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Abstract Oncology indispensably leads us to personal-

ized medicine, which allows an individual approach to be

taken with each patient. Personalized oncology is based on

pharmacogenomics and the effect of genetic differences in

individuals (germline and somatic) on the way cancer

patients respond to chemotherapeutics. Biomarkers detec-

ted using molecular biology tools allow the molecular

characterization of cancer signatures and provide informa-

tion relevant for personalized treatment. Biomarkers can be

divided into two main subgroups: prognostic and predictive.

The aim of the application of prognostic biomarkers, which

provide information on the overall cancer outcome in

patients, is to facilitate cancer diagnosis, usually with no

need for putting invasive methods into use. Predictive

biomarkers help to optimize therapy decisions, as they

provide information on the likelihood of response to a given

chemotherapeutic. Among the prognostic factors that

identify patients with different outcome risks (e.g., recur-

rence of the disease), the following factors can be distin-

guished: somatic and germline mutations, changes in DNA

methylation that lead to the enhancement or suppression of

gene expression, the occurrence of elevated levels of

microRNA (miRNA) capable of binding specific messenger

RNA (mRNA) molecules, which affects gene expression, as

well as the presence of circulating tumor cells (CTCs) in

blood, which leads to a poor prognosis for the patient.

Biomarkers for personalized oncology are used mainly in

molecular diagnostics of chronic myeloid leukemia, colon,

breast and lung cancer, and recently in melanoma. They are

successfully used in the evaluation of the benefits that can

be achieved through targeted therapy or in the evaluation of

toxic effects of the chemotherapeutic used in the therapy.

1 Introduction

Conventional clinical procedures in patients with tumors

are based on the proper selection of chemotherapy

depending on the histopathological evaluation of the tumor

and its organs of origin. Molecular mechanisms of neo-

plasia involve a great number of genetic aberrations and

abnormalities [1], but a small part of them are found in all

tumor types, which may be of key importance for onco-

genesis and tumor progression [2].

In our paper, we investigate markers and separate them

into two subgroups: predictive and prognostic factors. It is

possible that the same biomarker might represent a good

prognostic and predictive factor, which makes this division

more difficult and sometimes can be practically confusing

(e.g., MGMT promoter methylation [3], circulating tumor

cells [CTCs] [4]). Furthermore, we focus on DNA markers

which are less known in diagnostics than serum biomarkers.

Samples for DNA biomarkers are mainly collected from

tissue after biopsy or blood cells containing nuclei. Genetic

variability and the occurrence of specific polymorphisms

may participate in susceptibility to diseases, including

tumors, and in the type of response to the therapy used. The

advances in molecular biology allow the identification of

the polymorphisms, which may soon permit us to enter the
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age of personalized medicine that will facilitate the choice

of appropriate clinical procedures [5]. The choice of tar-

geted therapy is based on the previous genetic analysis,

which is becoming a complement for conventional diag-

nostic methods. In order to make these strategies successful,

it is necessary to identify those populations of patients

carrying genetic abnormalities, in whom the given therapy

may be used with a positive outcome [6].

This review presents primarily markers for breast can-

cer, leukemia, colorectal cancer (CRC), lung cancer, mel-

anoma, and glioblastoma. However, many studies on

biomarkers have also been conducted for renal cancer [7,

8], thyroid cancer [9, 10], hepatocellular cancer [11, 12] as

well as ovarian cancer [13, 14].

Therefore, it is extremely important to search for novel

molecular biomarkers, since their correct selection permits

the assessment of the level of malignancy and disease

remission, monitoring of therapy advances, as well as the

prediction of the response to the therapy used (which

facilitates therapy selection from the available options).

2 Prognostic Biomarkers

Prognostic biomarkers enable the monitoring of the

advances of anticancer therapy, the assessment of the stage

of the tumor and its potential malignancy, as well as

the prognosis of disease remission in every case individu-

ally [15, 16].

A good biomarker is characterized by the specificity for

a given type of tumor and the appropriate level of

sensitivity, while the concentration of the biomarker should

reflect the stage of the disease and the response to the

therapy used [17].

Prognostic biomarkers are assigned to a specific tumor

type by determining the occurring polymorphism, mutation

or the change in DNA methylation or gene expression, or

by detecting the presence of specific microRNA (miRNA)

molecules or CTCs in the peripheral blood (Fig. 1).

