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Abstract 
The use of circulating DNA(ctDNA) to provide a non-invasive, personalised genomic snapshot of a patients’ tumour has huge potential. Over the past five years this area of research has gained huge momentum. A number of studies in metastatic breast cancer have shown the potential of ctDNA to predict prognosis and treatment response using ctDNA. Further developments have included deeper sequencing using whole exome and shallow whole genome approaches which has the potential to identify new mutations and chromosomal copy number changes which appear upon resistance to treatment. In early breast cancer, recent work utilising personalised digital PCR probes has shown huge potential in predicting disease relapse and the detection of micrometastatic disease which could lead to improved treatment and outcome for these patients. Specific pathways of resistance can also be monitored and liquid biopsy approaches for the detection of ESR1 mutations have been used which could identify patients who have become resistant to particular endocrine therapies. The identification of PIK3CA mutations in plasma has also been shown to predict a higher response rate to specific PI3K inhibitors and could be used as a non-invasive screening tool prior to treatment. Further work on the detection of exosomal miRNA and hypermethylated DNA in plasma have shown promise in terms of specificity for early breast cancer detection and could be used to monitor treatment response. This review will focus on technological advances in the field, early detection of relapse and the detection of tumour-specific genomc alterations which could predict treatment response and resistance in patients with breast cancer.


Introduction
It has been known since the 1970’s that cell-free DNA (cfDNA) is shed into the circulation and elevated levels are seen in numerous disease processes including cancer1. Despite this, total blood cfDNA concentration has not been shown to perform well as a biomarker in cancer, mostly due to the variable contribution of DNA from normal and malignant tissue. Hence, methods were developed to quantify the tumour fraction (circulating tumour DNA - ctDNA), by detecting somatic mutations2. For breast cancer, seminal work over the past few years has shown ctDNA to be an accurate and dynamic biomarker for patients with metastatic breast cancer, and moreover it has recently been used as an accurate way of predicting relapse in patients with early breast cancer3,4. Other potential applications of liquid biopsies include identifying specific somatic mutations that confer sensitivity or resistance to treatment, in addition to identifying genomic mechanisms of resistance. This review will assess the current evidence on the use of ctDNA to predict treatment response or resistance and discuss the implications for future treatment.

Methodology advances in the detection of circulating tumour DNA
The detection of ctDNA predominantly relies on the identification of DNA molecules containing tumour specific aberrations amongst a higher concentration of germ-line cfDNA. Various techniques have been employed to identify such mutations: by far the most sensitive is digital PCR (dPCR), in which DNA samples are partitioned across multiple compartments, and in each compartment a traditional PCR reaction is carried out5. Compartments containing the sequence of interest are then detected by fluorescence, and Poisson statistical analyses used to perform absolute quantitation of the target sequence. The use of dPCR has also been shown to be an effective way of detecting ctDNA containing sequences at chromosomal breakpoints(1). While being highly sensitive, dPCR does not scale well when it comes to identifying multiple somatic mutations, and relies on a-priori knowledge of the mutations present within the tumour.
To overcome this limitation, new techniques were developed that rely on massively parallel sequencing to identify mutations within larger regions within the genome(2),(3). Rather than relying on the detection of mutations within single regions, multiplexed amplicon sequencing over commonly mutated regions interrogates larger regions of the genome at very high depth, significantly increasing the power of detection of mutations at low allelic frequencies. Larger amplicon and capture panels have been used successfully, and whole exome sequencing of plasma (WES) has been shown to be effective in detecting ctDNA(4). It is worth noting that, as the breadth of the sequencing panel increases, the ability to detect mutations over more loci increases, however this comes at the cost of decreasing sensitivity, as the effect of ‘contaminating’ normal DNA at low sequencing depths becomes more difficult to distinguish. At the far end of the spectrum, whole genome sequencing of plasma has also proved to be of clinical utility in prostate cancer(5–7) via the identification of copy number alterations.

