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Abstract 
Cell-free circulating tumor DNA (ctDNA), shed into the blood stream by apoptotic or necrotic tumor cells of either primary or metastatic sites, 

became an extensively investigated and very promising analyte in oncology research. If passing through the kidney barrier, ctDNA is likely to occur 
in urine. Literature research revealed a lack of studies aiming at diagnostic use of urinary ctDNA. Most studies investigating urinary ctDNA were 
performed in the field of urological cancers emphasizing, however, that urinary liquid biopsies were suitable to draw conclusive real time pictures 
of ctDNA alterations coming from circulation and hence strengthen the hypothesis that genetic profiling of urinary ctDNA could be valuable to gain 
tumor-related information also in other solid tumors such as breast cancer. Usually, clinical treatment decisions are based on mutation profiles that 
were received from initial tissue biopsies. Though, during therapy the genetic tumor profile might change e.g. gain and loss of genetic alterations that 
might be relevant for targeted therapy options or treatment resistance. Particularly patients with advanced breast cancer may acquire mutations 
during treatment cycles and might benefit from serial ctDNA sequencing to find new targetable mutations and gain access to tailored therapy. Here, 
the use of urinary ctDNA might offer an opportunity for non-invasive longitudinal genotyping and testing for actionable mutations. In contrast to 
plasma-derived ctDNA, only a few studies were performed using urinary ctDNA from patients with breast cancer and revealed that targeted NGS 
appeared to be a sensitive method to detect tumor-specific genetic features. In this mini review we sought to illuminate the potential use of urinary 
ctDNA for longitudinal disease monitoring at frequent intervals and low effort for patients with breast cancer.
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Introduction
Cell-free circulating DNA (cfDNA) became an extensively 

investigated and very promising analyte in oncology research. 
Particularly, DNA fragments originating from the tumor cells, so-
called circulating tumor DNA (ctDNA), appear to be surrogates 
of the primary tumor or metastatic sites thereof. Usually, clinical 
treatment decisions are based on mutation profiles that were 
received from initial tissue biopsies. Therapy, however, might  

 
alter the genetic tumor profile and cause the occurrence of genetic 
changes that could be relevant for targeted therapy options or 
treatment resistance. In breast cancer, genetic profiling of ctDNA 
from blood plasma was shown to have good potential for clinical 
use and might help to find individual treatment options and to 
monitor metastatic relapse. Cancer recurrence is of high relevance 
for both, patients diagnosed with early breast cancer and pre-
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treated women with advanced breast cancer. Due to limited therapy 
options, particularly, women diagnosed with the aggressive triple 
negative breast cancer subtype might benefit from mutation 
profiling using non-invasive tools allowing disease monitoring at 
frequent intervals. Here, the utility of urinary ctDNA might offer 
promising opportunities to obtain non-invasive liquid biopsies and 
make access to tailored individual treatment choices possible. 

About Cell Free Circulating Tumor DNA (ctDNA)
Cell free circulating tumor (ctDNA) is shed into the blood 

