the cancer cells, exerting more of its 
anti-tumor work. Future diagnosis of genetic alteration of Rs1045642 C>T in ABCB1 could be 
pivotal for determining if patients would benefit more from everolimus. 
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1. Introduction 

It is known that in humans ABCB1 (P-glucoprotein (PGY1), Multi-drug Resistance Gene 
(MDR1), Doxorubicin Resistance, Colchicin Sensitivity) encodes for one of the main cellular 
membrane drug transporters. Moreover PGY1 is an efflux transporter able to actively move across 
cell membranes different drugs using ATP [1]. In human, the ABCB1 gene presents elevated number 
of polymorphisms (SNP) and in fact in literature there are already 50 SNPs situated in its gene 
coding regions [2]. Two SNPs, rs1128503 e rs1045642, could modify the final conformation of 
proteins, compromising membrane stability and the recognition of the substrate [3,4]. A clinical 
study on Georgian patients has demonstrated that SNP rs1045642 and rs1128503 of ABCB1 have 
resulted in significant association with breast cancer, with p-values of 0.012 and 0.016, respectively [5]. 
A meta-analysis composed of 10 randomized-to-control studies, totalling to 5,282 breast cancer and 
7,730 controls, has demonstrated that single nucleotide rs1045642 C>T is associated with an 
increased risk of breast cancer (TT vs. CC: OR = 1.45, IC 95% = 1.14–1.30, TT vs. CT/CC:  
OR = 1.13, IC 95% = 1.04–1.23, TT/CT vs. CC: OR = 1.22, IC 95% = 1.02–1.46) [6]. 

The single nucleotide polymorphism rs1045642 is important also for its capacity to interfere 
with the kinetics of numerous antitumor drugs. Therefore it has an important role in avoiding the 
rising of side effects. In Everolimus-treated MBC patients, it has been demonstrated that 
polymorphism rs1045642 of ABCB1 is associated with an increased risk to encounter mucositis 
(OR = 2.30, IC 95% = 1.08–4.77, P = 0.031; multivariable analysis) [7]. Different studies have been 
conducted to define if the presence or absence of SNPs could alter drug metabolism. However, the 
results from these studies have been often discordant, probably because of different experimental 
conditions to obtain statistical significance [8]. 

In this mini-review we will discuss the potential of polymorphism of single nucleotide 
rs1045642 C>T in ABCB1 and its potential effect on everolimus-induced toxicity in breast 
cancer patients. 

2. Current therapies for metastatic breast cancer 

The majority of women diagnosed with breast cancer, undergo a biopsy after surgical 
intervention to characterize their tumor and therefore understanding its biology. Successively, the 
biological sample is sent to a laboratory for biological characterization. Particular attention is given 
to the presence/absence of oestrogen and progesterone receptors. Patients with oestrogen receptor 
(ER)-positive undergo anti-ER therapies or aromatase inhibition. Usually in women, hormones have 
many beneficial effects, however in breast cancer, the excessive production of such hormones drives 
proliferation of malignant cells and therefore their activity must be inhibited. 

In pre-menopausal patients, generally tamoxifen is given together with LHRH, which blocks 
LH release, which is a luteinizing hormone produced by the pituitary gland and it can stimulate the 
ovary activity, additionally inducing an artificial menopause. 

On the other hand, in post-menopause patients’ the ovary do not produce enough oestrogens 
needed for the organism, and androgens produced by the adrenal gland are converted into oestrogens 
by the aromatase enzyme. Therefore in such case, drugs are used to inhibit aromatase enzymes 
(anastrozole, letrozole and exemestane). 
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Another important receptor to consider during tumor characterization is the modified version of 
the human epidermal growth factor 2 (HER-2), the HER-2/neu. The signalling pathway of this 
protein leads to cellular growth and differentiation. Overexpression of HER-2/neu is associated with 
major possibility to encounter regressions. Patients positive for such receptor go through trastuzumab 
treatment, which can block such receptors impeding tumor growth.  

