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Abstract

:

Simple Summary


A recent point of focus in breast cancer (BC) research has been the utilization of cell-free DNA and its concentration (cfDConc) and integrity (cfDI) as potential biomarkers. Though the association of cfDConc and BC survival is already recognized, studies on the prognostic value of cfDI have had contradictory results. The aim of this study was to investigate the prognostic potential of cfDConc and cfDI in Eastern Finnish BC cases with a non-metastatic disease. While the prognostic value of cfDConc remained non-significant in our analyses, high cfDI was an independent prognostic factor for poor overall survival (OS) and breast cancer-specific survival (BCSS). Inclusion of cfDI in the multivariate logistic regression model improved the predictive performance of the model, thus suggesting that the combined use of traditional tumor features and liquid biopsy could help to discriminate BC patients with poor OS and BCSS more accurately at the time of diagnosis.




Abstract


Background: A recent point of focus in breast cancer (BC) research has been the utilization of cell-free DNA (cfDNA) and its concentration (cfDConc) and integrity (cfDI) as potential biomarkers. Though the association of cfDConc and poor survival is already recognized, studies on the prognostic value of cfDI have had contradictory results. Here, we provide further evidence to support the use of cfDI as a potential biomarker. Methods: We selected 204 Eastern Finnish BC cases with non-metastatic disease and isolated cfDNA from the serum collected at the time of diagnosis before any treatment was given. The cfDConc and cfDI were measured with a fluorometer and electrophoresis and analyzed with 25 years of survival data. Results: High cfDConc was not an independent prognostic factor in our analyses while high cfDI was found to be an independent prognostic factor for poor OS (p = 0.020, hazard ratio (HR) = 1.57, 95% confidence interval (CI) 1.07–2.29, Cox) and BCSS (p = 0.006, HR = 1.93, 95% CI 1.21–3.08)). Inclusion of cfDI in the multivariate logistic regression model improved the predictive performance. Conclusions: Our results show high cfDI is an independent prognostic factor for poor OS and BCSS and improves the predictive performance of logistic regression models, thus supporting its prognostic potential.
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1. Introduction


Breast cancer (BC) is the most common cancer among women, with more than two million new cases diagnosed in 2018 [1]. The prognosis for non-metastasized BC is generally good and the 5-year survival in developed countries is currently ≥85% [2]. However, survival rates vary between different BC subtypes and approximately 20–30% of BC patients will eventually develop recurrent disease [3]. Earlier and more accurate identification of BC patients with a poor prognosis and tendency for recurrent disease is a key factor in reducing BC mortality.



A recent point of interest in BC research has been the utilization of cell-free DNA (cfDNA) for diagnostic purposes, as it could provide a non-invasive and easily repeated method of identifying patients with aggressive BC. It is well established that patients with advanced BC have higher cfDNA concentrations (cfDConc) than healthy controls or patients with benign tumors [4,5]. However, a high cfDConc has also been observed in other pathological conditions [6,7] which makes it relatively non-specific and highlights the need for more accurate biomarkers.



Various pathways are known to release cfDNA into circulation. In healthy individuals, cfDNA is mostly derived from apoptotic cells, in which endonuclease activity fragments the chromatin into nucleosomal units of approximately 180 bp and its multiples thereof. Longer fragments of >1000 bp in size are considered to originate especially from necrotic cells and other release mechanisms such as pyroptosis and phagocytosis [8,9]. The cfDNA integrity (cfDI) describes the ratio of large and small cfDNA fragments. It is well established that BC patients generally have higher cfDI than healthy controls or patients with benign disease [10,11,12,13,14], suggesting that the role of long fragment producing release mechanisms plays a central role in BC.



As tumor necrosis is often associated with a poor prognosis [15], high cfDI may be associated with a poor prognosis and act as a more specific biomarker of aggressive BC. Here, we isolated cfDNA from serum samples from patients with invasive local disease and measured the cfDConc and cfDI to compare their prognostic potential in estrogen receptor (ER) positive and negative BC.




