
Introduction

In 1948, cell-free nucleic acids (cfNAs) were observed in 

the human blood circulation for the fi rst time [1]. In 

1977, Leon and colleagues [2] reported that cell-free 

DNA (cfDNA) was present at concentrations ranging 

between 0 and 2  μg/mL in the serum of patients with 

breast cancer and that it was possible to analyze 

variations in the amount, depending on the stage of the 

disease and the response to the treatment received by the 

patients. In the late ’80s, correlations of the presence of 

cfDNA in the serum of tumor patients with the malig-

nancy of their disease were described [3]. In 1994, the 

potential clinical relevance of cfNAs was documented by 

the detection of mutated Ras molecules in the blood 

from patients with pancreatic cancer and myelodysplastic 

syndrome [4,5]. Th ese detections led to a wealth of studies 

that have analyzed genetic and epigenetic alterations, 

such as microsatellite instability or loss of heterozygosity 

(LOH) and aberrant methylation on cfDNA extracted 

from the plasma or serum of patients with cancer [6]. In 

2000, it was shown that cell-free RNA (cfRNA), namely 

telomerase mRNA, can also be detected in the serum of 

patients with breast cancer [7]. Not until 2009 could 

tumor-specifi c changes be demonstrated in the levels of 

circulating microRNAs (miRs) in the serum of patients 

with breast cancer [8].

Th e release of cfNAs into the bloodstream occurs by 

diff erent sources, including the primary tumor, tumor 

cells that circulate in the blood, micrometastatic deposits 

that are present at distant sites (for example, bone 

marrow and liver), and normal cell types, such as 

hematopoietic and stromal cells [9]. Th e physiological 

events that lead to the increase of cfNAs in the blood 

during cancer development and progression comprise 

increased apoptotic and necrotic cell deaths as well as 

active secretion into the blood circulation [10,11]. Th us, 

both tumor and normal cfNAs circulate in the blood of 

patients with tumors. Th e proportion of tumor cfNAs 

varies owing to the size of the tumor or metastases. It has 

been estimated that, for a patient with a tumor that 

weighs 100 g, which corresponds to 3 × 1010 tumor cells, 

up to 3.3% of tumor DNA may enter the blood every day 

[12]. Besides, the DNA fragmentation seems to be 

diff erent in various cancer entities. Whereas DNA 

integrity was increased in patients with breast cancer, 

indicating pre dominantly necrotic origin, the levels of 

short, presu mably apoptotic DNA fragments were higher 

in patients with other cancer types [6]. Alternatively, 

DNases can contribute to these shorter fragments by 

digesting high-molecular weight DNA. Th e clearance of 

cfNAs occurs by degradation and other physiological 

fi ltering events of the blood and lymphatic circulation. 

Usually, cfNAs are removed from the blood by the liver 

and kidney, and their half-life in the circulation is 

variable, ranging from 15  minutes to several hours 

[13,14].

Plasma/serum cfDNA levels and integrity

Tumor development is frequently accompanied by 

increased levels of cfDNA in the peripheral blood. A wide 
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range (from 100 to 550  ng) of cfDNA per milliliter of 

blood has been detected in patients with breast cancer 

[15]. On average, the size of cfDNA varies between small 

fragments of 70 to 200 base pairs and large fragments of 

approximately 21 kilobases [10]. Th e extraction of cfDNA 

from serum or plasma has been carried out by standard 

commercially available DNA kits. Diff erent fl uorescence-

based methods (PicoGreen (Invitrogen) staining and 

ultraviolet (UV) spectrometry) or quantitative poly-

merase chain reaction (PCR) (SYBR Green and TaqMan 

(Applied Biosystems)) have been used to quantify the 

concentrations of cfDNA [16].

In patients with breast cancer, discrepant data on the 

levels of cfDNA have been reported by using serum or 

plasma (Additional File 1). Although the serum levels of 

cfDNA could diff erentiate between healthy women and 

patients with invasive breast cancer, they could not 

discriminate malignant from benign breast lesions [17]. 