3. PI3K/mTOR/AKT pathway 

Phosphatidylinositol-3-kinase (PI3K) has been identified as an important target for cancer 
research [9]. In fact PI3K is a kinase family, whose main function in the biochemical field is to 
phosphorylate a hydroxide at position 3 on the inositol ring of Phosphatidylinositol. The PI3K is a 
heterodimer constituted of a regulatory subunit and a catalytic subunit, existing in different 
isoforms [10]. There are three different PI3K classes (class I, II e III) on the bases of protein domains 
that form it and determine their specificity [10]. 

In human oncology, the PI3K pathway is one of the main pathways showing anomalies. In 
particular, activation of the PI3K is a frequent event occurring in human tumors, favouring the 
cellular proliferation, cell survival and resistance to chemotherapy and radiotherapy. It is therefore 
evident that new treatments capable of acting, alone or in combination, on the PI3K-AKT-mTOR 
pathway have a high therapeutic potential. The PI3K pathway inhibitors at different stages of 
development have a high therapeutic potential [10]. The PI3K inhibitors are in different phases of 
development and are grouped depending on their specificity into the following categories as shown 
in Figure 1. 

(1) Selective PI3K inhibitors 
(2) Dual inhibitors (block PI3K and mTOR) 
(3) selecting mTOR inhibitors 
(4) selective AKT inhibitors 
The mammalian target of rapamycin (mTOR), is among one of the most important elements of 

regulation of protein synthesis [11]. 
In eukaryotic cells, translation of proteins is a process that has a fundamental role in 

differentiation, cellular growth and apoptosis [12]. Cell growth is controlled also by the cell cycle. 
The latter depends on cyclin dependent kinases (CDK), whose function is to phosphorylate factors 
needed for cell cycle progression. CDK4 and CDK6 phosphorylate tumour suppressor RB1, which 
must be un-phosphorylated in order for cell cycle to be blocked at G1 in normal cells. In subset of 
tumors, such as pockets of malignant mesothelioma patients, overexpressing CDK4/6, the CDK4/6 
must be inhibited in order to block cancer cells at G1 [13]. 
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Figure 1. Therapeutic targets of the PI3K-AKT-mTOR pathway. 

3.1. mTOR as a protagonist in the cell cycle and growth 

The mTOR pathway is regulated by a variety of cellular signals, among which are mitogens and 
growth factors (such as IGF-1 e IGF-2), hormones like insulin, nutrients (aminoacids, glucose), 
levels of ATP and stress conditions [11]. mTOR plays a crucial role in protein synthesis and at the 
beginning of translation [12]. The mTOR pathway controls also transcription of ribosomal proteins 
and synthesis of ribosomal RNA [14,15]. The main objectives of mTOR are two, ribosomal protein 
S6 kinase (p70S6K) and the factor of transduction initiation (4E-BP1). The mTOR kinasis, 
answering to aminoacids and growth factor phosphoryl 4E-BP1 induce its dissociation from eIF4E, 
which can bind to mRNA enabling the beginning of cap-dependent transcription mechanisms [16]. 

PI3K/mTOR/AKT pathway depends also on PP2A phosphatases. In fact, it has been 
demonstrated that mTOR phosphorylates PP2A in vitro, inhibiting its activity, while treatment with 
rapamycine increments activity of phosphatases in vivo. Phosphatase and tensin homolog on 
chromosome 10 (PTEN) counteracts PI3K activity through dephosphorylation of PIP2 and PIP3 
generated by PI3K [17]. 

The pathway involves the serine/threonine protein kinase AKT (also known as protein kinase B 
or PKB), a downstream effector of PI3K and an upstream regulator of mTOR [17]. The mTOR is 
phosphorylated by AKT on Ser 2448 in vitro and in vivo [17–21]. 