2. Materials and Methods


2.1. Patients, Sample Material and Clinical Data


This study included a set of 207 Eastern Finnish BC patients. Their serum samples were collected at the time of diagnosis before receiving any kind of treatment. All patients were diagnosed with invasive local disease. Patient characteristics are presented in Table 1. Sample material and clinical data was obtained from KBCP, a prospective population-based case-control study conducted in 1990–1995 in Eastern Finland, and follow-up is still ongoing. This research project was advocated by the Research Ethics Committee of the University of Eastern Finland and Kuopio University Hospital. All participants have given their knowledge based written consent to participation.




2.2. Isolation of Cell-Free DNA


Serum samples were thawed on ice and 1 mL of serum was used for isolation. Each sample was centrifuged at 2000× g for 10 min at room temperature to remove possible remnants of white cell debris. The cfDNA was isolated from samples by using the QIAamp Circulation Nucleic Acid Kit (Cat. No. 55114, Qiagen, Hildern, Germany) according to manufacturer’s protocol. Isolated cfDNA was eluted in 50 L of AVE buffer and stored at −20 °C.




2.3. Concentration and Fragmentation Measurements


The concentration of isolated cfDNA samples was measured using Qubit 2.0 (Thermo Fischer Scientific, Waltham, MA, USA) fluorometer. A TapeStation 4200 (Agilent Technologies, Waltman, MA, USA) electrophoresis system with a ScreenTape D5000 System was used according to manufacturer’s protocol to evaluate the cfDI. According to Jahr et al. [16], fragments of 180 bp and multiples thereof were considered to be apoptotic fragments, and fragments in the range of 3000–10,000 bp were considered to be necrotic fragments. Applying this information to our dataset, we decided to interpret the fragments ≤1000 bp as apoptotic and larger fragments as necrotic fragments (Supplementary Figure S1). An integrity score was calculated by dividing the peak area of necrotic fragments by the peak area of apoptotic fragments.




2.4. Statistical Analysis


Statistical analyses were carried out in SPSS Statistics 25 software (IBM, Armonk, NY, USA). Concentrations smaller than the Qubit 2.0 threshold of 0.1 pg/µL were imputed as 0.00 ng/µL. Survival analysis was performed using the Kaplan–Meier estimate and Cox proportional hazards model with the following covariates: age at the time of diagnosis, tumor grade and stage, nodal status, ER status, progesterone receptor (PR) status, human epidermal growth factor receptor 2 (HER2) status, radiotherapy, chemotherapy, and hormonal therapy. The OS and BCSS were calculated as the time from the date of diagnosis to the date of last follow-up or death. Cause of death was coded either as caused by BC or not caused by BC. RFS was calculated as the time of first local or distant recurrence or new BC.



The prognostic potential of cfDConc and cfDI was further analyzed in univariate and multivariate logistic regression analysis. The variables age at the time of diagnosis, tumor grade and stage, nodal status, ER status, PR status, HER2 status, cfDConc, and cfDI were used to build the multivariate logistic regression models and the diagnostic performance of these models was estimated by a receiver operating characteristic (ROC) analysis and k-fold cross-validation score (Supplementary Figure S2). Bootstrapping with replacement was used to calculate area under curve (AUC) metric and its 95% confidence interval. A pairwise comparison of ROC curves was performed using DeLong’s algorithm [17].



The association between two variables was estimated by Pearson’s chi-squared test. Variable distributions between two groups were evaluated by Mann–Whitney’s U test. A p-value ≤ 0.05 (two-sided) was considered statistically significant in all analyses.





