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Abstract

Purpose Non-invasive blood-based molecular markers have been investigated for cancer diagnosis and prognosis. Circulating
free or cell-free DNA (cfDNA) variables have been shown to be putative markers in breast cancer prognosis.

Methods Here, we investigated the potential prognostic ability of cfDNA concentration and cfDNA integrity (cfDI) in a
study cohort of 268 patients by quantitative PCR. We compared cfDNA concentration and cfDI at baseline and after one
cycle of therapy in metastatic breast cancer (MBC) patients.

Results A significantly increased cfDI (P = 1.21E-7 for ALU and P = 1.87E-3 for LINE1) and decreased cfDNA concen-
tration (P = 1.17E-3 for ALU and P = 1.60E-2 for LINE1) in both repetitive DNA elements after one cycle of therapy was
observed. A multiple Cox regression model indicated that cfDI and cfDNA concentration can serve as independent prognostic
markers in patients at baseline with HR (95% CI) of 0.70 (0.48-1.01) for ALU cfDI, 0.63 (0.44-0.92) for LINE1 cfDI, 2.44
(1.68-3.53) for ALU cfDNA concentration, and 2.12 (1.47-3.06) for LINE1 cfDNA concentration and after one cycle of
therapy with HR (95% CI) of 0.59 (0.42-0.84) for ALU cfDI, 0.51 (0.36-0.74) for LINE1 cfDI, 1.59 (1.31-1.92) for ALU
cfDNA concentration, and 1.30 (1.17-1.45) for LINE1 cfDNA concentration, respectively. By comparing integrated predic-
tion error of different models, cfDNA variables were shown to improve the prognostic power of the CTC status.
Conclusions We hereby show that cfDNA variables, especially in combination with other markers, can serve as attractive
prognostic markers for MBC patients at baseline and during the systematic therapy.

Keywords Metastatic breast cancer - Circulating DNA concentration - Circulating DNA integrity - Circulating tumor cells -
Prognostic marker

Abbreviations cfDI Circulating free or cell-free DNA integrity
AUC Area under the curve cfDNA Circulating free or cell-free DNA
BL Baseline CI Confidence interval

CTC Circulating tumor cell
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MBC Metastatic breast cancer

NCT National Center for Tumor Diseases, Heidelberg,
Germany

PFS Progression-free survival

OS Overall survival

Introduction

Breast cancer is the most common female cancer, with more
than 230,000 new cases diagnosed in the United States alone
in 2016 [1]. Metastatic breast cancer (MBC) can spread to
distant organs of the body, with bone, liver, and lung being
the most common sites [2]. Distant metastases cause about
90% of deaths due to breast cancer [3]. The average sur-
vival time for MBC patients is less than 3 years, although
new treatments have been shown to improve the outcome
of patients [4].

In recent years, the development of therapy for metastatic
breast cancer such as chemotherapy, radiotherapy, endo-
crine therapy, and targeted therapy gives patients as well as
scientists hope [5]. Patients with MBC can be treated and
controlled for some time before the cancer recurs. Thus, sys-
tematic therapy is needed to treat the recurred breast cancer.
Meanwhile, radiographic inspection is needed to monitor the
response of the systematic therapy. However, radiographic
inspection is difficult to have a real-time radiologic imaging
these days in order to monitor the progress of the disease.
Therefore, prognostic and predictive biomarkers for MBC
are prominent these days, as well as biomarkers for therapy
response in personalized anticancer.

Recently, the investigation of circulating molecular mark-
ers in peripheral blood (“liquid biopsies”) has developed
fast because they are easily accessible, reproducible and can
achieve real-time monitoring in cancer [6]. Biomarkers such
as circulating tumor cells (CTCs), microRNAs, and circu-
lating DNA have been explored in many types of cancer as
potential diagnostic and prognostic markers for personalized
medicine [7-15]. Among them, cell-free or circulating free
DNA concentration and cell-free DNA integrity (cfDI) are
emerging biomarkers. Elevated cfDNA concentrations have
been shown in many types of cancers compared to healthy
controls [16, 17]. cfDI is calculated as the ratio of longer
DNA fragment concentration to shorter ones of a specific
genetic locus and indicates the extent of cfDNA fragmenta-
tion. cfDNA concentration and cfDI, which represent the
quantity and quality of cfDNA, have been investigated as
diagnostic or prognostic markers in many cancers for a wide
range of research applications [18-23].

In previous study, we have shown the prognostic capacity
of cfDNA variables in respect of MBC for itself as well as
in combination with the CTC status [12]. Meanwhile, other
studies also confirmed the significant difference of cfDNA
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concentration between MBC and locally confined breast
cancer and benign controls and healthy controls. cfDI dif-
ference was also observed between MBC and benign patients
[24]. However, no studies have ever compared the differ-
ence of cfDNA variables at the time point of enrollment
into the study (MBCjp; ) and after the first cycle of system-
atic therapy (MBC, () in patients. In this study, we investi-
gated whether cfDNA variables can be a useful prognostic
marker accompanying to therapy in MBC study. Here, we
show that cfDNA variables could improve the prognostic
power in MBC patients when used in combination with the
determination of the CTC status.

Methods and materials
Study subjects

This study was approved by the Ethical Committee of the
University of Heidelberg (Heidelberg, Germany). The study
was conducted at the National Center for Tumor Diseases
(NCT), Heidelberg, Germany and the Department of Obstet-
rics and Gynecology, Women’s Clinic of Heidelberg Uni-
versity, Heidelberg, Germany. All subjects were metastatic
breast cancer patients who were continuously recruited
throughout May 2010 and December 2014. All subjects
were females and Caucasians. Written informed consent was
obtained from all participants.

Blood samples were collected for CTC enumeration
and cfDNA extraction from patients when enrolled about
to start the first cycle of systematic therapy at MBCyg; and
MBC, patients. Only patients were included where blood
samples were available at both time points of MBCy; and
MBC,. In total, 268 patients were included in this study.
Here, essential elements related with tumor marker studies
were described as listed before [25].