2.1 Prognostic Biomarkers: Analysis of Mutations

and Polymorphisms

Mutations within the genes whose products participate in

DNA repair, such as BRCA1, BRCA2, ATM and P53,

predispose the patients to an increased risk of developing

breast cancer. Mutations of those genes in germline cells

may be inherited and a mutation in only one allele of the

BRCA2 gene contributes to the inactivation of the BRCA2

protein and impairs the repair system [18]. Therefore,

patients with mutations identified within the aforemen-

tioned genes should undergo regular screening examina-

tions [19], while mutations within the genes encoding

glutathione S-transferase (GSTM1, GSTT1, GSTP1) and a

polymorphism within the gene encoding prostate-specific

antigen (PSA), G158A single nucleotide polymorphism

(SNP), may increase the risk of developing prostate cancer

[20, 21]. Constitutive mutations in the APC gene predis-

pose the patients to familial adenomatous polyposis (FAP),

a genetic tumor disease of the autosomal dominant type of

inheritance, characterized by an increased probability of

occurrence of polyps and tumors in the gut [22]. The

Fig. 1 Examples of prognostic and predictive markers according to the subject of analysis. CTCs circulating tumor cells, miRNA microRNA. *

Studies in progress
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genome-wide association studies (GWAS) permit a fast

detection of genetic variants contributing to the patho-

genesis of complex genetic disorders, but also the detection

of numerous pharmacogenetic markers [5]. GWAS indicate

the clinical potential of the information on the polymor-

phisms predisposing the patients to aggressive forms of

prostate cancer as potential early markers of risk assess-

ment [23].

2.2 Prognostic Biomarkers: Analysis of Gene

and MicroRNA (miRNA) Expression

Prostate cancer is one of the most common tumors in men

[24]; therefore, it is essential to perform screening exam-

inations. An example of a prognostic biomarker imple-

mented in clinical diagnostics is PSA, whose upper limit of

normal serum concentration is 4.0 ng/ml. However, PSA is

not an ideal biomarker; elevated PSA levels in blood serum

may also be related to nonpathological benign prostatic

hyperplasia, prostatitis or inflammations of the genitouri-

nary tract. There have also been reports of patients with

diagnosed prostate cancer in whom PSA levels were below

4.0 ng/ml [25–27]. Therefore, an extensive search for

markers more specific than PSA is ongoing. By using

microarrays and the quantitative real-time PCR (qRT-PCR)

technique, Liong et al. [28] looked for those blood-based

markers of prostate cancer that would allow the identifi-

cation of men with aggressive forms of the disease.

Detailed analysis of 85 genes allowed them to identify six

genes, CRTAM, CXCR3, FCRL3, KIAA1143, KLF12 and

TMEM204, with potential prognostic significance. Deter-

mining the level of expression permits the stratification of

patients with more or less aggressive forms of prostate

cancer, which cannot be achieved with PSA [28].

Another example of the implementation of gene

expression analysis, this time in female patients with

diagnosed breast cancer, is the MammaPrint Symphony

analysis, in which the diagnostic test is based on the

microarray technique and four different bioinformatics

analyses. The first analysis, consisting of a panel of 70

genes, allows the assessment of tumor dynamics and the

direction of the neoplastic process, which, in consequence,

permits the stratification of patients into the groups of high

and low risk of relapse [29, 30] (regardless of the status of

receptors of estrogens, progesterone and human epidermal

growth factor 2). Separate analyses of these transcripts are

conducted as part of the TargetPrint test [31]. The infor-

mation obtained through these analyses, along with that

from the additional analysis of 80 transcripts in the Blue-

Print test, providing molecular distinction of breast cancers

into the basal, luminal and ERBB2 types, helps oncologists

to choose the appropriate chemo- and hormonotherapy.

The last test in the MammaPrint Symphony test set is

TheraPrint, a predictive test providing information on the

expression of the selected 56–125 genes identified as pre-

dictive biomarkers, which are of key importance for ther-

apy personalization and the assessment of potential benefits

from the chemotherapy used. For example, a significant

difference in the level of expression of the BCL2, CDH3,

GRB7, KRT6B, and KRT17 genes was observed between

the groups of patients responding and not responding to

treatment [31].