Early Breast Cancer and Relapse
A recent study by Turner et.al., (2015) in early-stage breast cancer, has shown the ability of plasma ctDNA to predict relapse following neoadjuvant chemotherapy and surgery4. In this study 55 patients with early breast cancer were enrolled, and the primary tumour was sequenced using a customized targeted gene panel. 78% of patients had identifiable somatic mutations and these mutations were utilised to design patient-specific digital PCR probes, which were then used to track disease course. Using this approach the authors were able to predict 12 out of 15 relapses with a median lead-time of 7.9 months over conventional imaging. All of the patients not detected by serial ctDNA monitoring had brain metastases (for which plasma ctDNA is not likely to be sensitive). One patient that had detectable ctDNA post-surgery was currently still well and without relapse, potentially indicating a 10% false positive rate, although at the time of reporting the patients had only been in follow up for two years. In a retrospective study by Olsson et.al., in 20 patients with early breast cancer, positive post-surgical levels of ctDNA predicted relapse with a sensitivity of 93%7. They used a similar approach with low coverage whole genome sequencing of primary tumours and subsequent digital PCR probe design for ctDNA plasma monitoring. All patients who had no detectable ctDNA post-surgery had not relapsed at the point of reporting thus again illustrating the potential sensitivity of ctDNA in predicting treatment failure.
Correlation of ctDNA with treatment response in metastatic breast cancer  
A seminal study in 2013 involving the recruitment of 52 metastatic breast cancer patients has shown that tracking somatic tumour mutations in plasma can give detailed information on prognosis and has the ability to track treatment response(8). This was done by performing targeted amplicon sequencing of PIK3CA and TP53, in addition to whole genome sequencing on samples found not to have somatic mutations in these driver genes. 30 of the 52 patients sequenced had somatic mutations identified in the available tumour tissue and in 29 out of 30 patients these mutations could be tracked in plasma ctDNA using either digital PCR or targeted amplicon sequencing. Disease progression was detected in plasma in 89% of patients, and in 53% of these patients ctDNA levels increased at two consecutive time points between 2 and 9 months prior to radiological progression. Moreover, ctDNA was shown to be more sensitive and dynamic compared to either the tumour marker CA 15-3 or numbers of circulating tumour cells (CTC’s). In contrast, in a different study that analysed both CTC’s and plasma ctDNA, the allele fractions of ctDNA were found to be highly variable, and in one patient ctDNA was only present at very low levels despite the presence of 100,000 CTC’s/ml in the blood stream(6).   
Successful discovery and tracking of mutations in ctDNA in order to monitor treatment response in metastatic breast cancer has also been possible using WES, although this was limited to patients with high allelic fractions of tumour DNA(9). The benefits of using broader capture panels, compared to targeted amplicon sequencing, is that more information can be obtained regarding the emergence of de novo mutations. Indeed, recent studies of WES of plasma have shown the detection of mutations distinct to the primary tumour, including potentially actionable mutations in PIK3CA and ESR1(10). For patients with brain metastases, ctDNA is not optimally represented in the plasma. This was shown in a recent study whereby, in 6 patients where breast cancer had metastasised to the brain, tumour DNA could be detected in the CSF for all patients but was only found in the plasma when there was significant extracranial disease(11).
Specific resistance mechanisms
The PIK3CA pathway   
Analysis of the genomic landscape of breast cancer shows that PIK3CA is one of the most commonly mutated genes in all subtypes of the disease and is a well known oncogenic driver gene(12–14). Activation of the PI3KCA pathway leads to increased growth and proliferation and can be activated by ligands such as Insulin Growth Factor 1 (IGFR1) and also by activating mutations in the PIK3CA receptor. There is also evidence of cross talk between the PI3K pathway and ER signalling, thus PIK3CA activation is thought to play a role in endocrine resistance via ligand-independent activation of ER-mediated transcription (see Figure 1)(15). A number of studies have looked at the concordance of PIK3CA mutations in tumour and plasma samples and have generally found high correlations(16),(17) A recent meta-analysis concluded that a PIK3CA liquid biopsy is a highly sensitive and specific technique for PIK3CA mutation detection with a sensitivity of 85-90% and specificity of 98% in metastatic breast cancer patients with tumours positive for PIK3CA mutation(18).  Takeshita and colleagues have demonstrated that H1047R, E545K and E542K PIK3CA mutations of ctDNA in early stage triple negative breast cancer had significant (negative) prognostic value on survival though a meta-analysis of early breast cancer patients did not find any association(19),(20). Plasma detection of PIK3CA mutations in patients with early breast cancer pre- and post-surgery has been reported(21),(22) and those with a higher level of PIK3CA mutant ctDNA pre-surgery were shown to have a worse prognosis(22). Additionally, it is an attractive concept that the identification of genomic alterations in PIK3CA in plasma will provide an objective predictor of clinical response, particularly to agents targeting the PIK3CA pathway. In a phase 1 study which included 30 metastatic breast cancer patients, PIK3CA/AKT/mTOR inhibitors were shown to have a better clinical response when the tumour biopsy confirmed the presence of PIK3CA H1047R or E545K mutations(23). This was not found to be the case for a recent trial involving the addition of pictilisib (a selective inhibitor of PI3K) to fulvestrant, however this trial had a negative outcome for all patients(24). In the BELLE-2 trial which looked at the addition of buparlisib (PI3K inhibitor) to fulvestrant, the detection of PIK3CA mutations in plasma lead to a statistically significant improvement in progression-free survival (7.0 vs. 3.2 months)(25) suggesting a liquid biopsy for PIK3CA status could be a biomarker for response to treatment.  