stream by apoptotic or necrotic tumor cells. Characteristic features 
of apoptosis are DNA fragmentation and formation of apoptotic 
bodies. Consequently, the release of short nuclear DNA fragments 
of about 167 bp was shown to have a lower molecular weight 
compared to DNA fragments released by necrotic cells, thus, 
making it possible to determine tumor-derived DNA based on 
size distribution [1,2]. More precise approaches to identify ctDNA 
originating from tumor cells are based on the molecular alterations 
of tumor-specific genetic features like DNA mutations, methylation 
and copy number variations (CNVs) [3]. If circulating cell free DNA 
in the blood is passing through the kidney barrier it is likely to 
be found in urine and also called trans renal DNA or ucfDNA [4-
6]. Urinary cfDNA might also originate from apoptotic or necrotic 
cells coming in direct contact with urine such as cells from the 
genitourinary tract. Since glomerular filtration, which takes place 
in the pores of the glomerular barrier, works like separation by 
size, only small DNA fragments with a size of about 100 bp are able 
to pass and might appear in urine. Molecular analysis of urinary 
ctDNA could be useful to gain tumor-related information not only 
in patients with urological cancers but also with other solid tumors 
such as breast cancer [4,7]. The concentration of ctDNA extracted 
from body fluids like blood plasma or urine might vary hugely 
depending on numerous patient-individual parameters such as 
disease stage, treatment response and further physiological and 
patho-logical conditions as well as the body fluid itself. Circulating 
ctDNA in blood can be detected in serum and plasma, with the latter 
one containing up to 20-fold higher concentrations [8]. Hence, a 
variety of ctDNA extraction and detection methods were developed 
[9]. At the time being there is no standard protocol for isolation 
and detection of urinary cell free DNA, but plenty of techniques for 
isolation of low-molecular weight DNA fragments are available and 
appear to be sensitive and reproducible [10,11]. Literature research 
revealed a lack of studies aiming at diagnostic use of ucfDNA. 
Most publications described preliminary results based on small 
patient cohorts. Novel molecular technologies such as targeted 
next generation sequencing (NGS) or digital droplet PCR (ddPCR) 
are offering promising opportunities for the translation of ucfDNA 
based tumor profiling into the clinic though [2]. Most studies 
investigating urinary cfDNA were performed in the field of urological 
cancers including renal, bladder and prostate cancer emphasizing 

that urinary liquid biopsies were suitable to draw conclusive real 
time pictures of DNA alterations coming from circulation. At this 
point it appears noteworthy that a close similarity was described 
between bladder cancer and breast cancer [12] . Based on genomic 
expression and mutation analyses it was shown that bladder cancer 
was, similar to breast cancer, distinguishable into luminal and 
basal tumors and that those molecular subtypes appeared to be of 
prognostic relevance [13]. 

Molecular Features of Breast Cancer Tissue
Breast cancer is a very heterogeneous disease and can be 

classified into distinct molecular subtypes. Luminal A type tumors 
are hormone-receptor positive (estrogen-receptor (ER) and/or 
progesterone-receptor (PR) positive), human-epidermal-growth-
factor-receptor-2 (HER2) negative and show low levels of the protein 
Ki-67, meaning low proliferation. Usually, they are of low are low-
grade, tend to grow slowly and patients have the best prognosis. 
The majority of patients is diagnosed with ER positive tumors and 
might receive endocrine therapy. Luminal B type tumors are also 
hormone-receptor positive (ER and/or PR positive), and either 
HER2 positive or HER2 negative, with high levels of Ki-67 meaning 
that they grow faster. The patient’s prognosis is slightly worse 
compared to luminal A. Patients suffering from HER2 (also called 
ERBB2) amplified tumors are prone to treatment with targeted 
therapy such as trastuzumab or pertuzumab. Triple negative breast 
cancer (TNBC) is hormone-receptor negative (neither ER nor PR) 
and HER2 negative with poor prognosis. The majority of TNBCs are 
of high grade and show an aggressive phenotype. Patients usually 
receive chemotherapy but have an increased risk of recurrence 
[14]. Molecular analysis of the breast cancer subtypes revealed 
that luminal A tumors, although being associated with good 
prognosis and therapy response, were presenting the majority of 
driver mutations such as PIK3CA ~ 45 %, GATA3  ~ 14 %, MAP3K1 
~ 13 %, TP53 ~ 12 %, CDH1 ~ 9 % [15]. In contrast, triple negative 
tumors appeared to lack driver mutations (PIK3CA ~ 9 %, MLL3 
~ 5 %), but showed mutations of the tumor suppressor gene TP53 
in 80 % of the cases. 