Expression analysis aimed at prognostic assessment may

also be conducted using real-time PCR. For example, the

diagnostic test Oncotype DX consists of a panel of 21

genes and assesses the probability of relapse of breast

cancer within 10 years. The 21 genes include five genes

related to proliferation (KI-67, STK 15, SURVIVIN, CYC-

LIB B1, MYBL2), four genes related to invasiveness

(STROMELYSIN 3, CATHEPSIN L2, HER2, GRB7), seven

hormonal genes (ER, PR, BCL2, SCUBE2, GTSM1, CD68,

BAG 1) and five reference genes (b-ACTIN, GAPDH,

RPLPO, GUS, TFRC). Unfortunately, the test based

on real-time PCR (Oncotype DX) reports a higher per-

centage of false negatives with respect to the expression of

HER2 [32].

miRNAs are small, noncoding RNA molecules that

regulate gene expression by binding specific messenger

RNAs (mRNAs). The presence of some miRNA molecules

may be related to hepatocellular carcinoma (HCC) [33],

multiple myeloma [34] and renal cell carcinoma [35]. HCC

is characterized by the overexpression of miRNA-255,

which increases the activity of the Wnt signaling path [36].

The presence of miRNA-155 levels in HCC patients sug-

gests a high level of malignancy, potential for metastasis

and poor prognosis [36]. In CRC, a prognostic role is

played by miRNA-362-3p, whose overexpression leads to

cell cycle arrest and inhibits the growth and migration of

tumor cells. A high level of miRNA expression correlates

with better prognosis for the patient [37].

2.3 Prognostic Markers: Analysis of Methylation

Recent studies indicate that the observation of the changes

in DNA methylation may also be a good prognostic mar-

ker. Association studies of the entire epigenome, as well as

studies of the methylation of single suppressor genes or

oncogenes, indicate that these genes may undergo hyper-

methylation in the tumor tissue, which blocks their pro-

moter sites and thus leads to the loss of gene expression

[38]. In their studies, Xu et al. [39] demonstrated that

estrogen receptor (ER) levels are correlated with the

methylation of RASSF1A, while progesterone receptor (PR)

levels are correlated with the methylation of RIL

and CDH13. In the RASSF1A gene, the altered methylation

pattern alone has been used to determine the time of

Biomarkers in Personalized Oncology 275



relapse of the tumor and the time of survival [39]. Vasilj-

evic et al. [40] concluded that the methylation pattern of

the HSBP1 gene encoding heat-shock protein 27 (HSP-27)

is a good prognostic biomarker in prostate cancer. In tumor

cells, the level of methylation increases toward the 30 ter-

minus, while that in benign prostatic hyperplasia remains

below 5 %, which is considered normal in the human

genome [40]. Another promising prognostic marker, ana-

lyzed in the peripheral blood instead of the tumor tissue, is

the methylation analysis of the SEPT9 gene, whose product

is involved in embryo- and carcinogenesis. Not every

patient agrees to undergo a prophylactic colonoscopy.

Therefore, an interesting alternative to this examination is

the assessment of the methylation status of the SEPT9

gene, in which the level of methylation is correlated with

the probability of developing CRC [41]. Although the

assessment of the methylation status of the SEPT9 gene has

no therapeutic benefits, it appears to be a good screening

test because of its low invasiveness.

2.4 Prognostic Biomarkers: Circulating Tumor Cells

(CTCs)

The presence of CTCs in the peripheral blood is a signif-

icant prognostic factor. Some cells that form the tumor

acquire the ability to detach from the tumor mass and

migrate across the blood vessel wall to the peripheral blood

[42]. Chang et al. estimated that approximately 106 sepa-

rating tumor cells per gram of tumor mass come into

contact with blood [43]. It is thought that the presence of

tumor cells in the peripheral blood is strongly correlated

with metastasis and the formation of secondary tumor foci.

Therefore, even a very small quantity of CTCs, such as 1

cell in a 10-ml blood sample, has poor prognosis [44–46].

One of the techniques allowing the determination of the

quantity of CTCs is the CellSearch system, capable of

detecting as little as 1 cell in 7.5 ml of blood [47]. After

their analysis of literature data, Wang et al. [48] estimated

that the presence of five or more CTCs correlates with a

short overall survival in patients with prostate cancer.