ESR1 mutations and treatment resistance
A majority of breast cancers (70%) express the oestrogen receptor (ER) and can be treated with endocrine therapies. However, almost all patients with advanced metastatic disease develop resistance to hormone manipulation. Recent work has shown that ESR1 is frequently mutated (22%) in metastatic breast cancers previously treated with aromatase inhibitors (AI)(26),(27). These are thought to be acquired as ESR1 mutations are rare (<1%) in primary tumours(14). The mutations are commonly found in the ligand-binding domain of ESR1, and have been shown to lead to increased interaction with its coactivator, important for both ligand-dependent and ligand-independent activation of the receptor(28–30). As ESR1 mutations can lead to ligand-independent activation, oestrogen deprivation by itself from aromatase inhibition is unlikely to halt tumour growth. On the other hand therapies such as fulvestrant, which target the receptor itself, may still have disease activity. In vitro studies have also shown that tamoxifen may still be effective albeit at a higher dose(27).
A more recent study in a larger cohort of 171 patients has shown a high prevalence (36%) of ESR1 mutations in the plasma of patients with advanced breast cancer at the time of progression on aromatase inhibitors(31). This study utilised digital PCR probes directed against the most common mutations in the ligand binding domain of ESR1. This predicted poorer response to subsequent aromatase inhibition in terms of a reduced progression-free survival. Interestingly, the detection of ESR1 mutations seems to depend on the stage of cancer, with a relatively small percentage of patients having detectable ESR1 ctDNA upon relapse in the adjuvant setting (7%) compared to those only exposed to aromatase inhibitors after the development of metastatic disease. This could suggest different mechanisms of resistance for patients with micrometastatic compared to metastatic disease and that at an early stage ESR1 mutations are not driving progression. In a retrospective analysis of the SOFEA trial whereby fulvestrant was compared to exemestane, it was shown that the progression free survival of patients with ESR1 mutations was substantially improved on fulvestrant, and hence their detection could lead to better treatment decisions for an individual patient(32). In addition to ESR1 itself, recent work by Carrol et. al.(33), has shown that changes in expression of GATA3 can also lead to ligand-independent activation of ESR1 thus identifying a separate potential mechanism of resistance to endocrine therapy.   