3. Results


3.1. Patient Cohort


All patients were female with a median age of 55 years; 138 patients (67.6%) were diagnosed with ER+ BC and 66 patients (32.4%) with ER− BC. The most common histological subtypes were ductal carcinoma (72.5%) and lobular carcinoma (14.2%). All patients had undergone breast surgery after primary diagnosis and sampling. Most of the patients had also received radiotherapy (78.9%) but only a minority of patients had received chemotherapy (21.1%) or hormonal therapy (25.0%).



At the time of the latest follow-up in October 2016, 52.9% of patients had died of BC and 21.1% of other cause. Of the 26.0% of patients who were alive, approximately two-fifths (37.7%) had been diagnosed with recurrent disease. The short-term survival of ER- patients was generally worse than patients with ER+ disease; the five-year overall survival (OS) and breast cancer-specific survival (BCSS) rates were 78.3% and 80.6% for ER+ cohort while corresponding survival rates for ER− BC were 60.6% and 64.5% (Figure 1a,b). The risk of recurrent disease was highest during the first five years of follow-up, after which the risk of recurrence in ER− patients was strongly reduced (Figure 1c).




3.2. High cfDConc Is Not Associated with Poor BC Survival


The median cfDConc was 0.56 ng/µL with a range of 0.20–2.82 ng/µL before imputation. When all patients were divided into two groups, according to the median cfDConc (high and low cfDConc), patients with high cfDConc had generally worse survival (Figure 2a–c). However, the only significant difference in survival was observed for OS at the 10-year follow-up (p = 0.022, Logrank, Table S1).



No difference in cfDConc was observed between ER+ and ER− patients (p = 0.208, Mann–Whitney U). ER+ patients with a high cfDConc had generally worse survival (Figure 2d–f), which was most prominent for the OS at the 10-year follow-up (p = 0.017, Logrank). No notable differences in survival were observed in the ER− patient group (Figure 2g–i).



Multivariate survival analysis did not recognize high cfDConc as an independent prognostic factor (Figure S3) and the difference in patient survival was mainly explained by tumor stage, lymph node status and age at the time of diagnosis. Similarly, cfDConc was strongly associated with tumor stage (p = 0.005, Pearson’s chi-square) and lymph node status (p = 0.009).




3.3. High Cfdi Is An Independent Prognostic Factor for Poor OS and BCSS


Calculated cfDI scores ranged from 0.05 to 3.37 with a median cfDI of 0.42. When all patients were divided according to the median cfDI score (high and low cfDI), high cfDI was associated with poor OS and BCSS (p = 0.008 and p = 0.002, Logrank, Figure 3a,b) in the univariate survival analysis. Association with poor recurrence-free survival (RFS) was most prominent at the 10- and 15-year follow-ups (p = 0.045 and p = 0.037, Logrank, Figure 3c).



Patients with ER+ BC had slightly higher median cfDI than ER− patients (0.64 ± 0.04 vs. 0.52 ± 0.07, p = 0.011, Mann–Whitney U). Further analysis did not find any explanatory factor for the observed difference in cfDI. High cfDI was associated with generally worse survival for both in the ER+ and ER− patients. In the ER+ group, high cfDI was associated with both poor OS and poor BCSS (p = 0.021 and p = 0.038, Logrank, Figure 3d,e), but a notable association with RFS was not observed (p = 0.596, Figure 3f). In the ER− group, patients with a high cfDI had worse OS (p = 0.004, Figure 3g) and BCSS, especially at the 10-year follow-up (p = 0.045, Figure 3h). Moreover, high cfDI was associated with poor RFS in ER− patients (p = 0.020, Figure 3i).