Somatic and Targetable Mutations in Breast Cancer
As mentioned above mutation profiling of breast cancer tissue 

revealed distinct molecular subtypes presenting characteristic 
somatic mutations, including single nucleotide variants (SNVs) 
and copy number variations (CNVs). Next to a huge number of 
low frequency variants, the usual suspects among mutated genes 
in breast cancer are TP53 and PIK3CA. In addition, to broaden the 
understanding of tumor initiation, promotion and progression 
it is of high medical relevance to identify and investigate somatic 
mutations that drive the cancer phenotype in order to find possible 
therapies targeted against the products of these abnormal genomic 
alterations. Currently, the genes ESR1 and HER2 are not only 
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characteristic features of the respective molecular subtype, in fact 
they serve as therapeutic targets for endocrine and antibody-based 
therapeutics such as tamoxifen and trastuzumab or pertuzumab. 
Further, ESR1 mutations were found to be associated with 
tamoxifen resistance [16]. Among TNBC a variety of subgroups 
has been identified including high cellular proliferation, increased 
immunological infiltrate, basal-like and mesenchymal phenotype 
as well as deficiency in homologous recombination which was 
partly associated with loss of BRCA1 or BRCA2 function [17]. 
Although challenging, the molecular analysis of TNBC gave rise to 
potential options for tailored therapy strategies such as modified 
chemotherapy approaches targeting the DNA damage response, 
angiogenesis inhibitors, immune checkpoint inhibitors, or even 
anti-androgens, all of which are currently being evaluated in phase 
I to III clinical studies [17].

Liquid Biopsy Based on ctDNA vs. Initial Tissue 
Biopsy

Since ctDNA was postulated to be shed by all tumor sites, even 
micro metastases, it could enable early detection of recurrence 
and also identification of molecular alterations during treatment 
courses e.g. gain and loss of genetic changes that might be relevant 
for targeted therapy options or treatment resistance. Usually, 
clinical treatment decisions are based on mutation profiles that 
were received from initial tissue biopsies. During therapy, however, 
the genetic tumor profile might change meaning that distinct 
mutations such as targetable driver mutations might become 
functionally neutral passenger mutations. Consequently, treatment 
efficacy might be affected ultimately leading to resistance. A study by 
Rothe, et al. used next-generation sequencing (NGS) evaluation on 
50 cancer genes covering 2,800 mutations listed in the Catalogue Of 
Somatic Mutations In Cancer (COSMIC) in 60 tumor tissues and 31 
plasma samples from 17 metastatic breast cancer patients and was 
able to show a 76% concordance rate between tissue and plasma. 
The results strengthen the hypothesis that ctDNA from plasma can 
be prospectively tested as an alternative to metastatic biopsies [18]. 
Another aspect favoring liquid biopsy sampling is clonal selection 
that might take place during treatment courses and could causing 
the occurrence of targetable mutations that were not detectable 
in the primary tumor tissue. Particularly patients with advanced 
breast cancer may acquire mutations during treatment cycles and 
might benefit from serial ctDNA sequencing to find new targetable 
mutations and gain access to tailored therapy. Patients receiving 
aromatase inhibitors often become resistant due to acquired ESR1 
mutations. Keup, et al. evaluated cfDNA variants in 40 hormone 
receptor-positive and HER2-negative patients with metastatic 
breast cancer and found genetic variants of MUC16, BRCA2, 
ERBB3, and AR in > 90 % of the cases [19]. The authors reported 
one particular case in which longitudinal monitoring revealed an 

increase of pathogenic and likely pathogenic PIK3CA and ESR1 
variant allele frequency under everolimus and exemestane, 8 
months before therapy failure was confirmed by visual staging 
during clinical follow-up. Here, the use of urinary ctDNA might 
offer an opportunity for non-invasive longitudinal genotyping and 
testing for actionable mutations such as ESR1, HER2 or AKT1.