Sample processing and cfDNA extraction

For cfDNA extraction, peripheral blood was collected from
all patients in 9-ml EDTA tubes (S-Monovette R, Sarstedt,
Niimbrecht, Germany). Blood was centrifuged at 1300 g for
20 min at 10 °C within 2 h after blood withdrawal. The
supernatant was transferred and centrifuged again at 15500 g
for 10 min at 10 °C. This step was done to make sure that
the plasma was free of cells or cell debris. The blood plasma
supernatant was snap frozen in liquid nitrogen and stored
at — 80 °C until further use. cfDNA was extracted from
800 pl blood plasma using the QIAamp DNA Blood Mini
Kit (Qiagen, Hilden, Germany) with minor modifications
as described before [12]. Extracted cfDNA was eluted in
30 pl of AE elution buffer. The eluate was re-applied onto
the column, and the final eluate was collected and stored at
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— 20 °C. Blood samples from MBCy; and MBC, patients
were extracted together to avoid any batch effects. Method
for enumeration of CTCs is described in Supplemental Data.

Measurement of cfDNA concentration and cfDI

Concentration and integrity of circulating DNA in blood
plasma were evaluated by measuring the short and long frag-
ments of two repetitive DNA elements, ALU (ALU-111 bp,
ALU-260 bp) and LINE1 (LINE1-97 bp, LINE1-266 bp) by
quantitative PCR using ABsolute qPCR SYBR Green Mix
(Thermo Scientific, Carlsbad, USA) and the LightCycler480
system (Roche Diagnostics, Mannheim, Germany). The
methods were described elsewhere before [12]. The cfDNA
eluate was diluted into 1:20 to achieve optimal PCR effi-
ciency. Concentrations of DNA fragments were calculated
using the absolute quantification method according to the
Light Cylcer 480 software instructions. cfDI was calculated
as the ratio of long divided by short fragment concentra-
tions for each of the elements: ALU-260/111, LINE1-266/97
as described before [12]. As short amplicons were nested
within the long fragments, cfDI values should always be in
the range of 0—1. The short fragment concentrations were
regarded as overall cfDNA concentrations.

Methods of enumeration of CTCs

Enrichment and enumeration of CTCs using the CellSearch
technology (CellSearchTM Epithelial Cell Kit/CellSpotter™
Analyzer; Janssen Diagnostics LLC, Raritan, NJ, USA) were
processed as described before [26, 27]. Briefly, 7.5-mL sam-
ples of peripheral whole blood were collected in CellSave
tubes (Janssen Diagnostics LLC, Raritan, NJ, USA) con-
taining ethylenediaminetetraacetic acid (EDTA) and a cel-
lular preservative. Samples were maintained at room tem-
perature and processed within 96 h. Epithelial cells were
immunomagnetically enriched using ferrofluid nanoparticles
coated with antibodies against epithelial cell adhesion mol-
ecule (EpCAM). Subsequently, EpCAM-positive cells were
labeled with the nuclear dye 4',6-diamidino-2-phenylindole
(DAPI) and immunostained with monoclonal antibodies
specific for keratins and for the leukocyte common antigen
CD45. Cells with intact nuclei that were CD45 negative and
keratin positive were defined as CTCs and enumerated by
trained operators.

Statistical analysis

All statistical analyses were carried out using the IBM
SPSS Statistics 24.0 (SPSS, Chicago, IL) package and R
package “survival”, version 2.40-1, “survcomp”, version
1.25.0 and “pec”, version 2.5.3, respectively. cfDNA con-
centrations were not normally distributed and thus were

log,-transformed for further data analysis. Differences of
cfDNA concentrations and cfDI between the two groups
were evaluated by the paired sample Wilcoxon rank sum
tests. Correlation between ALU and LINEI results were
determined by Spearman correlation. Kaplan—Meier curves
were constructed for progress-free survival (PFS) and over-
all survival (OS), after stratifying the data based on their
cfDI or cfDNA concentration. Here, PFS was defined as time
from patients’ enrollment or after the first cycle of system-
atic therapy to disease progression. OS was defined as time
from patient’s enrollment or after the first cycle of system-
atic therapy until death. Median values were used as the cut-
off point for ALU and LINE1 ¢fDNA concentration. cfDI
cut-off points were selected using the turning points on the
curves of the study set according to the survival hazard ratio
curve. CTC status was determined by CTC enumeration as
CTC positive for > 5 CTC or CTC negative < 5 CTC per
7.5 ml of peripheral blood as defined before [28]. PFS and
OS times were estimated at medians with 95% confidence
intervals (CIs).

To assess correlation to PES or OS, Cox proportional haz-
ard models were built for cfDI, cfDNA concentration, CTC
status, and other clinical parameters and the corresponding
hazard ratios (HR) with 95% CIs were calculated. Cox mod-
els with the corresponding variables were evaluated by cal-
culating their prediction accuracy as assessed by integrated
prediction error (IPE) scores computed after 10, 20, 30, and
40 months. The IPE of different models was compared. P
values less than 0.05 are regarded as statistically significant.

Results

Altered cfDNA concentration, cfDNA integrity
from baseline to one cycle of therapy

To evaluate the consistency of ALU and LINEI results,
Spearman’s rank correlation method was applied for both
cfDI and cfDNA concentration. The results between the
independently measured ALU and LINEI elements were
consistent with high correlation coefficient values both for
log2cfDNA concentration (» = 0.92) and cfDI (r = 0.66).
Using the paired sample Wilcoxon rank sum tests, we
analyzed the results between MBCp; and MBC, patients.
Generally, the cfDNA concentration was higher in MBCyp
than in MBC,.. The concentrations (mean + SD) of
ALU cfDNA concentration between MBCp; and MBC, -
patients were 0.49 + 1.25 ng/ul and 0.28 + 0.50 ng/ul.
Same trend was obtained from LINE1 cfDNA concentra-
tion (0.67 + 2.08 for MBCy; patients and 0.42 + 0.91 for
MBC, patients), as shown in Table 1 and Fig. 1a, b. The
differences were significant for both (ALU: P = 1.17E-03;
LINE1: P = 1.60E-02). Patients at baseline had generally a
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Table 1 Mean + SD and median (range) of c¢fDI and cfDNA concentration of MBCBL and MBCI1C patients from ALU and LINEI targets, and
P values of Wilcoxon rank sum tests comparing cfDI and log2cfDNA concentration between these two group patients