In contrast, the plasma concentrations of cfDNA were 

signifi cantly higher in patients with breast cancer than 

those in the patients with benign tumors [18,19]. Th ese 

analyses were carried out by using serum or plasma from 

diff erent patient populations. Usually, the DNA concen-

trations in serum are higher than those in plasma because 

DNA may also be released from hematopoietic cells 

during the clotting process. Whether plasma actually 

refl ects cfDNA amounts in the blood of patients with 

breast cancer more appropriately than serum needs to be 

verifi ed in the same patient population. In general, the 

data on the quantifi ca tion of cfDNA do not seem to be 

useful in diagnostic settings of patients with breast 

cancer, because of the overlapping cfDNA concentrations 

that are found among patients with benign and malignant 

disease. However, levels of cfDNA showed a greater 

dynamic range and correlation with changes of tumor 

burden than did the cancer antigen CA 15-3 or 

circulating tumor cells (CTCs) and were suggested as an 

informative, inherently specifi c, and highly sensitive 

biomarker of metastatic breast cancer [20]. Th erefore, 

quantifi cation of cfDNA could be useful in combination 

with other blood tumor biomarkers. Th is notion is 

supported by the reported prognostic relevance of 

cfDNA yields in patients with breast cancer. Within this 

patient cohort, increased serum DNA levels were 

associated with poorer overall and disease-free survival 

[17].

Apart from the primary tumor, CTCs and disseminated 

tumor cells (DTCs) also seem to have an impact on the 

levels of cfDNA in the blood of patients with breast 

cancer [21]. It has been reported that cfDNA is able to 

indicate the CTC status [22]. Th e use of CTCs and DTCs 

as prognostic markers has been well documented. Enrich-

ment and detection methods of these tumor cells in 

blood and bone marrow include the CellSearch system 

(Janssen Diagnostics, Raritan, NJ, USA), positive or 

negative immuno-selection or both, and molecular 

approaches [23]. With these methods, a correlation 

between the presence of CTCs and cfDNA amounts in 

the blood of patients with breast cancer was demon-

strated [22]. During the dormancy phase of breast cancer 

(the time between removal of the primary tumor and 

subsequent relapse of a patient who has been clinically 

disease-free [24]), an inverse relationship between cell 

viability in the bone marrow (the presence of DTCs) and 

cell death in the plasma (the levels of cfDNA) was 

observed [25].

In addition, the measurements of the integrity of 

cfDNA by quantifying short and long DNA fragments of 

non-coding ALU repeat sequences, which are inter-

spersed on all chromosomes throughout the genome, led 

to promising results. Th ese analyses demonstrated that 

an ALU DNA integrity assay may be sensitive to detect 

early-stage metastasis to regional tumor-draining lymph 

nodes [26]. A PCR assay also showed that longer DNA 

fragments released from non-apoptotic cells mainly 

contribute to the rise in DNA levels during adjuvant 

systemic therapy [27]. Th us, further investigations are 

necessary to address the specifi city of such an assay as a 

blood biomarker for breast cancer.

Genetically altered plasma/serum cfDNA

Numerous tumor-associated chromosomal regions, which 

are involved in breast cancer and have an infl uence on cell 

cycle, cell adhesion, or apoptosis, have been identifi ed by 

cytogenetic and molecular genetic methods. Allelic im-

balances, such as LOH and microsatellite instability, are 

usually assessed by using PCR-based fl uorescence micro-

satellite analysis (Additional File  1). However, accurate 

identifi cation of LOH on cfDNA is often restricted by 

technical limitations such as poor quality and quantity of 

tumor-specifi c DNA. In PCR, the use of DNA fragments 

from blood can result in false-positive data and artifi cial 

LOHs displaying either DNA loss at the shorter or longer 

allele of the same locus and in the same plasma sample. 