3.2. mTOR complexes 

mTOR is a catalytic subunit of two multiprotein complexes, mTORC1 sensitive to rapamycine 
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and mTORC2 insensitive to rapamycine if not following to a prolonged treatment. mTOR Complex 
1 (mTORC1) is constituted of mTOR, regulatory protein G of mTOR called Rheb, a similar protein 
similar to beta subunit of protein LST8/G of mammals (mLST8/GβL) and of PRAS40 e DEPTOR, 
recently identified [22]. mTORC1 is found downstream of AKT and its activity is controlled by a 
series of signals including Ras/Raf/MEK/ERK and a cascade of signals LKB/AMPK. This complex 
is characterized by interactions between mTOR and its associated regulatory proteins regulating its 
function, setting a stage to recruit mTORC1 substrates [23]. The activity of such complex is 
stimulated by insulin, growth factors, serum, phosphatide acid, aminoacids (in particular by leucine) 
and ossidative stress. mTORC1 is inhibited by low levels of nutrients, low growth factors, 
reductive stress, caffeine, rapamycine, farnesiltiosalicilic acid and curcumin. The rapamycin and 
its analogues are allosteric inhibitors of mTORC1; they do not bind to the catalytic units but 
associate with FKB-12 leading to a disassembly of mTORC1 complex, inhibiting its activity [24]. 

mTORC1 regulates a series of critical steps involved in protein synthesis. The mTORC1 targets 
best characterized are kinase proteins p70S6 (p70S6K) and 4E-BP1. Successively P70S6K 
phosphorylates ribosomal protein p40, S6, which participate in the translation of mRNA, and 
phosphorylates also eIF4B (eucariotic initiation factor 4B), which is involved in translation. The 
phosphorylation of 4E-BP1 results in the release of eIF4E, which in association with eIF4G 
stimulates the beginning of translation. In fact non-phosphorylated 4E-BP1 interacts with eIF-4E factor 
and avoids the formation of eIF4 complex, blocking interaction between eIF-4G and eIF-4E [25]. 
mTORC1 regulates different key passages in protein synthesis, controlling the expression of proteins 
promoting differentiation and cell survival. AKT regulates the mTORC1 complex, phosphorylating 
and inhibiting the TSC-2 gene (Tuberous Sclerosis 2), which is a GAP protein (GTP-ase activating 
protein) binding to TSC-1 (Tuberin) forming a complex and blocking the G Rheb protein. The 
inhibition of TSC-2 enables Rheb protein to accumulate in a state bound to GTP and activate 
mTORC1 [26]. In addition to amino acids and glucose, also fat acids could regulate the mTORC1 
complex. In the heart, for example, free fatty acids are powerful activators of a cascade of events 
conducing to its activation. In such scenario the activation of mTOR causes inhibition of protein 
kinase activating monophosphate adenosine (AMPK- alpha), implicated in the control of cellular 
energy. The mechanism controlling mTORC2 is not yet known; activation of such complex is related 
to the PI3K signalling [27]. A notorious mTOR inhibitor is everolimus. This drug has been FDA 
approved after the promising results of BOLERO-2 trial. This clinical investigation was a 
multicenter phase 3 clinical trial, randomized and double-blinded, which recruited 724 HR+ 
metastatic breast cancer patients. The clinical investigation evaluated everolimus with aromatase 
inhibitor (AI) exemestane versus placebo. The patients enrolled in the trial had previously progressed 
to AI anastrozole or letrozole. This trial demonstrated an improved progression-free survival (PFS) 
of 11 months in exemestane + everolimus arm in contrast with the 4.1 months of placebo + 
exemestane [P < 0.0001; hazard ratio = 0.38; 95% confidence interval (CI): 0.31–0.48] [28]. 
Therefore the combination of everolimus plus exemestane doubled the PFS time vs. placebo plus 
exemestane alone. As an outcome this trial brought to FDA-approval of everolimus with exemestane 
for the treatment of HR+ MBC patients who did not respond to letrozole nor anastrozole treatments. 

In order to improve the efficacy of everolimus treatment it is important to consider toxicity of 
the drug in order to give to patients the maximum tolerated dose without having serious side effects. 
A better understanding of mechanisms of toxicity to certain patients is therefore crucial for 
administering the drug the most efficient way. 
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The ABCB1 is an ATP binding cassette subfamily B member1, located on 7q21.12 for the 
membrane glycoprotein with activation of ATP-dependent pump, whose function is that of expel 
from cell cytoplasm toxic substances of the organism. The presence of functional receptors can have 
an impact on drug toxicity for cells. 