Group Index MBCBL patients MBCIC patients Comparison
Mean + SD Median (range) Mean + SD Median (range)

ALU cfDI 0.54 +0.20 0.53 (0.12-0.99) 0.61 +£0.20 0.63 (0.15-0.98) 1.21E-07

c¢fDNA conc (ng/pl) 0.49 £ 1.25 0.15 (0.03-15.03) 0.28 +0.50 0.13 (0.02-4.76) 1.17E-03

LINE1 cfDI 048 £0.21 0.45 (0.08-0.97) 0.51 +£0.21 0.49 (0.09-0.99) 1.87E-03

cfDNA conc (ng/ul) 0.67 +2.08 0.15 (0.01-26.33) 042 +0.91 0.15 (0.03-7.99) 1.60E-02

Statistically significant P < 0.05 is highlighted in bold
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significantly lower cfDI (median ALU cfDI = 0.53, median
LINE]1 cfDI = 0.45) compared to MBC, - patients (median
ALU cfDI = 0.63, median LINE1 cfDI = 0.49) (P = 1.21E-
07 for ALU and P = 1.87E-03 for LINE1) (Table 1, Fig. lc,
d). In detail, we also did analysis according to breast cancer
molecular subtype. The results are shown in Supplemental
Table 1. However, because of the limited patient number in
different groups, we still focus on the aim whether cfDNA
variables can be a prognostic marker in the whole MBC
patients.

Prognostic value of cfDNA integrity and cfDNA
concentration in MBCg, and MBC, . patients

In MBCy; patients, those with low ¢fDNA concentration
had significant longer PFS time by Kaplan—Meier analysis
(log-rank test P = 2.5 X 10E-4 for ALU, P = 6.7 X 10E-4
for LINE1). Patients with high cfDI showed a significant
longer PFS time (log-rank test P = 2.4 X 10E-2 for ALU,
P = 1.5 X 10E-2 for LINE1) (Table 2). Further, MBCy;
patients with high cfDNA concentration showed signifi-
cant shorter OS time compared to those with low cfDNA
concentration (log-rank test P = 4.3 x 10-7 for ALU,
P = 6.9 x 10-7 for LINE1) (Table 2). Patients with higher
cfDI had a significant longer OS time than patients with
lower cfDI (log-rank test P = 0.04 for ALU, P = 0.03 for
LINE1).

Similarly, in MBC, patients, those with a lower cfDNA
concentration presented longer PFS time than those with a
higher cfDNA concentration (log-rank test P = 1.70 X 10E-2
for ALU, P = 4.94 x 10E-3 for LINE1). The group with
higher cfDI had a significant longer PFS time than those
with a higher cfDI (log-rank test P = 8.69 x 10E-3 for
ALU, P = 3.56 x 10E-2 for LINE1) (Table 2). As for OS
in MBC, - patients, the same trend was observed of OS in
MBC, . patients (P < 0.001) (Table 2).

cfDNA variables with clinical variables
and prognosis

Next, we investigated if associations between the c¢fDI or
cfDNA concentration and the clinical and pathological char-
acteristics can be confirmed (Table 3). We found in both
MBCy; and MBC,, cfDI was significantly decreased in
patients with visceral metastasis (especially liver metastasis)
compared to patients with non-visceral metastasis (Supple-
mental Table 2 and Supplemental Fig. 1). Univariate and
multivariate Cox Regression with variables in MBCy; and
MBC, - patients were investigated. Univariate Cox regres-
sion analysis showed that variables like cfDNA concentra-
tion, cfDI, ER status, PR status, therapy lines given, numbers
of metastatic sites, endocrine therapy, and antibody therapy
were associated with unfavorable outcomes of MBCy; and
MBC, - patients (Table 4).

Table 2 Progress-free survival and overall survival time of MBC patients at baseline and after one cycle of therapy, stratified by cfDNA concen-

tration and cfDI of ALU and LINEI repetitives

Criteria Group n Median PFS (months, 95%) P Value (log- Median OS (months, 95%) P Value
rank test) (log-rank
test)
MBC at baseline
ALU cfDNA concentration High 133 5.5 (4.2-6.7) 2.45E-04 31.5(37.8-354) 4.32E-07
Low 134 10.0 (8.1-11.9) 18.0 (13.4-22.6)
ALU cfDNA integrity High 134 8.7 (6.2-11.1) 2.38E-02 32.5(22.1-42.8) 0.04
Low 133 6.6 (5.2-8.1) 25.6 (20.0-31.2)
LINE1 cfDNA concentration High 134 6.0 (4.7-7.3) 6.71E-04 16.6 (13.7-19.4) 6.99E-08
Low 133 10.0 (8.4-11.6) 35.4 (25.1-45.8)
LINE1 cfDNA integrity High 143 8.5(6.0-11.1) 1.47E-02 31.8 (23.6-39.9) 0.03
Low 124 6.7 (5.0-8.3) 23.8 (16.7-30.9)
MBC after one cycle therapy
ALU cfDNA concentration High 134 5.0 (3.4-6.5) 1.70E-02 15.2 (10.6-19.8) 8.19E-07
Low 133 8.7 (6.9-10.5) 33.5(25.1-41.9)
ALU cfDNA integrity High 177 7.7 (6.2-9.2) 8.69E-03 31.4 (24.2-38.6) 3.08E-03
Low 90 4.3 (2.5-6.2) 20.4 (15.6-25.2)
LINE1 cfDNA concentration High 134 5.3 (4.0-6.6) 4.94E-03 17.2 (11.6-22.7) 6.52E-06
Low 133 8.7 (6.9-10.5) 31.7 (28.1-35.2)
LINE1 cfDNA integrity High 113 7.5 (5.8-9.2) 3.55E-02 33.6 (29.3-36.5) 2.20E-04
Low 154 5.9 (3.4-8.4) 19.5 (16.0-23.1)