3 Predictive Biomarkers

Predictive biomarkers provide information on the proba-

bility of obtaining a response to treatment [49] and support

the process of therapeutic decisions [50]. The most

important predictive biomarkers with a recognized clinical

value in the molecular diagnostics in oncology are somatic

mutations, of both the point mutation and chromosomal

aberration types, in the following genes: EGFR, KRAS,

BRAF, PDGFRA, KIT, HER2, BCR-ABL, and EML4-ALK.

These key mutations are considered as predictors for

certain therapies, as shown in Fig. 1. The analysis of gene

expression or methylation is more common in research

studies than in routine diagnostics, with minor exceptions,

such as the TheraPrint microarray analysis that allows the

assessment of the expression of selected breast cancer

genes for the prediction of the response to treatment.

3.1 Predictive Biomarkers: Analysis of Mutations

and Polymorphisms

Somatic mutations in the KRAS gene are some of the earliest

incidents in the process of colorectal carcinogenesis. The

first reports indicating a correlation between the KRAS

mutations and the development of this tumor type appeared

as early as in 1988 [51]. The most common mutations occur

in codons 12 and 13; those less common occur in codons 61

and 146 [52]. The assessment of the mutation status in

codons 12 and 13 of the KRAS gene is a standard predictive

biomarker in the evaluation of the eligibility of patients with

advanced CRC for targeted therapy using monoclonal anti-

bodies such as cetuximab or panitumumab, directed against

the extracellular domain of epidermal growth factor receptor

(EGFR) [49, 53]. EGFR stimulates the growth and survival

of CRC cells (via signaling involving the MAPK, PIK3 and

JAK/STAT pathways) [50]. As a result of treatment, the

proliferation of tumor cells is inhibited, while the rate of

their apoptosis is increased. Therefore, the lack of mutations

in codons 12 and 13 of the KRAS gene has a positive pre-

dictive value [49, 50]. On the other hand, one has to

remember that the patients carrying no mutations in codons

12 and 13 of the KRAS gene but exhibiting a high level of

EGFR expression may present a worse response to treatment

if the presence of somatic mutations in codons 61 or 146 of

the KRAS gene, or the V600E somatic mutation in the BRAF

gene, has been determined in their tumor cells [52]. Anal-

yses of mutations in CRC indicate the incidence rate of both

the V600E mutation in the BRAF gene and mutations in

codon 61 of the KRAS gene as 10 % [54]. Therefore, quick

diagnostic tests based on molecular biology techniques have

been implemented in the assessment of mutations in both the

KRAS gene (codons 12, 13 and 61) and the BRAF gene

(V600E), while the use of the very sensitive real-time PCR

method seems proper, especially when DNA has to be

extracted from tissues with a low-density carcinoma pattern,

in which the limit of detection of Sanger sequencing or the

traditional single strand conformation polymorphism

(SSCP) methods return false negative results [54]. Regard-

less of the mutations in the KRAS gene, the response to the

monoclonal antibody therapy of metastatic CRC may also be

decreased by mutations in the PIK3CA gene and deletions in

the PTEN gene [55]. Perhaps future recommendations

regarding targeted therapy will also include the assessment

of mutations in the BRAF, PIK3 and PTEN genes.
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Thymidylate synthase (TS) is a critical enzyme for DNA

synthesis, so it is an important molecular target for many

chemotherapeutics, including 5-fluorouracil (5-FU). TS

overexpression is related to resistance to 5-FU. As has been

demonstrated, the presence of three copies of tandem

repeats (TSER*3) in the TS promoter region induces

increased TS expression, as compared with the presence of

only two copies of tandem repeats (TSER*2). Moreover, a

better response to 5-FU therapy has been observed in

patients with the TSER*2/TSER*2 or TSER*2/TSER*3

genotype. Such patients also exhibited increased overall

survival, as compared with those with the TSER*3 homo-

zygotes. One should remember that the overexpression of

TS (related to a high number of copies of the gene) results in

a failure in 5-FU therapy and shorter overall survival rates

in patients with metastatic colorectal cancer (mCRC) [56].