Th e low incidence of LOH detected on cfDNA has been 

explained in part by the dilution of tumor-associated 

cfDNA in the blood by DNA released from leukocytes 

and stroma cells [28]. Also, the abnormal proliferation of 

benign cells, due to infl ammation or tissue repair 

processes, leads to the accumulation of DNA in the blood 

and the masking of LOH [29]. Th e proportion of wild-

type DNA in the blood circulation of patients with breast 

cancer is unknown and may fl uctuate. Th erefore, only a 

fraction of cfDNA is diagnostically relevant. Th e major 

problem of an approach on cfDNA has been assay 

specifi city and sensitivity. Nevertheless, the fact that 

small tumors of histoprognostic grade 1 or in situ 

carcinomas can present DNA alterations in the plasma or 
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serum at an early stage suggests that analyses of cfDNA 

may be developed into a useful diagnostic tool for breast 

cancer [30]. Th is is also supported by the signifi cant 

associations of LOH with some risk factors of patients 

with breast cancer and the demonstrated possibility of 

monitoring cfDNA in patients undergoing systemic 

therapy [28,31]. In this regard, it was reported that after 

mastectomy the persistence of plasma tumor DNA was 

associated with prognostic, histological parameters that 

point to potentially undetectable micrometastatic disease 

[32]. Moreover, the prognostic value of LOH frequency 

on cfDNA to predict disease-free survival of patients 

with breast cancer has been revealed [33]. DNA loss of 

the chromosomal region 13q31-33 may be an indication 

of lymphatic tumor cell spread [17]. Deletions of the loci 

3p24.2-25 and 9p21 were signifi cantly associated with 

tumor relapse [31]. However, owing to the high back-

ground of normal cfDNA in the blood, the LOH 

frequency detected in these studies is usually low. 

Th erefore, alternative approaches, such as improved 

cfDNA extraction methods for detection of tumor-

specifi c deletions, are needed. My laboratory tried to 

improve the detection rate of LOH by fractionating the 

extracted plasma DNA in low- and high-molecular 

weight DNA by using two diff erent column systems. We 

detected a higher LOH frequency in the fraction 

containing short DNA fragments than in the fraction 

containing long DNA molecules and obtained important 

information on DNA losses of tumor suppressor genes, 

such as TIG1, PTEN, cyclin D2, RB1, and BRCA1. In 

particular, loss of the cyclin D2 gene seems to be a 

prognostic marker for patients with breast cancer [34].

Besides LOH, mutations on cfDNA have been detected 

in the blood of patients with breast cancer. Mutations on 

cfDNA are usually probed by using allele-specifi c PCR 

assays, but nowadays, deep and next-generation paired-

end sequencing [35] of entire genes is also applied. Non-

invasive, exome-wide analysis of cfDNA could comple-

ment current invasive biopsy approaches to identify 

specifi c mutations associated with acquired drug 

resistance (for example, against tamoxifen, trastuzumab, 

or lapatinib) in advanced cancers [36]. Th e detection of 

p53 mutations on plasma cfDNA may be used as an early 

prognostic factor to indicate recurrence or distant 

metastasis of patients with breast cancer [37]. Moreover, 

cfDNA analyses, which showed the presence of amplifi ed 

circulating human epidermal growth factor receptor 2 

(HER2) in the plasma, could provide a marker for patients 

with HER2-positive breast cancer [38]. In 40% of breast 

cancers, somatic mutations of PIK3CA (a class I phos-

pha tidylinositol-3 kinase (PI3K) catalytic subunit), which 

modulate PI3K signaling transduction, are present. 

Clinical trials begin to apply and evaluate inhibitors of 

PI3K signaling pathways. In patients with metastatic 

breast cancer, the feasibility and potential utility of 

cfDNA for detection of PIK3CA mutations were reported 

[39]. Th e major problem of this approach was in its assay 

specifi city and sensitivity. A requirement for assays 

targeting cfDNA mutations is that the mutation in the 

tumor occurs frequently at a specifi c genomic site. A 

major drawback of cfDNA assays is the low frequency of 

some mutations that occur in tumors and the interference 

by wild-type sequences.

In paired tumor tissue and plasma samples, high-level 

DNA amplifi cations with specifi c copy number variations 

were identifi ed in clusters at several chromosome arms. 