Statistically significant P < 0.05 is highlighted in bold

@ Springer



Breast Cancer Research and Treatment (2018) 169:69-82

74

Ty 8¢ VN

Y160 (4440 9190 98¢0 ILY°0 2090 8250 6£°0 (9'1L) T61  PAnESoN

LOT'0 9S+°0 188°0 L0 PSE0 €850  ST60 S6C0 6vc’0 LEV'0  ¥81°0 orel 6€C’0 860 OLIO 1680 (T¥1) 8¢ SADISOd
smels 29H

(€9) L1 VN

SIS0 LLY'O €290 YLT0 LSY'0 €LLO Y490} 6vS0 (0'1€) €8 oAnESaN

¢L90 Y050 8650 11+°0 89%'0 090 9¥L0 96C°0 92e0 ¥8Y'0 €990 LY9°0 96v'0 £€¥S0 9990 SLY'0  (LT9) 891 SARISOd
smeIs d

(49574 VN

9050 00L0 9850 1€¥°0 €LY'0 €L6°0 €160 9L9°0(%E¥2) S9 9ATIESAN

L16'0 60S°0 900 LEE0 8€C'0 0290  S90°0 8€C°0 6160 9LY'0  06€°0 850 08C0 S¥S0  €9¢°0 Ser'0 (S0L) 681 SARISOd
sneIs g

#0)1 VN

69S°0 6170 LS90 SLTO 7960 ¥8L°0 119°0 7Cs0 (972 99 EINSLERIN]

£€0-HS9'9 06¥°0 cL60 Yer'0 TO-HT0C 1650 LT8O 06C°0 SO0-HS6'v LY¥'0 2090 6290 vO-dSEr 1160 VI8O0 0840 (0°SL) 10T 9ADISOd
[BIOOSIA

80 VN

€S0 8¢°0 129°0 1LT0 06¥°0 0¢so S0 PI¥'0  (€%€) 6 SALESON

LY1'0 S61°0 790 wyo 9¢¥'0 0090  LOLO S6C°0 61¥'0 L9Y0  <COY'0 L0 86¥'0 I¥S0  ILVO €50 (6'%9) ¥L1 QADISOd
suog

8S°0 110 SLLO L61°0 61t°0 601°0 S¥S0 6ST0 (ID¢ VN

£87°0 LLTO €90 orro eer’o CcIco Y160 8LT°0 (¥'8¢) €01 €

6Ly 0 1S1°0 090 9CI'0 0EY0 r10 00S°0 9610 (T€E) 68 4

LIT0 8CS0 L80°0 9¢1'0 121'0 €690  9%0°0 YIT°0 L20°0 CTISO 6970 1€1°0 001°0 2850  6L£0 L2110 (TLO €L 1
SIS ONBISLIDA

(T°5¢) ¥6 VN

K10}

6870 (S DV -ewwregup

6€5°0 $60°0 881°0 SLT'0 89L°0 770 0¢s0 170 (098 OINI

(4340 LT1°0 6LS°0 SC1o €S0 S¥1°0 [4440 8S1'0 (T8 TC oL

08%°0 L91°0 650 110 v0 0S1°0 €S0 7ST0 (S'TS) 8€T odl

6’0 1SS0 6160 €600 80€°0 €£€8°0 8060 1800 180°0 6990  S6L°0 161°0 291'0 CI80 LT8O 670 (80T S10d
K30[0ISTH

foli(e%e} ou0d ou0d ou0d
onfeA d [dJ0  °n[EAd VNAJ  onead [diD °nead VN3O onead [diD onead VN3O onead IdiD onead VNAIO

TANIT nv TANIT nv somst
Kde1ay) 9[040 suo 1918 DN aurfeseq 18 DA (%)u  -1910BIRYD)

sonsLIsjorIRYd [ed1So[oyjed puk [BOTUI[O SY) YIIM UOHRIJOSSE JI9Y) PUB [(Jj0 PUB UONEIUIU0d YNJO € 3|qel

pringer

Qs



75

Breast Cancer Research and Treatment (2018) 169:69-82

prog ur paySIySIy St 00 > J JULdYIUSIS A[[eonsnels

8¢S°0 454\ 119°0 16C°0 78¥°0 850 8¢S°0 9¢'0  (0°9S) 0ST ON
7800 S8¥°0 8CS°0 18¢€°0 818°0 S090 +¥8°0 6LC0 Ir'0 S9Y0  6SY°0 TILLO §C6'0 9¢S0  9¢¥0 9560 (0¥ 8IT SoX
Aderoyy Apoqnuy
o1 VN
8LY'0 LYo LSO §Te0 0S¥'0 STLo 7150 6550 (8°09) 9¢T ON
20-HI0°T TPS0 0LE0 ILE0 €0-H9S°T S¥9°0  861°0 9T 9€0’0 €050 ¥¥9°0 L09°0 €L0'0 8SS'0  89¢0 0Tr'0 (809 9€T SAX
Kdeoyy surroopuyg
(807 VN
6870 £€8¢°0 1650 €970 191°0 8860 8¢S°0 9%°0 (S'L9) 181 ON
610°0 €SS0 10€°0 8050 1900 1¥9°0 ¢TSTO 8¢€0 €80°0 80S'0  9S¢€0 w80 €ee’0 ¥SS'0  T8S0 $65°0 (L'TE) S8 SoX
Kdeloyjorpey
o1 VN
0L¥'0 9LS0 0LS0 €6¢°0 12940 9L8°0 €150 979'0 (9'9%) STI 4
€0-HP0°E 7SO0 TO-HPE'T L8T0 €0-d89°€ 1¥9°0  9¥0°0 8CC0 SOI'0 S6¥'0  ¢¥I0 78%°0 €80°0 9SS0 VIO 1L£0 (0°€S) THI I
uaArd saury Adeiay],
oU00 ou0o ou00 ou0o
snfeAd [dJ0  onEAd VNdP  enpead 1djD onEad VNAID °nead [dJD onpEad VNAD °neAd IdID enpead VN@O
TANIT niv TANIT nv
SonSt
Kde1ay) 9[040 auo 1918 DN aurfeseq 18 DA (%)u  -19108IRYD)