We will end this review by discussing more on how the toxicity of anti-mTOR drug everolimus 
could be dependent on genetic mutations, with a particular focus on mutations altering the normal 
function of the ATP pump receptors.  

4. Prospective and opinion 

When a targeted therapy is formulated, it is necessary to take into consideration a very 
important factor: the metabolic response. The liver is the main region of drug metabolism. Drugs 
must be easily metabolized by reactions, such as Redox-reactions, hydrolysis, hydration, 
conjugations, condensation or isomerization. Intervening enzymes in tissues generally are very 
concentrated in the liver. The speed of drug metabolism changes within patients. Some patients 
metabolize a drug so rapidly that hematic and tissue concentrations are not reached. Some patients 
metabolize; while other patients metabolize so slowly that the normal doses can cause toxicity. 
Loads of it is due to genetics. One of the factors that are a main influence of drug metabolism is the 
genotype of those genes belonging to the superfamily of cytochrome p450. There is not only one 
cytochrome p450, but there are other enzymes belonging to this superfamily: CYP 1A2, 2A6, 2B6, 
2C8, 2C9, 2C19, 2D6, 2E1, 3A4, 3A5, 4A11 and 4A7. Among them, CYP 1A2, 2A6, 2C9, 2D6, 2E1 
and 3A4 are the major responsible for the hepatic metabolism of drugs and it is therefore necessary to 
investigate before the presence of gene polymorphism encoding these enzymes involved with 
metabolism to avoid the occurrence of undesirable and dangerous complications during treatment [29]. 
Examples of correlations between anti-tumor drugs and cytochromes implied in metabolism are 
reported in Table 1. 

Table 1. Cytochromes involved in breast cancer therapies. 

Drug Involved Cytochromes Significance Outcome References 

Tamoxifen Tamoxifen is metabolized through demethylation, 

catalyzed by enzyme CYP3A4 

Non steroidal 

Oestrogen inhibitor 

US9896466B2 

Letrozole Letrozole metabolism is mediated by CYP2A6 and 

CYP3A4.  

Non steroidal 

Aromatase inhibitor  

US7465749B2 

Exemestane In vitro studies showed that the drug is metabolized 

by cytochrome P450 CYP3A4 and 

aldoketoreductase 

Steroidal Aromatase 

Inhibitor 

US4808616A 

Everolimus Inhibitors of CYP3A4 or PgP could increase 

hematic concentrations of everolimus reducing 

metabolism or efflux of the everolimus from 

intestinal cells. Inducers of CYP3A4 or PgP could 

reduce hematic concentrations of everolimus 

increasing metabolism or efflux of everolimus from 

intestinal cells. 

Rapamycin Analogue 

inhibitor of mTOR 

US6440990B1 



7 

AIMS Molecular Science Volume 7, Issue 1, 1-11. 

In order for everolimus to be efficient it needs to stay within the cells for an appropriate amount 
of time. However, an excessive period could lead to serious toxicities of the drug. The drug, after 
exerting its beneficent functions it must be expelled from the cell. ABCB1 is an important receptor 
for the liquidation of the drug, as described in the previous chapter. The receptor is therefore needed 
to avoid drug toxicity. The ABCB1 protein expression has important beneficent implications. It 
reduces the presence of the drug within the cells, decreasing toxicity and increasing the maximum 
tolerated dose. Therefore having a functional ABCB1 receptor expressed on the cells would 
ultimately and indirectly lead to an increase in treatment efficacy. The reduced velocity with which 
the cells expel the drug can be therefore toxic for the cells. The major side effects correlated with 
everolimus toxicity are reported below: 