Up to 12 years after diagnosis, these amplifi cations were 

still detectable in the follow-up plasma samples of 

patients. Th e cfDNA array analysis could distinguish 

between preoperative cancer patients and those who 

have had surgery and treatment [40]. Surprisingly, 

Bechmann and colleagues [41] found that neither the 

levels of cfDNA nor those of HER2 gene copy number are 

elevated in patients with primary breast cancer. During 

neoadjuvant chemotherapy, the levels of both parameters 

increased but without any relation to treatment eff ect 

[41].

Epigenetically altered plasma/serum cfDNA

DNA methylation is a common early event in carcino-

genesis and can be a potential predictor of cancer risk. 

Epigenetic alteration may lead to inactivation of tumor 

suppressor genes by methylation of CpG-rich regions 

near the transcriptional start site. Assays for the 

detection of tumor-specifi c changes in DNA methylation 

have a higher sensitivity than microsatellite analyses and 

mutation analyses and represent most promising 

approaches for risk assessment in patients with breast 

cancer (Additional File  1). Aberrantly methylated cyto-

sines within CpG dinucleotides can be detected by 

sodium bisulphite treatment of extracted cfDNA, which 

converts only unmethylated cytosines to uracil. Th e 

modifi ed cfDNA is then analyzed by using either 

methylation-specifi c PCR (MSP) with primer sets that 

specifi cally bind to methylated and unmethylated DNA 

or DNA sequencing. Another method for determination 

of the DNA methylation status is a PCR using extracted 

cfDNA enzymatically treated with methylation-sensitive 

restriction enzymes which cleave unmethylated DNA but 

not methylated DNA [42].

Although epigenetic alterations are not unique for 

breast cancer, there are tumor suppressor genes that are 

frequently methylated and downregulated in breast 

cancer [43,44]. In particular, methylation of circulating 

tumor suppressor genes, which were not methylated in 

serum or plasma of healthy women, has been described 

in patients with breast cancer. Th is methylation of 

cfDNA that resembles the DNA methylation pattern of 
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the primary tumor may be a highly specifi c diagnostic 

biomarker and underscores the utility of cfDNA as a 

non-invasive tool for methylation analysis. A phenotypic 

feature of breast tumor biology is the methylated cfDNA 

of RASSF1A (ras association domain family protein 1A), 

MAL (myelin and lymphocyte protein), and SFRP1 

(secreted frizzled-related protein 1) [43]. Th e epigenetic 

inactivation of RASSF1A is one of most common 

molecular changes in cancer, suggesting RASSF1A 

methy lation as an attractive biomarker for early cancer 

detection [45,46]. Its aberrant promoter hypermethy la-

tion may be common among high-risk women and 

detectable years before breast cancer diagnosis [47]. In 

the plasma of patients with breast cancer, the CST6 

promoter is also highly methylated and its gene product 

cystatin is an endogenous inhibitor of lysosomal 

cysteine proteases and functions to protect cells against 

un controlled proteolysis, but not in healthy individuals 

[48,49]. However, methylation assays of a single gene 

frequently result in a low sensitivity (of less than 30%); 