(ponunuoo) ¢ 3jqey

pringer

a's



76

Breast Cancer Research and Treatment (2018) 169:69-82

Table 4 Univariate Cox
regression analyses of potential
factors

Variables (6N PFS
HR (95% CI) P value HR (95% CI) P value

MBC at baseline
ALU cfDNA conc 1.12 (1.04-1.21) 3.83E-03 1.06 (0.98-1.15) 1.40E-01
ALU cfDNA cfDI 0.70 (0.49-0.99) 0.043 0.74 (0.56-0.96) 2.46E — 02
LINE1 cfDNA conc 1.06 (1.01-1.11) 9.78E-03 1.63 (1.30-2.04) 1.89E-05
LINEI cfDI 0.68 (0.48-0.96) 0.028 0.72 (0.55-0.94) 1.53E-02
Age 0.99 (0.97-1.00) 0.12 0.99 (0.98-1.00) 0.13
ER status 0.64 (0.44-0.94) 0.022 0.64 (0.47-0.87) 4.67E-03
PR status 0.65 (0.45-0.94) 0.020 0.62 (0.46-0.82) 1.06E-03
HER?2 status 0.82 (0.50-1.35) 0.44 0.85 (0.58-1.25) 0.41
Therapy lines given 2.30 (1.62-3.27) 3.73E-06 1.80 (1.38-2.35) 1.58E-05
No. of metastatic sites 2.46 (1.54-3.92) 1.64E-04 1.40 (1.03-1.89) 3.04E-02
Metastatic sites 1.75 (1.14-2.68) 9.90E-03 1.39 (1.01-1.90) 4.18E-02
Radiotherapy 0.99 (0.69-1.41) 0.95 1.26 (0.96-1.67) 0.10
Endocrine therapy 0.33 (0.23-0.47) 1.44E-09 0.53 (0.40-0.70) 5.90E-06
Antibody therapy 1.57 (1.09-2.27) 0.02 0.98 (0.75-1.28) 0.90

MBC after one cycle therapy
ALU cfDNA conc 1.59 (1.31-1.92) 1.24E-06 1.39 (1.14-1.68) 9.70E-04
ALU cfDNA cfDI 0.59 (0.42-0.84) 3.44E-03 0.69 (0.52-0.91) 9.20E-03
LINEI cfDNA conc 1.30 (1.17-1.45) 1.59E-06 1.21 (1.08-1.35) 8.73E-04
LINEI cfDI 0.51 (0.36-0.74) 2.82E-04 0.75 (0.57-0.98) 3.65E-02
Age 0.99 (0.97-1.00) 0.14 0.99 (0.98-1.00) 0.15
ER status 0.65 (0.45-0.96) 0.029 0.63 (0.46-0.85) 2.89E-03
PR status 0.66 (0.46-0.95) 0.024 0.59 (0.44-0.79) 3.73E-04
HER?2 status 0.84 (0.52-1.38) 0.50 0.93 (0.63-1.36) 0.71
Therapy lines given 2.33 (1.64-3.31) 2.54E-06 1.89 (1.45-2.48) 3.22E-06
No. of metastatic sites 2.51(1.58-4.01) 1.12E-04 1.51 (1.11-2.05) 8.56E-03
Metastatic sites 1.75 (1.14-2.68) 1.04E-02 1.43 (1.04-1.97) 2.71E-02
Radiotherapy 1.00 (0.70-1.43) 0.98 1.38 (1.05-1.82) 2.15E-02
Endocrine therapy 0.33 (0.23-0.48) 3.14E-09 0.49 (0.37-0.64) 3.98E-07
Antibody therapy 1.55(1.07-2.24) 0.019 1.08 (0.83-1.40) 0.59

Statistically significant P < 0.05 is highlighted in bold

Multivariate Cox regression based on proportional
hazards assumption was employed here. The model was
constructed with the clinicopathological factors that had
shown a P value < 0.05 in univariate Cox regression. Here,
we observed that cfDNA concentration showed an inde-
pendent prognostic value on both OS and PFS in MBCy;
patients (Table 5). Nevertheless, the P value indicated
that ¢fDI had no significant effect on OS and PFS. Fur-
thermore, ER/PR status, first or more line of therapy, and
number of metastatic sites showed independent prognostic
power. In MBC, ¢ patients, similar results were observed
(Table 6). The P values here indicated that the difference
between cfDI on overall survival in MBL patients was
bordering on statistical significance (P = 0.06 for ALU
and P = 1.65 E-2 for LINE1). Results showed that cfDI
and cfDNA concentration can be independent prognostic
markers of survival.

@ Springer

Furthermore, we investigated the prognostic power of
all four cfDNA markers combined by Cox regression. All
cfDNA markers combined showed an HR (95% CI) of 2.91
(1.85—4.58) for OS and an HR (95% CI) of 1.70 (1.21-2.39)
for PFS in MBCy; patients and an HR (95% CI) of 2.53
(1.77-3.62) for OS and HR (95% CI) of 1.81 (1.25-2.63)
for PFS in MBC, - patients (Table 7). Kaplan—-Meier Curves
also showed that the cfDNA marker combination was sig-
nificantly correlated to the OS (P = 1.94E-6) and PFS
(P = 5E-4) in MBCy, patients and OS (P = 3.60E-8) and
PFS (P = 6.14E-4) with log-rank test in MBC, . patients
(Fig. 2).