The catabolism of 5-FU is mediated by dihydropyrimi-

dine dehydrogenase (DPD), which is approved by the FDA

as a pharmacogenetic biomarker. In patients with DPD

deficit, a high toxicity of 5-FU occurs, which in some cases

leads to death [57, 58]. The most significant mutation

leading to the loss of enzymatic activity by the DPD pro-

tein is the G[A transition at a donor splice site

(IVS14?1G[A), which, in consequence, causes the skip-

ping of exon 14 [59]. Genetic analyses of the presence of

the DPD polymorphism (IVS14?1G[A) allow patient

qualification to groups of high or low risk of grade 3 or 4

toxicity during 5-FU therapy. Other studies conducted in

patients with grade 4 neutropenia demonstrated that 50 %

of patients are homozygous or heterozygous with respect to

IVS14?1G[A [60].

Microsatellite instability (MSI) analysis of the tumor

can provide prognostic and predictive information as well.

The results encompassing grade 2 and 3 CRC patients in a

single-factor analysis revealed that in patients with stable

microsatellites (MSS) or with low-frequency MSI, the

fluorouracil therapy had more benefits than in CRC patients

with high-frequency MSI (MSI?) (in the latter case, fluo-

rouracil did not result in disease improvement or even

cause the disease to worsen) [61].

An opposite tendency is observed with the use of cam-

ptothecin-11 (CPT-11), a topoisomerase I inhibitor that

eliminates those MSI? tumor cells, that have damaged

genes involved in mismatch system repair (MMR) [62].

However, the predictive value of the MSI status is under

discussion, and currently it is not commonly used in

oncological practice [50].

In patients with the non-small-cell lung carcinoma

(NSCLC), the assessment of mutations in the EGFR kinase

domain may be used as a predictive biomarker. It has been

proved that somatic mutations in exons 19 or 21 are related

to tumor sensitivity to therapies with tyrosine kinase

inhibitors (TKIs) such as gefitinib and erlotinib. A higher

median survival rate was observed in the case of exon

deletion in exon 19 than in the case of the point mutation

L858R in exon 21 [63].

In the Polish population, activating mutations (those in

exon 19 and substitution L858R in exon 21) of the EGFR

gene were found in 12 % of patients with diagnosed ade-

nocarcinoma during the analysis of deletions in exon 19 and

the substitution L858R [64], as well as in 13 % of patients

with the same diagnosis but during the analysis of 29

mutations in exons 18, 19, 20 and 21 of the EGFR gene [53].

Unfortunately, NSCLC cells susceptible to TKIs may

acquire resistance over time. It has been demonstrated that

in nearly half of the cases of lung adenocarcinoma, apart

from the mutations sensitizing the tumor to TKIs, the

somatic mutation T790M occurs in the EGFR kinase

domain of exon 20 [65]. The substitution of threonine for

methionine at position 790 increases the affinity of adeno-

sine triphosphate (ATP), which is the main mechanism of

formation of drug resistance [66]. Moreover, in approxi-

mately 20 % of cases, the MET gene amplification, inde-

pendent of the mutation T790M in the EGFR gene, may be a

potential cause of drug resistance. This may generate

acquired resistance via the activation of the ERBB signaling

pathway. Studies employing the XL880 molecules (inhibi-

tors of MET kinase) and small interfering RNA (siRNA)

preventing MET expression demonstrated that in the H820

cell line, ERBB signaling is highly dependent on the

activity of MET. The results of the analysis confirm the

promising potential of low molecular weight inhibitors in

patients suffering from lung adenocarcinoma with acquired

resistance to EGFR inhibitors but carrying multiple copies

of the MET gene [67]. In 2007, Soda et al. [68], for the first

time in NSCLC patients, identified a small inversion in the p

region of chromosome 2, whose consequence was the for-

mation of the fusion gene EML4-ALK. The study revealed

the presence of the inversion in 6.7 % of patients; the study

group included 75 Japanese patients [68]. In studies

involving larger groups (n = 266), a lower incidence of

4.9 % is indicated [69].

One has to remember that the aberration EML4-AKL

occurs in different histological types of NSCLC in non-

smoking patients and most often does not occur together

with the mutations in the EGFR and KRAS genes [69]. The

translocation plays the leading role in tumor development

in this group of patients. In the studies involving transgenic

mice carrying the overexpressed EML4-ALK fusion gene as

the model organism, hundreds of adenocarcinoma tumors

developed in both lungs within a few weeks after birth.