therefore, analyses of several genes have been accom-

plished, resulting in a more reasonable sensitivity with 

high specifi city in breast cancer detection [50]. With 

eight selected tumor suppressor genes used as a panel, a 

sensitivity and specifi city of more than 90% could be 

achieved in distinguishing between breast cancer and 

normal samples. Th e selected genes were involved in 

cell cycle, DNA repair, invasion, metastasis, signal 

trans duc tion, and cell detoxifi cation [51]. Moreover, the 

combi nation of an MSP assay of GSTP1 (glutathione S-

trans ferase P1), RASSF1A, and RARβ2 (retinoic acid 

receptor β2) with the quantifi cation of CEA or CA15-3 

(or both) is promising for enhancing the sensitivity to 

diagnose meta static breast cancer [52]. Finally, the 

combination of an MSP assay of RARβ2 and RASSF1A 

with the quantitative analysis of cfDNA distribution 

between cell-bound and cell-free blood fractions 

provides a sensitive assay for discriminating malignant 

from benign breast tumors [53]. Another study pointed 

out that hypermethyled BRCA1, p16, and 14-3-3sigma 

detected in all histological types, stages, and grades in 

the serum may enhance early detection of sporadic 

breast cancer [44]. Th e correlation of methylated APC 

(adenomatous polyposis coli), RASSF1A, and ER1 

(estrogen receptor 1) with the presence of CTCs was 

related to a phenotypic feature of more aggressive breast 

tumor biology [22]. In this regard, the association of 

methylated APC and GSTP1 molecules with CTCs also 

correlated with a more aggressive breast tumor 

phenotype and an advanced disease stage [54]. A 

relationship between the presence of CTCs and highly 

methylated cfDNA of SOX17 (sex determining region Y-

box 17) promoter was detected in patients after surgical 

removal of the primary tumor [55].

Besides the diagnostic value of methylated cfDNA, 

changes in the methylation pattern can have a prognostic 

value. Patients with breast cancer showing concurrently 

methylated ERβ (estrogen receptor β) and RARβ2 had a 

signifi cantly shorter median overall survival, underlining 

that hypermethylation of these two genes may serve as an 

adverse prognostic factor for breast cancer [56]. In pre-

treatment serum, methylated RASSF1A and APC may be 

independently associated with poor outcome and more 

powerful predictors than standard prognostic parameters 

[57]. Methylated GSTP1, RASSF1A, and RARβ2 con sti-

tute a signifi cant and independent prognostic factor, and 

their combination with total serum cfDNA seems to be 

even more eff ective for the prognosis of patients with 

breast cancer [58]. Th e prognostic signifi cance of 

methylated RASSF1A was also described in the plasma of 

the patients [59].

Methylation patterns of cfDNA may also be used to 

monitor treatment. After surgery, tamoxifen treatment or 

combined treatment of patients with breast cancer, the 

methylation pattern of cfDNA may change and become 

similar to that of healthy controls [60]. It was reported 

that demethylation of RASSF1A throughout the 

treatment with tamoxifen indicates a response but that 

its persistence or new appearance in the serum means 

resistance to adjuvant tamoxifen therapy [61]. Even early 

during neoadjuvant therapy, methylated RASSF1 in the 

serum became undetectable in patients with complete 

pathological response, whereas methylated RASSF1 

persisted longer or throughout the treatment in patients 

who had only partial or minimal pathological response 

[62].

Circulating plasma/serum nucleosomes

CfDNA circulates in the human blood in diverse forms: 

as naked (unbound) DNA, DNA associated with histones 

(mono nucleo somes and oligonucleosomes), DNA bound 

to plasma proteins or packed in apoptotic bodies. Circu-

lating nucleosomes are usually quantifi ed by enzyme-

linked immunosorbent assays (ELISAs). Inde pen dent of 

the histological cancer type, elevated levels of circulating 

nucleosomes have been observed in the blood [63]. For 

breast tumors, this increase seems not to be cancer-

specifi c, as they cannot discriminate between benign and 

malignant breast lesions [64]. However, circulating 

nucleosomes can be used as a sensitive marker for 

apoptotic cell death, based on the correlation of their 

concentrations with the activities of serum caspases-3 

and -7, which are involved in the apoptotic pathway. My 

laboratory found that increased serum levels of nucleo-

somes, along with the changes in apoptosis-related 

deregulation of proteolytic activities, may be linked to 

breast cancer progression [64]. In breast cancer patients 

after mastectomy, the levels of circulating nucleosomes 
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decreased and recurrence led to an increase in the levels. 

Substantially, their quantifi cation may be predictive of 

leukopenia [65].

To sum up the literature (Additional File 1), circulating 

nucleosomes do not appear to be suitable for cancer 

diagnosis, because of their non-specifi c elevations. 