 ORAL CABLE DISORDERS 
Stomatitis, mucositis, small skin lesions 
 RESPIRATORY SYSTEM DISORDERS 
Pneumopathies, interstitial pneumonia, dyspnoea 
 METABOLIC DISORDERS 
Weight loss, hyperglycaemia, transaminitis 
 OTHER DISORDERS 
Onicopatia, disgeusia, asthenia, skin rash, appetite reduction, headache, epistaxis, pyrexia [30]. 
Since there is loads of inter-patients toxicity and response to everolimus therapy variation, we 

have been evaluating in our hospital the polymorphism of ABCB1 genes as an important factor 
leading to the toxicity. There are nine common SNPs on ABCB1: rs1045642, rs6949448, rs2235067, 
rs2032583, rs2032582, rs1922242, rs1128503, rs2520464 and rs3789243 [31]. 

Pasqual et al. measured in 90 post-menopausal women with HR+ HER2- BC treated with 
examestane and everolimus following progression to non-steroidal inhibitors pharmacokinetics and 
pharmacodynamics in 37 patients [7]. They found 12 SNPs in genes involved in everolimus 
pharmacokinetics and pharmacodynamics and discovered an association with clinically relevant 
toxicities, dose reduction or treatment suspension due to toxicity. They found that ABCB1 
Rs1045642 was associated with risk of mucositis (p = 0.031). The Rs1045642 C>T is a synonymous 
mutation (I1145I), present in their population with a minor allele frequency (MAF) of 0.41, with 
specific frequencies of: C/C 24%, C/T 56%, T/T 21%. The rs1128503 C>T is also a synonymous 
alteration (G412G), present in their population with a MAF of 0.40, with specific frequencies of: C/C 
34%, C/T 45%, T/T 21%. The rs2032582 G>T is a missense mutation (A893S) with a MAF of 0.35, 
with specific frequencies of: G/G 32%, G/T 53% and T/T of 15% [7]. 

In our opinion ABCB1 nucleotide alterations could be significantly associated with toxicity. 
While rs1045642 C>T and rs1128503 C>T are both synonymous mutations, the rs2032582 G>T is a 
missense mutation that alters an amino acid in the ABCB1 (Figure 2). 
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Figure 2. ABCB1 Polymorphisms in metastatic breast cancer. 

Accordingly to Pascual et al., polymorphic rs1045642 allele T alters the expression of the gene 
encoding for the everolimus transporter ABCB1. Polymorphic rs1045642 C>T significantly 
correlated with risk of mucositis (OR 2.11, 95% CI 1.02–4.37, p = 0.043, according to univariate 
analysis; OR 2.27, 1.06–4.77, p = 0.031, according to multivariable analysis) [7]. This could be 
attributable to a fast change by which cells expel everolimus. This means that a therapy able to revert 
this polymorphism could lead to less everolimus-related side effects, reducing therefore risks to 
develop stomatitis and small skin injuries. 

Personalized medicine aims to use molecular changes within tumors of patients to direct clinical 
treatment. Besides tumors, personalized medicine can be used to measure thiopurine 
methyltransferases before administration of azathioprine in intestinal inflammation. In oncology it 
becomes crucial in determining a maximum tolerated dose for the highest efficacy of the drug, 
without being toxic to the individual [32]. 

Personalized medicine in future should involve tailoring of therapy based on biology and 
genetics of each tumor as well as the clinical characteristics of each patient [33].  

Better strategies for ad-hoc treatments of patients, based on the molecular characterization of 
tumors, will definitely rely on the study of single nucleotide polymorphisms. 

The progress that has been achieved in the field is already encouraging and better conclusions 
from new clinical trials are warranted. For example it has been demonstrated that FGFR4 rs1966265 
and FGFR2 rs2981578 have substantially contributed to the clinical outcome of breast cancer treated 
with chemotherapy, based on docetaxel-epirubicin-ciclophosfamide [34]. Moreover it has been also 
demonstrated that a polymorphism of uridine glucuronosyltransferase (UDPGT) is able to predict 
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clearance of dell'epirubicine. In fact, it has been reported that clinical outcomes of early stage breast 
cancer with UGT2B7-161 C>T SNP correlate with metabolism, toxicity and efficacy of the 
chemotherapy and epirubicin [35]. 
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