Multivariate survival analysis indicated that cfDI is an independent prognostic factor for poor OS (p = 0.020, hazard ratio (HR) = 1.57, 95% confidence interval (CI) 1.07–2.29, Figure 4a) and BCSS (p = 0.006, HR = 1.93, 95% CI 1.21–3.08, Figure 4b) when dividing patients according to the median cfDI. The association with RFS was not prominent (p = 0.478, Figure 4c). In the ER+ patient group, high cfDI was an independent prognostic factor for poor OS (p = 0.002, HR = 2.22, 95% CI 1.34–3.68, Figure 4d), but the associations with BCSS and RFS were less prominent (p = 0.128 and p = 0.705, Figure 4e,f). In the ER− patient group, high cfDI was associated with poor BCSS (p = 0.088, Figure 4g) but remained non-significant in our analysis. Associations with OS and RFS were not notable (p = 0.941 and p = 0.434, Figure 4h,i). In general, the survival of the ER− patients was explained mainly by the tumor stage and positive lymph node status.




3.4. The cfDI Improves the Prediction Accuracy of Logistic Regression Models


Multivariate logistic regression model with key tumor features and patient age at the time of diagnosis was considered as a reference model to which other logistic regression models were compared to estimate how cfDConc and cfDI can improve the prediction of clinical outcomes. Univariate logistic regression models with cfDConc as an only predictor did not significantly differ from the use of a random classifier; the measured area under curves (AUCs) for OS, BCSS, and RFS were 0.510 (95% CI 0.425–0.591), 0.453 (95% CI 0.391–0.537), and 0.440 (95% CI 0.361–0.517), respectively (Table S2, Figure S4). Inclusion of cfDConc did not significantly improve the performance of the multivariate logistic regression model (Table S3).



Univariate logistic regression with cfDI predicted the clinical outcomes of OS (AUC = 0.731, 95% CI 0.683–0.780), BCSS (AUC = 0.705, 95% CI 0.659–0.751) and RFS (AUC = 0.663, 95% CI 0.612–0.719) with an acceptable accuracy (Figure 5a–c). Multivariate logistic regression with key tumor features and patient age outperformed the univariate analysis (Figure 5d–f) in all cases, and inclusion of cfDI in the multivariate analysis further improved the general performance of the models. The AUCs obtained for multivariate logistic regression models with key tumor features and cfDI were 0.808 (95% CI 0.760–0.859), 0.797 (95% CI 0.757–0.841), and 0.832 (95% CI 0.796–0.871) for OS, BCSS, and RFS, respectively. The improvement was significant only in models predicting OS and BCSS (p = 0.057 and p < 0.001, DeLong); the model predicting RFS did not significantly benefit from the inclusion of cfDI (p = 0.977).





4. Discussion


The association between high cfDI and cancer indicates that high cfDI could also be associated with poor survival, but the few studies that have focused on the subject have reported controversial results. Iqbal et al. reported that high cfDI is associated with poor RFS in newly diagnosed BC patients [18], whereas Cheng et al. and Madhavan et al. reported opposite results and connected high cfDI to better OS and RFS in patients with metastatic BC [19,20]. Furthermore, Medhavan et al. did not support the prognostic value of cfDI in patients with non-metastatic disease. Our results provide further evidence by identifying high cfDI as an independent prognostic factor for both poor OS and BCSS at the time of diagnosis and before any treatment is given to patients.



The noted studies have important differences in terms of study design, patient cohort used, and especially timing of sample collection. Our methodology does differ from previous studies as we decided to use automated gel electrophoresis instead of Alu-based real-time PCR in order to allow the visual inspection of the fragmentation and evaluate the whole spectrum of cfDNA fragments over the 100–5000 bp range. Moreover, we chose to use a higher and more biologically relevant threshold for the detection of necrotic fragments. Though differences in the methodology and patient cohorts may partly explain the controversial results, it is obvious that more research and systematic reviews on the topic are needed to validate the prognostic potential of cfDI.



Although our results support, to some extent, the prognostic potential of cfDConc, we did not recognize cfDConc as an independent prognostic factor due to its strong association with tumor stage and lymph node status. This also explains why inclusion of cfDConc in the logistic regression model did not provide notable improvement in the prediction accuracy, as survival was mainly explained by tumor stage and lymph node status. The inclusion of cfDI, in turn, improved the prediction accuracy due to cfDI not being strongly associated with traditional tumor features but being strongly associated with the poor survival. Cross-validation confirmed that models with cfDConc as a predictor suffered from varying accuracy while models with cfDI and traditional tumor features provided more robust performance.