This led the authors to conduct further studies of the

dominating role of this oncogene in lung carcinogenesis

[70]. Subsequent studies of ALK and MET inhibitors led to

the quick introduction of crizotinib into the market (2011),

while the predictive assessment of the fusion gene
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EML4-ALK, using fluorescence in situ hybridization

(FISH) for paraffin-embedded material or reverse trans-

criptase PCR (RT-PCR) for cytological material [71], is of

key importance for the evaluation of the patients’ eligibility

for treatment with this selective kinase inhibitor.

Another example of a fusion gene as a predictive bio-

marker is the presence of BCR-ABL, the key fusion gene for

targeted therapy, in patients with chronic myeloid leukemia

(CML). The expression of the newly formed chimeric

protein, the tyrosine kinase BCR-ABL, is possible thanks to

a translocation between chromosomes 9 and 22 [72],

whereas the predictive assessment of the presence of this

protein has allowed the evaluation of the patients’ eligibility

for treatment with imatinib for more than 10 years.

Another interesting predictive biomarker is the assess-

ment of somatic mutations in codon 600 of the BRAF gene

in patients with advanced melanoma. For many years, the

only medicine approved by the FDA in this indication was

dacarbazine (DTIC), and the response to this therapy was

very poor, approximately 10 % [73]. The identification of

the most common mutation in codon 600 of the BRAF gene

(V600E) and the introduction of its strong inhibitor,

vemurafenib, into therapy marked the breakthrough in the

oncological approach to this tumor type. The BRAF gene

encodes a protein of the raf/mil family of serine-threonine

kinases. It is involved in the regulation of the MAP kinase

and the ERK signaling path, which affects cell division,

differentiation and secretion. Missense somatic mutations

in the BRAF gene (V600E/K/D/R/M) occur in many tumor

types. However, the highest incidence rate has been

reported in malignant melanoma (66 %), most of which is

represented by the mutation V600E (c. 1799 T[A) [74].

The results of phase III clinical trials have proven that

vemurafenib decreased the risk of death by 63 % and the

risk of tumor progression by 74 % in untreated inoperable

patients with stage III or IV melanoma carrying the

mutation V600E, as compared with dacarbazine. The

response to the therapy was observed in 48 % of the

vemurafenib-treated patients, as compared with 5 % of

patients treated with dacarbazine. Moreover, the study

group included patients with the mutations V600K and

V600D. As many as 40 % of patients with the mutation

V600K also responded to the treatment with vemurafenib

[73, 75]; therefore, it seems important to determine not

only the most common mutation, V600E, but also other

known activating mutations, either using the pyrose-

quencing technique [76] or real-time PCR (Entrogen, Inc).

Unfortunately, as in the case of NSCLC and CRC, the

problem of the resistance of melanomas to the aforemen-

tioned inhibitors is becoming noticeable. Studies of drug-

resistant clones derived from the cell lines of the BRAF

V600E M14 melanoma treated with the inhibitor AZ628

revealed an increased activity of the CRAF protein. In light

of these studies, the CRAF protein may gain a high predic-

tive value in the assessment of efficacy of BRAF inhibitor

therapy. The potential predictive value has also been

assessed for geldanamycin (tumor cells with a high level of

CRAF expression were highly susceptible to this medicine)

[77]. Further molecular studies related to personalized

medicine revealed somatic point mutations in the MEK1

gene (in a cell line of the BRAF V600E A375 melanoma),

whose presence contributes to the resistance to the MEK

inhibitor (AZD6244) [78], as well as a somatic mutation in

the KIT oncogene, characteristic of mucosal melanomas

(21 %), acral melanomas (11 %) and melanomas related to

chronic sun-induced damage (16.7 %). Moreover, the

mutations in the KIT gene are observed in melanomas sus-

ceptible to imatinib [79], which makes the gene a potential

therapeutic target, studied for almost 10 years.

Breast cancer is the most common malignant tumor in

women, and the studies aimed at identifying its predictive

biomarkers have been conducted for over 10 years. The

predictive biomarkers listed below include both polymor-

phisms and somatic mutations.