The copy number landscape
Seminal studies have shown that breast cancer is a chromosomal copy number driven disease, rather than one that is solely driven by somatic mutations(34). Indeed, these copy number alterations can be used to classify breast cancers into subtypes that correlate with distinct clinical outcomes(35). It is therefore unsurprising that the copy number landscape in plasma has also been investigated. By using Affymetrix SNP 


[image: ]

Figure 1. Activation of oestrogen mediated transcriptional activation in metastatic breast cancer and resistance pathways. Wild type estrogen receptor (ER) binds to estrogen and translocates to the nucleus in order to regulate gene expression with other co-factors and transcription factors (TF). The receptor and its co-activators (CoA) are also modulated by receptor tyrosine kinases (RTK), via phosphorylation of AKT and MAPK. Anti-estrogen therapies such as tamoxifen (Tam) and fulvestrant (Ful) lead to the inhibition/degradation of ER respectively, thus potentially blocking activation of this pathway. In addition aromatase inhibitors reduce oestrogen thus reducing ER-stimulated transcription activity. However, in addition to ER mediated transcriptional activation there is crosstalk between ER and RTK mediated via PIK3CA and MAPK. Activation of these pathways result in hyper-activation of this signalling pathway and overexpression of target genes, which has emerged as a key mechanism to resistant to endocrine therapy. In aromatase treated ER positive metastatic breast cancer, ESR1 mutations (ERmut) are frequently found in advanced breast cancer, such mutations lead to ligand independent activation of transcription thus making aromatase inhibition ineffective. 


6.0 arrays, copy number alterations found in breast tumours could be identified in the plasma years after initial diagnosis and treatment, despite the fact that they have no clinically evident recurrent disease, suggesting that ctDNA in the post-operative setting can be used to infer dormancy as well as minimal residual disease during follow-up(36). Using technologies employed to detect fetal aneuploidy in maternal serum, Hill et. al.,(37) have shown that allelic imbalances as low as 0.5% can be detected. Using this approach copy number changes in the plasma of 8 out of 11 patients with stage II breast cancer were detected.  More recently, two new studies(38),(39) have used ctDNA to infer nucleosomal occupancy which can in turn be utilised to predict gene structure and gene expression, a methodology data could be invaluable in terms of predicting treatment response or resistance. To date, there are no specific studies looking at copy number changes in plasma relating to treatment response or resistance for breast cancer patients, though focal amplifications have been linked to treatment resistance in prostate cancer(7).
   
A number of groups have looked at the presence of ERBB2 amplifications in plasma though this has generally involved the analysis of CTC’s rather than ctDNA. In patients with metastatic breast cancer, the percentage of ERBB2-positive CTC’s correlated with increased response to anti-HER2 therapy(40). In two studies analysing plasma ERBB2 amplification by quantitative real-time PCR, it was insufficiently sensitive to be able to distinguish early breast cancer patients from controls, but was more sensitive for patients with metastatic disease(41),(36). 

Circulating microRNA 
Recent work in the circulating biomarker field has also looked at the potential of plasma microRNAs (miRNA) as breast cancer biomarkers. Unlike cfDNA, circulating miRNAs are highly stable(42), making them a very attractive option for use in clinical scenarios. Heneghan et al 2010(43) first showed that miRNAs are detectable in the blood, plasma, as well as serum of breast cancer patients and healthy controls, and postulated miRNA 195 as a potential circulating biomarker for detecting non-invasive and early-stage breast disease. Multiple studies have been published since then, wherein various miRNAs have been implicated as being potential circulating biomarkers, however most employed protocols that either used PCR-based methods for measuring the expression of a predefined panel of miRNAs or methods that relied on the pooling of plasma samples in order to get a high enough yield to run miRNA microarrays. A recent publication by Hamam et al (2016)(44) overcame these limitations by performing an enrichment step using speed-vacuum concentration following isolation of circulating microRNAs, allowing global miRNA profiling on individual patient specimens. This led to the identification of a panel of 18 circulating miRNAs that are up regulated in all stages of breast cancer and could potentially be used to detect relapse of disease. Finally, a further development in the field has been the exploration of using cancer exosomes as harbours of high quality miRNA. Indeed, Hannafon et al 2016(45) have shown that miR-21 and miR-1246 are selectively enriched in human breast cancer exosomes and significantly elevated in the plasma of patients with breast cancer. To date, however, no formal studies have been done to investigate the utility of miRNAs as surrogates for response to treatment or for the detection of early relapse.