Particularly interesting is the association of cfDI and survival in ER+ patients. This group of patients had a uniform OS and BCSS pattern during the first five years of survival, after which the patients with a high cfDI had significantly worse survival than patients with low cfDI. This observation highlights the prognostic potential of cfDI but also raises questions about the exact mechanism underlying the observed difference. Why did these cases have such poor survival, and why did the difference in survival manifest so late? This group of patients did not differ from the low cfDI group in terms of tumor features or received treatments which suggests that liquid biopsy might reflect something that traditional tumor biopsies miss.



The basic mechanism underlying the prognostic potential of cfDI remains open for discussion. Our hypothesis assumes that increased cfDI results from tumor necrosis and is therefore associated with poor BC survival. While our results support the association between high cfDI and poor survival we cannot conclusively connect this finding with the tumor necrosis due to available sample material. At the time of sampling, necrotic tumor regions were consciously avoided in sample preprocessing and remaining samples did not perfectly reflect the presence of tumor necrosis. Although the role of necrotic tumor cells as a major source of long cfDNA fragments is more or less accepted [21,22], the association between the high cfDI and tumor necrosis still needs more supportive evidence.



The sample material used has both strengths and limitations regarding its use. Long-term storage and use of serum samples is associated with pre-analytical problems, such as hematopoietic lysis and considerable gDNA contamination [23], which is why careful quality control was applied. Moreover, the treatment of BC has developed substantially after the Kuopio Breast Cancer Project (KBCP), and how well our results can be generalized to modern clinical practice is open for debate. On the other hand, the exceptionally long follow-up of 25 years provides a unique prospective perspective regarding the survival of Finnish BC patients and allowed us to perform both short- and long-term survival analyses that would have not been possible with a standard 5-year follow-up.




5. Conclusions


Association of cfDI and BC survival is poorly studied and few studies have focused on the topic with notable differences in terms of study design and the obtained results. Our results provide further evidence of the association between cfDI and BC survival and recognize cfDI as an independent prognostic factor for poor BCSS, especially in ER+ BC. Together with the traditional tumor features, a non-invasive and easily repeated liquid biopsy could help discriminate BC patients with poor OS and BCSS more accurately at the time of diagnosis. Further studies and systematic reviews on the topic are well warranted.
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Figure 1. Survival functions in the ER+ and ER− patients. (a) ER− BC was associated with poor short-term overall survival and (b) breast cancer-specific survival especially during the first five years of follow-up compared to ER+ BC. (c) The difference in survival was lifted off over time, mainly due to different recurrence rates on long-term follow-up. 
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Figure 2. Kaplan–Meier plots representing the association between cfDConc and BC survival. (a–c) Patients with high cfDConc had generally worse survival, although the only significant difference in survival was observed for OS at the 10-year follow-up (p = 0.022). (d–f) A similar survival trend was observed in the ER+ patients with a significant association with OS at the 10-year follow-up (p = 0.017). (g–i) The association with poor survival was less prominent in the ER− patient cohort. 
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Figure 3. Kaplan–Meier plots representing the association between cfDI and survival. (a) High cfDI was associated with poor OS (p = 0.002) and (b) BCSS (p = 0.008). (c) The association with RFS was less prominent and only visible at the 10- and 15-year follow-ups (p = 0.045 and p = 0.037). (d,e) In ER+ patients, high cfDI was associated with poor OS and BCSS, but (f) association with RFS was not observed. (g) In ER− patients, high cfDI was associated with poor OS and (h) poor BCSS at the 5- and 10-year follow-ups (p = 0.024 and p = 0.045). (i) Association between high cfDI and poor RFS was the most prominent in ER− patients. All p-values were obtained by the Logrank test. 
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Figure 4. Cox regression analysis plots representing the association between high cfDI and BC survival. (a) High cfDI was an independent prognostic factor for poor OS (p = 0.006) and (b) BCSS (p = 0.020) but not for the (c) poor RFS (p = 0.478). (d–f) Similar results were observed in ER+ patients although the only significant difference in survival was observed for OS. (g–i) In the ER− patients high cfDI was associated with poor BCSS but was not significant, whereas associations with OS and RFS remained less prominent. Grey lines represent the survival function of high cfDI group in areas where the plot overlaps with the legend. 
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Figure 5. Performance of the univariate and multivariate logistic regression models with cfDI. The top row (a–c) represents the ROC curves derived from the univariate logistic analyses with cfDI as a predictor. The ROC curves illustrate that cfDI predicts OS and BCSS with an acceptable accuracy but is less accurate biomarker for BC recurrence. The bottom row (d–f) represents the performance of the multivariate logistic regression model with and without cfDI and illustrates how including the cfDI in the model improves the general model performance. 
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Table 1. Patient characteristics.
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Variable