The main medicine used to treat breast cancer is

tamoxifen. The polymorphism CYP2D6*10/*10 (and

CYP2D6*5/*10) is related to a lower concentration of en-

doxifen (active metabolite of tamoxifen) and a high con-

centration of N-desmethyltamoxifen (NDM). This means

that NDM accumulation in blood plasma is a direct con-

sequence of the damage to the metabolic conversion of

NDM into endoxifen [80]. The correlation between

CYP2D6*10/*10 and the low concentrations of main active

metabolites of tamoxifen (like endoxifen and 4-hydroxy-

tamoxifen), as well as the suggestion of a correlation

between these results and the weaker response to tamoxifen

in the treated female patients, have been mentioned before

[81]. Some studies appear to confirm this hypothesis. Xu

et al. [82], for the first time, studied this correlation in the

female population in China. In patients who were homo-

zygous with respect to the CYP2D6*10 variant T/T, a

considerably lower concentration of 4-hydroxytamoxifen

was reported, as compared with the control group of wt

C/C homozygotes. Subsequently, the effect of this poly-

morphism on the therapy was investigated. As expected,

the CYP2D6*10 T/T patients had worse clinical results

than those with the C/C and C/T genotypes. Importantly,

among the nontreated women, no effect of this genetic

alteration on the survival was observed [82]. On the other

hand, in a study investigating the correlation between the

alleles CYP2D6*1, *4, *5, *9, *10, *41, and *UM and

overall survival or breast cancer-specific survival (BCSS)

in 3,155 patients treated with tamoxifen and 3,485 non-

treated patients during the period of 7 years, no statistically

significant correlations were found [83]. A similar lack of

correlation was observed in the Japanese population of
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female breast cancer patients receiving tamoxifen as

adjuvant therapy and carrying the genotype CYP2D6*10

[84].

Similarly, the analysis of the HER2 gene amplification is

the basic genetic test used in cancer diagnostics for the

evaluation of the eligibility of breast cancer patients for

treatment with trastuzumab or lapatinib. Unfortunately,

trastuzumab therapy does not always induce the desired

response in patients. Studies conducted with the NIH3T3

and MCF-7 tumor cell lines indicate that the aforemen-

tioned drug resistance may be related to the presence of the

isoform HERD16, which, once coupled with Src kinase,

increases its metastatic and oncogenic properties. In such

circumstances, one of the proposed strategies involves the

use of appropriate inhibitors to separate the HER and

kinase pathways. In the described experiment, the use of

dasatinib TKI resulted in the inhibition of Src kinase [85].

3.2 Predictive Biomarkers: Analysis of Gene

and miRNA Expression

An example of RNA expression analysis as a predictive

biomarker is the analysis of the transcript of the ERCC1

gene encoding the key enzyme for DNA repair. Due to the

poor prognosis for patients with HCC, prognostic and

predictive markers are highly desired. Increased ERCC1

expression accompanies hepatic fibrinogenesis and neo-

plasia. Similarly to NSCLC, it has been demonstrated that

in patients with HCC, higher ERCC1 expression is related

to resistance to cisplatin. Apart from ERCC1, the analysis

of mTOR and c-erb-B2 expression may as well provide

information on the aggressiveness of the tumor due to the

involvement of these genes in hepatocarcinogenesis [86].

In light of the small number of predictive markers

practically applicable in the analysis of RNA expression,

the use of miRNA diagnostics is particularly promising

(Fig. 1). Studies involving the MCF-7 breast cancer cell

lines exhibiting the expression of the aforementioned iso-

form HER2D16 suggest a relationship between miRNA-

342 and the response to tamoxifen. It has been demon-

strated that miRNA-324 is present in the tumor cells sus-

ceptible to this chemotherapeutic, and its suppression

correlates with resistance. Since clinical data indicate a

correlation between lower miRNA-342 expression and

resistance to the medicine, restoring the expression might

constitute a new and efficacious therapeutic approach [87].

Deregulation of the miRNA levels plays an equally

important role in bladder cancer, in which it is correlated

with dysplasia and may become both a prognostic and a

predictive biomarker. An analysis of over 600 miRNAs

from tumor tissues derived from patients with bladder

cancer treated with cisplatin allowed the narrowing of the

signature to 15 miRNAs that correlate with the response to

chemotherapy, five miRNAs that correlate with survival

time, and three miRNAs (886-3p, 923, 944) that correlate

with both factors [88].