We also investigated the prognostic value of cell-free
DNA variables kinetics in MBC patients in supplemental
data (Supplemental Figs. 2, 3). No significant differences
were observed between all groups for cfDI kinetics (P > 0.1
of all). Meanwhile, we also investigated the kinetics of
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Table 5 Multivariate Cox regression analyses of potential factors in MBCp; patients

Variables PFS (ON)

ALU LINE ALU LINE
Pvalue HR (95%CI) Pvalue HR (95%CI) Pvalue HR (95%CI) Pvalue HR (95%CI)

cfDI high versus low 0.34 0.87 (0.65-1.16) 0.22 0.83 (0.63-1.11) 0.32 0.83 (0.57-1.20) 0.18 0.77 (0.53-1.12)

Positive ER/PR status 8.22E-04 0.57 (0.41-0.79) 6.48E-04 0.56 (0.40-0.78) 2.09E-03 0.52 (0.35-0.79) 1.41E-03 0.51 (0.34-0.77)
versus negative

Second or subsequent line 1.61E-04 1.75 (1.31-2.34) 1.36E-04 1.76 (1.32-2.35) 1.38E-04 2.10 (1.43-3.06) 8.24E-05 2.16 (1.47-3.17)
of therapy versus first

Chemotherapy versus 0.22 1.37 (0.83-2.27) 0.21 1.38 (0.83-2.27) 0.09 0.59 (0.32-1.09) 0.09 0.59 (0.32-1.09)
hormone therapy,
immunotherapy, or both

Metastatic sites viscel 0.44 1.17 (0.78-1.75) 0.47 1.16 (0.78-1.73) 0.34 1.30 (0.76-2.22) 0.38 1.28 (0.75-2.18)
versus Non-viscel

No. of metastatic sites 0.75 1.06 (0.75-1.50) 0.77 1.05 (0.74-1.50) 3.40E-02 1.75(1.04-2.93) 3.59E-02 1.74 (1.04-2.92)

cfDNA concentration 3.88E-03 1.53 (1.15-2.03) 0.049 1.34 (1.00-1.78) 4.64E-05 2.16 (1.49-3.14) 3.88E-05 2.19 (1.51-3.17)
high vs low

Positive ER/PR status 8.16E-04 0.57 (0.41-0.79) 5.24E-04 0.56 (0.40-0.78) 9.46E-04 0.50 (0.33-0.75) 1.35E-03 0.51 (0.34-0.77)
versus Negative

Second or subsequent line 1.91E-04 1.74 (1.30-2.32) 1.77E-04 1.74 (1.30-2.33) 1.38E-04 2.12(1.44-3.12) 9.41E-05 2.15 (1.46-3.15)
of therapy versus first

Chemotherapy versus 0.22 1.37 (0.83-2.26) 0.23 1.36 (0.82-2.24) 0.09 0.60 (0.32-1.09) 0.04 0.52 (0.28-0.97)
hormone therapy,
immunotherapy, or both

Metastatic sites viscel 0.59 1.11 (0.75-1.66) 0.61 1.11 (0.74-1.66) 0.31 1.31(0.78-2.21) 0.33 1.29 (0.77-2.18)
versus Non-viscel

No. of metastatic sites 0.84 1.04 (0.73-1.47) 0.75 1.06 (0.75-1.50) 0.06 1.64 (0.98-2.74) 0.04 1.73 (1.03-2.91)

Factors with significance in univariate Cox regression analyses were included in the multivariate model. Statistically significant P < 0.05 is

highlighted in bold

cell-free DNA variables from MBCy; patients to MBC,
according to specific therapy (Supplemental Table 3).
Results showed a significant decrease of cfDNA concentra-
tion and a significant increase in cfDI in patients treated
with chemotherapy from baseline to the first cycle of therapy
(P < 0.001 for all).

Comparison of the prognostic value of cell-free DNA
variables and CTC status in MBC, . patients

First, we analyzed the correlation of cfDNA variables to
CTC status. We observed that cfDNA concentration was sig-
nificantly correlated with CTC status for ALU and LINE1
both in MBCy; and MBC, patients (P < 0.001 for all).
cfDI was not correlated with CTC status (P = 0.651 for
ALU and P = 0.325 for LINE1 in MBCy;, P = 0.341 for
ALU and P = 0.317 for LINE1 in MBC, ). There was a
significant decrease of mean CTC values of 27.69 in 7.5 ml
blood from MBCy; patients in MBC, . patients (mean 18.78
in 7.5 ml blood) (P = 3.58E-10). Results also showed that
patients with CTC-negative status had longer PFS and OS
time compared to CTC-positive patients in MBC, . patients
(P < 0.0001).

Integrated prediction error (IPE) scores were determined
to compare the prognostic ability of different models in
MBCy; and MBC, patients. In MBC,, patients, the Cox
model with all four cfDNA variables had the lowest IPE
scores at 10 months (0.085 for PFS and 0.196 for OS) and
better performance than the model with CTC status alone
(0.088 for PFS and 0.202 for OS) (Table 8, Fig. 3). The same
trend was observed for the observation periods of 20 months,
30 months, and 40 months for PFS and OS. Combining
cfDNA variables and CTC status of patients showed the best
prediction accuracy (0.081 for PFS and 0.195 for OS). This
was also observed for observation periods of 20 months,
30 months, and 40 months (Table 8, Fig. 3).

Also in MBCy; patients, the Cox model with all four
cfDNA variables had lower IPE scores than the Cox model
with CTC status and the lowest IPE score was observed
by combining cfDNA variables and CTC status (Table 8,
Fig. 3). Remarkably, the prognostic accuracy was generally
even higher (IPE scores lower) in MBCp; measurements
than in MBC, . IPE scores for 10 months were 0.066 for
PSF and 0.176 for OS in MBCy; patients while IPE scores
were 0.085 for PSF and 0.196 for OS in MBC, - patients for
all cfDNA variables at same time. The same holds true for
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Table 6 Multivariate Cox regression analyses of potential factors in MBC, patients