Analysis of ctDNA
Quantitative levels of cfDNA concentrations alone were 

shown to be insufficient for successful disease monitoring or 
cancer detection [20]. One promising approach to identify tumor 
specific alterations in cfDNA might be sequencing of cancer-related 
mutations in the primary tumor tissue and verifying them in 
cfDNA at baseline. For analyzing tumor-specific ctDNA a variety of 
molecular methods is available. Common and reliable methods for 
mutational analysis are digital droplet PCR (ddPCR) or the more 
costly next generation sequencing (NGS). Many studies compared 
mutational profiles in plasma-derived ctDNA and matched tissue 
samples from breast cancer patients and found good correlations. 
In a study by Oshiro et al, serum samples were collected pre-
operatively from 313 stage I–III breast cancer patients. Samples 
from patients with PIK3CA mutant tumors (n=110) were analyzed 
using ddPCR and 22.7% were found to be positive. No PIK3CA 
mutant ctDNA was detected in the serum samples of 50 healthy 
women and 30 breast cancer patients with PIK3CA non-mutant 
tumors. The patients with PIK3CA mutant ctDNA were then divided 
into ctDNAhigh and ctDNAlow groups. Statistical analysis revealed 
that that ctDNAhigh but not ctDNAlow status appeared to be a 
significant and independent prognostic factor for primary breast 
cancer patients [21]. Interestingly, in patients with early stage 
TNBC, simply the presence of ctDNA after NACT, was reported to 
be predictive for recurrence [22,23]. As proof of concept, Page et 
al evaluated targeted NGS of cfDNA for analysis of mutations and 
amplification in 16 genes in 42 patients with metastatic breast 
cancer compared to 9 healthy controls [24]. On average, 89% of the 
158 targeted regions were covered at >500x. No mutations or CNVs 
were detected in cfDNA of the healthy controls. ESR1, TP53, and 
PIK3CA were found to be the top 3 mutated genes in cfDNA. Further, 
they performed serial monitoring in 9 patients and demonstrated 
that cfDNA profiling of mutations and amplifications could provide 
useful information regarding tumor heterogeneity, clonal evolution, 
and response to treatment. Their data confirmed that the targeted 
NGS approach had potential clinical utility. Remarkably, 21% of the 
patients might have benefit from an alternative therapy if ctDNA 
monitoring was translated into clinical routine. Occurrence of 
ERBB2 amplification in plasma ctDNA could guide a switch towards 
anti-HER2 therapy, and emergence of ESR1 mutations could 
indicate that the patient might profit from a treatment change away 
from endocrine therapy to standard chemotherapy [24].
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Urinary vs. Plasma ctDNA in Breast Cancer
In contrast to plasma-derived ctDNA, only a few studies 

were performed using urinary ctDNA from patients with breast 
cancer. Focusing on the PIK3CA mutation, Liu et al investigated 
correlations between ctDNA derived from plasma vs. urine of 200 
patients with early breast cancer [25]. They reported a lower mean 
concentration of cfDNA extracted from urine compared to plasma 
with a strong correlation though. They also compared urinary 
cfDNA of breast cancer patients and healthy volunteers and found 
significantly elevated cfDNA levels in the patient’s group. Their 
results emphasize that urinary ctDNA allows close correlation to 
the molecular profile of the tumor and even might predict relapse. 
Recently, a study by Guan et al described the utility of urinary ctDNA 
to monitor recurrence in 300 patients with early breast cancer 
using serial sampling before treatment and at various time points 
during follow up [26]. They found detectable mutations in 38% of 
the patients and the agreement with matched tissue samples was 
97%. Patients with positive mutations were associated with greater 
risk of relapse. Considering poor prognosis and limited treatment 
options of patients diagnosed with basal-like breast cancer it is of 
particularly high clinical relevance to identify driver mutations a 
well as targetable genetic alterations. Additionally, non-invasive 
molecular monitoring tools at high frequencies are urgently 
needed. Here, longitudinal mutation profiling using urinary ctDNA 
might offer a promising approach. 