3.3 Predictive Biomarkers: Analysis of Methylation

One of the most recognized predictive factors is the methyl-

ation of the MGMT promoter (Fig. 1). The current standard

treatment of patients with glioblastoma includes surgeries

followed by radiation therapy and chemotherapy involving

the use of DNA alkylating agents capable of an efficient

penetration of the blood–brain barrier (temozolomide [TMZ])

[89]. It has been proven that such a combination is much more

efficacious than the radiation therapy alone [90]. Moreover,

this treatment option is strongly predicted by the methylation

of the MGMT promoter [90–92] (Fig. 1), which is beneficial

because of its relatively common use.

Methylations are observed in nearly 40 % [93] to 44 %

[94] of all glioblastoma cases, but there are subgroups

characterized by a higher frequency of methylation (more

common in women than in men: 53 vs. 39 %); moreover,

the MGMT promoter methylation occurs much more fre-

quently in secondary tumors than in primary tumors (73 vs.

43 %) [94].

MGMT is an enzyme responsible for removing meth-

ylated adducts from the O-6 position of guanine, which is

one of the main biological targets for alkylating agents

[91]. The high repair activity of MGMT ‘protects’ cancer

cells from chemotherapeutics such as carmustine or the

above mentioned TMZ [91, 92]. A comparative study

revealed a positive correlation between MGMT methyla-

tion and the response to carmustine (including overall

survival and disease-free survival, as compared with the

response to the drug in the patients with no methylation).

Earlier in vitro studies demonstrated that the methylation

of the CpG islands in the MGMT promoter region is

responsible for the silencing of the gene [95–97]. Further

studies revealed a correlation between the loss of expression

and a high frequency of primary tumors. In an analysis of

over 500 primary tumors, it was determined that the highest

percentage of methylation occurs in gliomas and CRC

(40 % each), as well as in NSCLC, leukemias and head and

neck tumors (25 % each) [98]. Thus the inactivation of the

MGMT gene is a common epigenetic mechanism in malig-

nant tumor progression [91]. Therefore, when the MGMT

promoter undergoes methylation resulting in the inhibition

of MGMT expression, the effect of the medicine (TMZ) is

more pronounced as the results of its activity are not repaired

by O-6-methylguanine-DNA methyltransferase [89, 99].

The determination of the methylation status of the

MGMT promoter instead of the analysis of gene or protein

expression has the technical advantage of not being sus-

ceptible to contamination by the lymphocytes infiltrating
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the tumor or normal tissue. Since the MGMT promoter in

normal tissue is not methylated, the analysis returns simple

results, which enables its inclusion in routine diagnostics

[91].

3.4 Predictive Biomarkers: Circulating Tumor Cells

(CTCs)

Presence or absence of CTCs brings prognostic value.

Assessment of CTC count before, during and after thera-

pies at different times also enables prediction of treatment

outcome [4, 100]. Although the amount of isolated CTCs

from patient samples are very low, some researchers have

evaluated new methods for highly efficient enrichment of

CTCs in order to perform gene expression profiling [101].

Molecular characterization of CTCs would be helpful to

predict response to therapy. For example, Reinholz et al.

[102] demonstrated that decreased mammaglobin 1

(MGB1) mRNA level in CTCs collected from metastatic

breast cancer patients may help predict response to therapy.

4 Conclusions

Molecular diagnostics is one of the key tools allowing the

personalization of oncology [103]. However, it is important

that the clinical tests allowing the assessment of the infor-

mation provided concurrently by prognostic and predictive

markers permit quicker diagnoses and accurate choices of

therapeutic procedures. Predictive biomarkers can provide

information helpful in avoiding the toxicity of standard

(systemic) therapies and in evaluating the eligibility of

patients for targeted therapy [49]. The greatest number of

biomarkers has been found for breast cancer, prostate can-

cer and lung cancer, as they are the most common tumor

types in general population. However, to date, this has not

led to a significant extension in patient survival, as these are

malignant metastatic tumors that have a poor prognosis

overall. The development of high-throughput technologies,

such as microarrays, new generation sequencing methods

and mass spectrometry focused on nucleic acids, allows the

use of a growing range of DNA biomarker analyses (e.g.,

Onco DEEP, Onco TRACE) [104]. Last but not least, The

Cancer Genome Atlas (TCGA) project creates the possi-

bility to compare whole genomes of the same cancer from

different patients and can be used to identify novel bio-

markers, for example, prognostic presence of IDH1

p.R132H mutation in glioma [105, 106].
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