Epigenetics of circulating DNA
In addition to somatic mutations and copy number alterations, DNA methylation is also thought to be a very important contributor to the neoplastic process. There have been a number of studies looking at aberrant DNA methylation in breast cancer, which have identified potential prognostic indicators and also predictors of treatment response. Hypermethylation of RASSF1 has been shown to be an independent risk factor for poor prognosis in the serum of patients with early breast cancer (relative risk of death = 5.7) and has also been linked to increased levels of total circulating DNA and CTC’s(46),(47). In a further study methylated RASSF1 was detected in 21/52 patients prior to surgery. For those who achieved pathological complete response this became undetectable 12 weeks into treatment, whilst persistent levels were seen for those with residual disease or a partial response to chemotherapy. In terms of treatment response, in a study involving 148 breast cancer patients receiving adjuvant tamoxifen RASFF1 was measured in serum samples taken post surgery and one year later(48). Patients positive for RASSF1 methylation one year into adjuvant tamoxifen (22%) had a relative risk of death of 6.9. In addition those patients who were negative post surgery or became negative one year post surgery had the same risk of death as patients who were always negative, indicating that RASFF1 could be used to monitor treatment response to adjuvant treatment.

Other genes which have been found to be hypermethylated in breast cancer include ESR1 and SOX17. The concordance of methylation status of ER in primary tumours and serum is high and is correlated to the absence of oestrogen receptor expression in the primary tumour thus potentially indicating epigenetic silencing of these tumours(49). SOX17 methylation has also been found to be hypermethylated in breast cancer though no link to prognosis or treatment response has yet been studied. Recent work analysing plasma methylation in 48 candidate genes found six which were hypermethylated in breast cancer (EGFR, GREM1, PDGFRB, PPM1E, SOX17, WRN) relative to control patients(50). This has so far only been analysed with regards to breast cancer detection for which a combined methylation score for all 6 genes was found to hold the highest predictive power.

Discussion
The use of ctDNA in predicting prognosis and response to treatment is a dynamic and rapidly changing field. There are now a number of studies which seem to indicate that quantification of ctDNA can be related to prognosis and can potentially be used as a sensitive and specific way of monitoring treatment response though this will need further validation in larger studies. In terms of predicting relapse there are a number of promising approaches using plasma monitoring including personalised dPCR probes, the use of an miRNA panel and detection of hypermethylated RASSF1. Currently technical challenges of ctDNA in terms of sensitivity may limit further genomic discovery in the earlier phase of disease (in patients with low tumour burden), though as sequencing techniques continue to be refined this is likely improve. In the metastatic setting, the use of specific mutations from liquid biopsies to predict resistance or response is still in an early stage, though the detection of ESR1 mutations seems to confer clinically relevant resistance to aromatase inhibitors and could point to the use of more effective treatments for these patients. For PIK3CA, there is some early evidence which could suggest a higher response of PIK3CA mutant patients to inhibitors of the pathway, though this would need to be substantiated in further larger scale trials. Many other clinically relevant pathways are yet to be investigated via liquid biopsies, including predicting resistance to anti-HER2 therapies or cytotoxic chemotherapy. Further larger scale studies are needed to elucidate or predict mutations to determine the full clinical utility of ctDNA for cancer patients.  
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