Conversely, circulating nucleosomes are most valuable 

for monitoring cytotoxic cancer therapy, particularly for 

the early estimation of therapy effi  cacy. Combinations 

with other oncological or apoptotic biomarkers have 

been suggested to improve the sensitivity of detecting 

non-response to cytotoxic chemotherapy [66]. Th e 

specifi city of circulating nucleosomes for cancer diseases 

may be increased by the combination with histone 

modifi cations. Histone modifi cations of the nucleosomes 

were also quantifi ed in the serum of patients with breast 

cancer, and the respective measurements showed that the 

levels of trimethylated lysine of histone 3 (H3K9me3) and 

histone 4 (H4K20me3) were elevated [67].

Plasma/serum cfRNA

Besides cfDNA, cir culating gene transcripts are detec-

table in the serum and plasma of patients with breast 

cancer. Th is RNA is packaged into microparticles, such as 

exosomes, microvesicles, or multivesicles, which are shed 

from cellular surfaces into the bloodstream [68,69]. By its 

packaging, RNA is relatively stable in the blood and 

protected from degradation by circulating RNases. Th e 

detection and identifi cation of cfRNA can be performed 

by using microarray technologies or reverse trans crip-

tion-quantitative real-time PCR [70]. In this respect, it 

was reported that plasma mammaglobin mRNA alone or 

in combination with CA15-3 may be used as a valuable 

non-invasive approach for the diagnosis and detection of 

metastasized breast cancer [71]. Furthermore, levels of 

CCND1 mRNA, which encodes the cell-cycle protein 

cyclin D1, identifi ed patients with breast cancer with 

poor overall survival in good-prognosis groups and 

patients who were non-responsive to tamoxifen [72].

As already demonstrated for cfDNA, the quantifi cation 

of the concentrations of cfRNA might be used as a 

biomarker (Additional File  1) if combined with other 

tumor markers. However, the release of RNA and DNA 

into the blood circulation is not restricted to a specifi c 

disease condition but rather seems to be a non-specifi c 

reaction when cells, organs, or whole organisms are put 

under stress [73]. Consequently, the determination of 

breast cancer-specifi c RNA transcripts could advance 

this assay as a diagnostic tool.

Circulating plasma/serum microRNAs

In particular, circulating miRs have recently attracted a 

great deal of attention as promising non-invasive bio-

markers for breast cancer (Additional File  1). As RNA 

molecules, miRs are incorporated in microvesicles or 

bound to proteins and therefore are highly stable in the 

blood [74]. MiRs are a class of naturally occurring small 

non-coding RNA molecules and are invo lved in a wide 

variety of cellular processes. Th ereby, they modulate post-

transcriptionally the expression of more than half of 

protein-coding genes in mammalian genomes. Th ey 

repress the translation or regulate degradation of their 

target mRNA by sequence-specifi c binding. Mature miRs 

consist of 19 to 25 nucleotides and are derived from hairpin 

precursor molecules of 70 to 100 nucleotides. As half of 

human miRs are localized in cancer-associated and fragile 

chromosomal regions, which may exhibit DNA 

amplifi cations, deletions, or translocations during tumor 

development, their expression is frequently deregulated 

in breast cancer [75]. Currently, expression microarrays 

that cover more than 1,000 mature human miR sequences 

listed in the miR database (miRBase) or the new tech-

nology next-generation sequencing (NGS) allow the 

screening of deregu lated transcript levels of circulating 

miRs. Subsequently, the aberrant expression levels of the 

miRs deduced from the array or NGS data can be 

examined by quantitative real-time PCR in single assays.

Circulating populations of miRs are, in part, tumor-

derived [76], and their altered expression levels are asso-

ciated with clinicopathologic features of breast cancer. 

Th is opens up the possibility of using them as non-

invasive diagnostic biomarkers of breast cancer. Diff erent 

combinations of circulating miR-145, miR-155, miR-382, 

miR-451, miR-148b, miR-409-3p, and miR-801 have been 

reported to be valuable biomarkers for distinguishing 

breast cancer from normal controls [77-80]. In addition, 

the levels of circulating miR-202 may be eligible for 

detection of early-stage breast cancer [81]. Circulating 

miR-10b has been suggested to be a useful biomarker for 

the identifi cation of lymph node and bone metastatic 

breast cancer [82,83] and appears to be a promising 

target for the development of new anti-metastasis agents. 