Variables PFS oS

ALU LINE ALU LINE

Pvalue HR (95%CI) Pvalue HR (95%CI) Pvalue HR (95%CI) P value HR (95%CI)
cfDI high vs low 0.29 0.85 (0.63-1.15) 0.18 0.82 (0.62-1.09) 0.06 0.70 (0.48-1.01) 1.65E-02  0.63 (0.44-0.92)
Positive ER/PR status ~ 3.21E-04 0.55 (0.39-0.76) 2.40E-04 0.53 (0.38-0.75) 2.40E-03 0.53 (0.35-0.80) 2.35E-03  0.53 (0.35-0.80)

versus negative

Second or subsequent
line of therapy versus
first

Chemotherapy versus  0.08
hormone therapy,
immunotherapy, or
both

Metastatic sites viscel — 0.74
versus non-viscel

1.57 (0.94-2.61) 0.093

1.07 (0.72-1.59) 0.95

No. of metastatic sites  0.47 1.15(0.79-1.69) 0.15

cfDNA concentration  2.93E-02 1.37 (1.03-1.81) 0.13

high vs low

Positive ER/PR status
versus negative

Second or subsequent
line of therapy versus
first

Chemotherapy versus  0.07
hormone therapy,
immunotherapy, or
both

Metastatic sites viscel — 0.71
versus Non-viscel

1.60 (0.96-2.66) 0.095

1.08 (0.73-1.61) 0.95

No. of metastatic sites  0.53 1.13 (0.77-1.66) 0.17

7.27E-05 1.82(1.36-2.44) 1.63E-04 1.76 (1.31-2.37) 1.91E-04 2.07 (1.41-3.02) 8.22E-04

1.56 (0.93-2.60) 0.14

0.99 (0.67-1.46) 0.65

1.17 (0.95-1.43) 3.20E-02 1.81 (1.05-3.11) 7.60E-05
1.25 (0.94-1.66) 2.58E-06 2.44 (1.68-3.53) 6.40E-05

3.21E-04 0.55(0.39-0.76) 7.99E-04 0.56 (0.40-0.79) 8.43E-04 0.50 (0.33-0.75) 7.32E-03

7.13E-05 1.81(1.35-2.42) 2.12E-04 1.75(1.30-2.35) 4.76E-04 1.98 (1.35-2.90) 1.93E-04

1.55 (0.93-2.59) 0.10

0.99 (0.67-1.46) 0.34

1.16 (0.94-1.42) 0.04

1.91 (1.31-2.79)

0.63 (0.35-1.16) 0.065 0.56 (0.30-1.04)

1.13 (0.68-1.88) 0.52 0.84 (0.49-1.43)

1.82 (1.35-2.45)
2.12 (1.47-3.06)

0.57 (0.38-0.86)

2.08 (1.42-3.05)

0.60 (0.33-1.10) 0.17 0.65 (0.36-1.20)

1.28 (0.77-2.13) 0.60 1.15 (0.69-3.17)

1.78 (1.03-3.08) 2.60E — 02 1.85 (1.08-3.17)

Factors with significance in univariate Cox regression analyses were included in the multivariate model. Statistically significant P < 0.05 is high-

lighted in bold

other observation periods (20, 30, 40 months) and for the
prognostic power of the CTC status (Table 8).

Discussion

In this study, we analyzed the cfDNA integrity (cfDI) and
cfDNA concentration (cfDNA conc) of ALU and LINE1
genomic elements in metastatic breast cancer patients before
and after the first cycle of systematic therapy. To the best of
our knowledge, this is the first study comparing the prog-
nostic power of cfDNA variables in MBC patients before
and after the first cycle of systematic therapy. Generally, a
decreased level of cfDNA concentration and an increased
value of cfDNA integrity after the first cycle of systematic
therapy were observed. We also confirmed that cfDNA vari-
ables (cfDNA concentration and cfDNA integrity) can be
independent prognostic marker in MBC patients and can
significantly improve the prognostic power of CTC status
determination.

@ Springer

Here, we observed decreased cfDNA concentrations and
increased cfDI after the first cycle of systematic therapy of
MBC patients. In former study, Madhavan et al. have found
that lower cfDI and higher cfDNA concentration in MBC
patients compared to primary breast cancer patients and
healthy individuals and that these cfDNA variables were
associated with prognosis of MBC patients [12]. No com-
parisons of the difference of cfDI and cfDNA concentration
before and after one cycle of therapy were reported so far.
Treatments can relief the burden of circulating tumor DNA
circulation. Leon et al. found a decrease of serum DNA con-
centration when the treatment was beneficial [29]. Deligezer
et al. also found that some patients (21/41) showed elevated
cfDNA value and others (20/41) had declined cfDNA value
when completing the adjuvant chemotherapy [30].

The size distribution of cfDNA fragments within plasma
or serum has been poorly studied. There are many con-
troversial results about cfDI [31]. Many studies observed
a reduced cfDI in malignant cancer patients [12, 32, 33],
while others reported an increased cfDI compared to healthy
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Table 7 Multivariate Cox regression analyses of potential factors in MBC, - patients with all cfDNA variables
Variables MBC patients at baseline MBC patients after one cycle therapy
PFS oS PFS (6N
P value HR (95%CI) P value HR (95%CI) P value HR (95%CI) P value HR (95%CI)
All four cfDNA  2.12E — 03 1.70 (1.21-2.39) 3.63E — 06 2.91 (1.85-4.58) 1.72E — 03 1.81 (1.25-2.63) 4.32E — 07 2.53 (1.77-3.62)
variables high
vs low
Positive ER/PR 2.99E — 04 0.54 (0.39-0.76) 3.19E — 04 0.46 (0.31-0.71) 1.01E — 03 0.50 (0.33-0.76) 1.41E — 03 0.51 (0.34-0.77)
status versus
negative

Second or sub- 1.77E — 04 1.74 (1.30-2.33)
sequent line of
therapy versus

first

Chemotherapy 0.46 1.21 (0.73-2.01) 0.04
vs hormone

therapy, immu-

notherapy, or

both
Metastatic sites

viscel versus
non-viscel

0.52 1.14 (0.77-1.70) 0.22

0.89

No. of metastatic
sites

1.03 (0.72-1.45) 0.07

3.18E — 05 2.29 (1.55-3.39)

0.52 (0.28-0.97)

1.40 (0.82-2.40)

1.63 (0.96-2.75)

9.72E — 05 2.13 (1.46-3.11) 2.37E — 04 2.04 (1.40-2.99)

0.05 0.54 (0.29-1.00) 0.13 0.63 (0.34-1.15)

0.22 1.39 (0.82-2.36) 0.23 1.37 (0.82-2.30)

0.05 1.69 (1.00-2.84) 0.03 1.76 (1.05-2.94)

Statistically significant P < 0.05 is highlighted in bold

controls [21, 22, 34]. At first, it has been hypothesized that
in healthy controls, DNA fragments were released mainly
by apoptotic cells which range at about 180-200 base pairs.
While in cancer patients, DNA fragments released by malig-
nant cells undergoing different pathophysiological processes
including necrosis, autophagy, or mitotic catastrophe vary a
lot in length size [35]. Recently, studies confirmed the short
fragments of DNA observed in cancer patients compared to
healthy individuals [36, 37]. In our study, cfDI is especially
reduced in patients with visceral metastasis, especially liver
metastasis, which has also been observed by Jiang et al.
using paired-end sequencing and identification of tumor
originated DNA by copy number aberrations [38].