	
Grouping

	
Total

	
ER+

	
ER−






	
Age at diagnosis

	
≤39 years

	
25 (12.3%)

	
15 (10.9%)

	
10 (15.2%)




	
40–49 years

	
47 (23.0%)

	
30 (21.7%)

	
17 (25.8%)




	
50–59 years

	
56 (27.5%)

	
36 (26.1%)

	
20 (30.3%)




	
60–69 years

	
37 (18.1%)

	
27 (19.6%)

	
10 (15.2%)




	
≥70 years

	
39 (19.1%)

	
30 (21.7%)

	
9 (13.6%)




	
Tumor stage

	
I

	
81 (39.7%)

	
59 (42.8%)

	
22 (33.3%)




	
II

	
98 (48.0%)

	
66 (47.8%)

	
32 (48.5%)




	
II

	
25 (12.3%)

	
12 (9.4%)

	
12 (18.2%)




	
Tumor grade

	
I

	
36 (17.6%)

	
34 (24.6%)

	
2 (3.0%)




	
II

	
97 (47.5%)

	
78 (56.5%)

	
19 (28.8%)




	
II

	
70 (43.3%)

	
25 (18.1%)

	
45 (68.2%)




	
Nodal status

	
N0

	
115 (56.4%)

	
80 (58.0%)

	
35 (53.0%)




	
N1

	
79 (38.7%)

	
53 (38.4%)

	
26 (39.4%)




	
N2

	
10 (4.9%)

	
5 (3.6%)

	
5 (7.6%)




	
PR status

	
Negative

	
95 (46.6%)

	
34 (24.6%)

	
61 (92.4%)




	
Positive

	
109 (53.4%)

	
104 (75.4%)

	
5 (7.6%)




	
HER2 status

	
Negative

	
173 (84.8%)

	
122 (88.4%)

	
51 (77.3%)




	
Positive

	
17 (8.3%)

	
4 (2.9%)

	
13 (19.7%)




	
Missing

	
14 (6.9%)

	
12 (8.7%)

	
2 (3.0%)




	
Chemotherapy

	
Yes

	
43 (21.1%)

	
21 (15.2%)

	
22 (33.3%)




	
No

	
161 (78.9%)

	
117 (84.8%)

	
44 (66.7%)




	
Hormonal therapy

	
Yes

	
51 (25.0%)

	
40 (29.0%)

	
11 (16.7%)




	
No

	
153 (75.0%)

	
98 (71.0%)

	
55 (83.3%)




	
Radiotherapy

	
Yes

	
129 (63.2%)

	
86 (62.3%)

	
43 (65.2%)




	
No

	
75 (36.8%)

	
52 (37.7%)

	
23 (34.8%)
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