Systemic treatment of tumor-bearing mice with a 

chemically modifi ed anti-miR-10b oligonucleotide 

suppressed formation of lung metastases but did not 

reduce primary mammary tumor growth [84]. Also, the 

levels of circulating miR-215, miR-299-5p, and miR-41 

were deregulated in patients with metastatic breast 

cancer and could become valuable markers for detection 

of metastases [85].

MiR-21 is one of the most frequently investigated miRs 

in cancer and was suggested as a potential broad-

spectrum serum-based biomarker for the detection of 

solid cancers [86]. Investigations in the breast cancer cell 

line MCF-7 showed that miR-21 is responsible for 

migration and invasion by activation of the epithelial-

mesenchymal transition (EMT). In this process, miR-21 

activates mesenchymal cell markers (N-cadherin and 
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Vimentin) and inhibits the epithelial cell marker E-

cadherin [87]. Real-time quantitative PCR that was 

applied directly in a serum assay showed that high 

circulating miR-21 concentrations correlated signifi cantly 

with visceral metastasis [88]. However, discrepant data 

associating the relationship of serum miR-21 with tumor 

size and a positive lymph node status have also been 

reported [86,89].

As an indicator of metastatic spread to regional lymph 

nodes, circulating miR-214, which targets the tumor 

suppressor gene phosphatase and tensin homolog 

(PTEN), was described in breast cancer [90]. Higher 

serum levels of miR-34a were observed in patients with 

advanced-stage disease than in patients at early tumor 

stages, and changes in levels of miR-10b, miR-34a, and 

miR-155 correlated with the presence of metastases [91]. 

Circulating miR-155, which mediates transforming 

growth factor-beta (TGF-β)-induced EMT and cell 

invasion [92], was diff erentially expressed in the serum of 

women with hormone-sensitive breast cancer compared 

with women with hormone-insensitive breast cancer [8] 

and correlated with clinical stage, p53 status, and the 

proliferation marker Ki-67 [93]. Finally, an association of 

circulating miRs and CTCs was detected. Patients with 

CTC-positive metastatic breast cancer had signifi cantly 

higher levels of miR-141, miR-200a, miR-200b, miR-200c, 

miR-203, miR-210, miR-375, and miR-801 in their plasma 

than CTC-negative patients and healthy women. In 

particular, miR-200b was found to be a promising prog-

nostic marker for progression-free and overall survival 

[94].

Besides the diagnostic and prognostic values, changes 

in miR levels play a role in the treatment of patients with 

breast cancer. Serum and in vitro measurements showed 

that miR-125b, which is downregulated in HER2-ampli-

fi ed and -overexpressing breast cancers [95], may predict 

chemoresistance in the patients. Increased resistance to 

anti-cancer drug administration was observed in breast 

cancer cells with ectopically expressed miR-125b. 

Conversely, when the level of miR-125b abated, breast 

cancer cells became sensitized to chemotherapy [96]. 

Because treatment with the anti-HER2 monoclonal anti-

body trastuzumab has signifi cantly improved the survival 

of patients with HER2-positive breast carcinomas, 

trastuzumab belongs to the standard treatment for these 

patients. However, not all patients respond to the 

treatment of trastuzumab. Th erefore, the quantifi cation 

of circulating miR-210 could additionally be benefi cial 

because plasma miR-210, which was asso ciated with 

trastuzumab sensitivity, may predict and monitor 

response to therapies with trastuzumab [97]. 

Additionally, miR-210 seems to be a marker for hypoxia 

levels in tumors and is induced in hypoxic cancer cells 

[98]. Tumor hypoxia has been associated with a poor 

prognosis and resistance to chemotherapy and radiation 

therapy [99]. Th ese data demonstrate miR-210 as a 

therapeutic indicator for breast cancer.