Combined Approach for Risk Stratification: DTCs 
and ctDNA

For patients diagnosed with primary breast cancer at early 
stages risk stratification is difficult as imaging methods might 
not be sensitive enough to detect secondary tumor sites or micro 
metastases. Despite successful treatment of the primary tumor 
recurrence occurs in about 30% of breast cancer patients. One 
reason might be hematogenous spread during early disease stages 
[27]. Disseminated breast cancer cells preferentially migrate 
into the bone marrow (BM) where they become dormant. Due to 
low proliferation in this “steady state” disseminated tumor cells 
(DTCs) are persistent against systemic chemotherapy and may 
cause metastatic relapse at a later stage [28]. DTCs may serve as 
independent prognostic markers that are associated with impaired 
survival [29]. One attempt might be the detection of DTCs in the 
bone marrow, which is a rather unusual body fluid to be routinely 
tested, but which can be aspirated during primary surgery [30]. 
DTCs in the bone marrow can specifically be stained and visualized 
as described elsewhere [31]. Breast cancer patients with positive 
DTC status were associated with elevated risk for relapse [27]. 
Hence, DTC-positive patients might benefit from non-invasive high 
frequency genetic profiling using ctDNA to monitor treatment 
response and cancer recurrence. A combination of initial bone 
marrow puncture and subsequent longitudinal genetic analyses 

using urinary and plasma-derived ctDNA in an alternating pattern 
might be a promising approach for early detection of cancer relapse. 

Tumor Derived Urinary Exosomes 

Another promising analyte that draw increased researches 
attention are so-called exosomes which are membrane-derived 
extracellular nanovesicles of about 30–100 nm released by several 
types of cells [32]. Exosomes were detected in numerous body 
fluids, including blood and urine and play a crucial role in tumor 
biology. Tumor cells have been shown to produce and secrete 
higher quantities of exosomes compared to normal cells [33]. 
Exosomes are known to play a crucial role in carcinogenesis, 
proliferation, formation of pre-metastatic niche, angiogenesis, 
metastasis, and chemoresistance [34]. Communication with the 
tumor microenvironment and the ability to exchange information 
by secreting growth factors, cytokines, chemokines, and small 
molecular mediators such as nucleotides makes them valuable cell-
to-cell messengers. Not only might they contain genetic information 
useful for diagnostic purposes or disease monitoring, engineered 
exosomes could also function as cargo containing specific 
molecules that can affect the recipient cell thus leading to targeted 
therapy [32]. Exosomes released by tumor cells are affecting the 
tumor microenvironment by transferring oncogenes and nucleic 
acids. Thus, they participate in tumor progression and metastasis 
[35]. Interestingly, it was reported that bone-marrow derived cells 
might be recruited to tumor and pre-tumor tissue by exosomes. 
About primary breast cancer, a recent pilot study by Ando et al 
reported a novel screening approach based on urinary exosomes. 
In a small cohort consisting of 22 patients and 26 healthy controls 
they revealed that the combined expression levels of miR-21 and 
MMP-1/CD63 in urinary exosomes could detect 95% of early BC 
without metastasis [36]. Although the study lacks statistical power, 
it demonstrated a certainly simple screening approach. 

Advantages of Urinary ctDNA Profiling
Urine-based tests are non-invasive and therefore very patient-

friendly. They are at most convenience for the patients as they could 
collect their samples at home and ship them to clinical laboratories. 
Novel preservative reagents were developed to stabilize cfDNA in 
urine samples during storage and transportation for up to 7 days at 
various temperatures up to 37 °C [37-39].There would be no need 
for frequent visits in the outpatient unit, which could save time 
and cost, for both, patient and clinic. Neither special equipment 
nor trained medical staff would be required for sampling. Urinary 
ctDNA could be used for longitudinal disease monitoring at 
frequent intervals and low effort. Increased sample volumes could 
compensate relatively low quantities of urinary ctDNA. Urinary 
ctDNA analysis are advantageous for patients living in remote areas, 
because it enables them to be monitored closely without traveling 
into the clinic as for blood sampling. 
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Conclusion
Urine-based liquid biopsies allow truly non-invasive and cost-

effective sampling and offer a promising opportunity to monitor 
therapy response or tumor progression at high frequencies. 
Mutational profiling of urinary ctDNA might be prognostic for 
cancer relapse and could help to guide personalized treatment 
options and thus offering the most effective treatment for patients 
with breast cancer. Considering the aggressive tumor growth and 
increased resistance towards available chemotherapeutic options 
patients with triple negative tumors might particularly benefit from 
high frequency serial mutation profiling based on ctDNA from both 
blood and urine in an alternating manner.
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