In contrast to the reported positive fi ndings, a compre-

hensive review of genome-wide circulating miR data 

found that a concordance between the data was almost 

completely lacking and that, consequently, the utility of 

quantifi cation of circulating miRs for breast cancer 

detection is still questionable [100]. Th ese discrepancies 

might be due mainly to the lack of a standardized method 

and an established endogenous miR control to normalize 

miR amounts.

CfDNA in other body fl uids

Besides plasma or serum, ductal fl uid and urine have 

been used for the study of cfDNA. For LOH analyses, 

ductal lavage fl uid was used from BRCA1 gene mutation 

carriers, who are at increased risk for developing breast 

cancer. Although suffi  cient amounts of cfDNA could be 

extracted from ductal fl uid for PCR amplifi cation, further 

studies are required to evaluate the specifi city and 

predictive value of LOH on cfDNA in this fl uid for breast 

cancer development [101]. Moreover, MSP analyses of 

cfDNA, extracted from blood and urine of patients with 

breast cancer, revealed that the presence of methylated 

promoters of RASSF1A and RARβ2 genes in the plasma 

was accompanied by detection of those methylated 

markers in the urine [102]. Th is fi nding suggests that 

cfDNA isolated from urine may be applied in breast 

cancer diagnostics. However, given the few publications 

that have analyzed cfNAs in these body fl uids, more 

studies are needed to demonstrate the utility of ductal 

fl uid and urine as liquid biopsies.

Conclusions and perspectives

Genetic and epigenetic analyses of the primary tumor are 

invasive and confounded by intratumor heterogeneity. To 

circumvent the need for tissue biopsies, blood plasma 

and serum as liquid biopsies are ideal sources for 

extraction and repeated monitoring studies of levels of 

cfNAs. Profi ling of cfNAs may improve cancer diagnosis, 

predict outcome for patients with breast cancer, and be a 

therapeutic target in these patients. In regard to their 

rapid changes in levels after onset of therapy, changes in 

cfNA levels could be an early response marker. Detection 

of resistance-conferring genetic and epigenetic altera-

tions of cfDNA could facilitate personalized treatment of 

patients with breast cancer. Th erefore, analyses of cfDNA 

could monitor a specifi c response to therapy and indicate 

whether a treatment is redundant or another treatment 

method is warranted.

For a few years, there has been great interest in the 

development of circulating miRs as blood-based bio-

markers for the screening of breast cancer. Th e ability to 
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identify a panel of miRs as a biomarker rather than 

relying on one marker will increase the odds of successful 

treatment in a heterogeneous population of patients. In 

addition, these studies could determine whether miRs 

can be direct targets for future therapeutic interventions. 

However, an important question that needs to be 

addressed for a miR-based therapy is that a single miR 

can target numerous mRNAs. Since the gene products of 

the targeted mRNAs are involved in several signal 

transduction pathways, the impact of each miR on 

diff erent signaling pathways needs to be identifi ed before 

applying miRs as targeted therapy.

To date, development of a reliable, reproducible, and 

non-invasive clinical test using cfNAs is still in its 

infancy. One of the major challenges of the use of cfNAs 

as biomarkers in clinical practice is their sensitivity and 

specifi city, particularly given the poorly characterized 

analytical variables. Th erefore, extensive research is 

needed to standardize various technical issues prior to 

the routine clinical use of cfNAs as biomarkers. In this 

respect, the use of starting material (serum or plasma) in 

the extraction protocols, the point of time (before and 

after surgery or therapy), and treatments (chemotherapy 

and endocrine therapy) should be considered. In case of 

miRs, the selection of an endogenous reference gene to 

normalize the relative data of the quantitative real-time 

PCR is a further confounding factor. Given these issues, a 

well-controlled analysis of cfNAs should be carried out in 

a large cohort of patients with breast cancer and healthy 

volunteers. Th ese studies will then provide evidence of 

whether cfNAs may be useful as blood-based biomarkers 

in clinical practice.
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