In this study, we confirmed the significance and inde-
pendence of the prognostic value of the cfDNA variables
cfDI and cfDNA concentration in MBCp; and MBC,
patients. Although cfDNA concentration has been confirmed
to be an independent biomarker in MBC patients, the varied
amount of cfDNA concentration and the lacking specificity
such as increased cfDNA concentration can also be observed
in other cancers and benign diseases or under physiological
conditions limited its clinic usage as a single marker [19, 39,
40]. Therefore, the combination of cfDNA variables is criti-
cal. The combination of four cfDNA variables as a marker
showed an HR of 2.91 for OS and an HR of 1.70 for PFS
in MBCy, patients and an HR of 2.53 for OS and an HR of
1.81 for PFS in MBC, - patients. Madhavan et al. have shown

that combination of cfDI and ¢cfDNA concentration had
prognostic power in MBC patients and could differentiate
MBC patients from healthy controls (AUC = 0.93 for CTC-
pos-MBC; AUC = 0.81 for CTCneg-MBC) as a diagnostic
marker [12]. In a prospective clinical study of primary BC
patients, we also showed that cfDI was an independent pre-
dictor of impending breast cancer recurrence [15]. Umetani
et al. also claimed that serum cfDI can be a prognostic bio-
marker for predicting breast cancer progression. However,
the study only observed that cfDI was correlated to the size
of breast cancer and lymph node metastasis [41]. Recently,
the cell-free tumor DNA mutations have been investigated in
MBC. Chandarlapaty et al. found that ESR1 mutations were
associated with worse outcomes in patients with metastatic
breast cancer who were previously treated with an aromatase
inhibitor [42]. Nevertheless, we hold the advantages like eas-
ily accessible, inexpensive, and reliable markers.

Here, we also compared the relation of cfDNA with
the known prognostic biomarker of circulating tumor cells
(CTCs). CellSearch technique has been approved by FDA
for quantifying CTCs in patients with metastatic breast
cancer as a prognostic biomarker [43]. Integrated Predic-
tion Error (IPE) score is an overall measure for the predic-
tion of the model at all times [44]. The lower IPE score is
more accurate and stable is the respective model. The IPE
scores for the cfDNA variables combination were lower
than the IPE score for the CTC status for both OS and
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Fig.2 Prognostic value of all (a)
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Table 8 Integrated prediction error (IPE) at different time points of Cox proportional hazard models with different variables for PFS and OS, in

MBCy; and MBC, group

Model MBC patients at baseline MBC patients after one cycle therapy
10 months 20 months 30 months 40 months 10 months 20 months 30 months 40 months

PFS
Reference (no covariates) 0.070 0.137 0.174 0.189 0.094 0.157 0.187 0.199
Model with cfDI variables 0.068 0.135 0.170 0.182 0.090 0.151 0.178 0.186
Model with cfDNA concentration variables  0.067 0.132 0.167 0.182 0.086 0.145 0.175 0.187
Model with all four cfDNA variables 0.066 0.130 0.164 0.177 0.085 0.143 0.171 0.180
Model with only CTC status 0.069 0.134 0.171 0.186 0.088 0.150 0.179 0.190
Model with cfDNA variables and CTC 0.066 0.129 0.163 0.176 0.081 0.139 0.167 0.176

status

(ON)
Reference (no covariates) 0.179 0.187 0.168 0.145 0.204 0.195 0.171 0.149
Model with cfDI variables 0.176 0.183 0.162 0.140 0.201 0.192 0.167 0.145
Model with cfDNA concentration variables 0.178 0.185 0.166 0.144 0.196 0.190 0.167 0.145
Model with all four cfDNA variables 0.176 0.181 0.161 0.139 0.196 0.189 0.166 0.144
Model with only CTC status 0.179 0.187 0.167 0.145 0.202 0.193 0.169 0.147
Model with cfDNA variables and CTC 0.176 0.182 0.161 0.139 0.195 0.188 0.165 0.143

status

cfDI variables are ALU cfDI and LINEI1 cfDI. ¢fDNA concentrations variables are ALU cfDNA concentration and LINE1 ¢fDNA concentra-
tion. Lower IPE scores are indicatives of a more accurate model. P values from models of all four variables and models combined with CTC

status are in bold
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PFS, which indicates cfDNA variables to be a more accu-
rate model. The lowest IPE scores were achieved when
combining cfDNA variables with the CTC status. This
confirms that cfDNA variables especially in combination
with other markers such as CTC status can serve as attrac-
tive prognostic markers in MBC patients at baseline and
during systematic therapy.

The strengths of this study are the large study population,
standardized sample procedures, and comprehensive clinical
data analysis. Limitations of the study should also be noted.
To be able to compare the results MBCpg; and MBC, - time
points, we only enrolled patients who survived the first cycle
of systemic therapy, which affects MBC, . patients’ survival
time. Factors like time between sample collection and pro-
cessing, plasma purification, the number of freeze—thaw
cycles, and the employed cfDNA extraction methods can
all affect cfDNA quality and quantity [45]. Here, we applied
same standardized sample processing procedures to all sam-
ples. Furthermore, larger and multicenter sample cohorts are
needed to be investigated to confirm the results.

In summary, our results show a decreased cfDNA con-
centration, increased cfDNA integrity, and a decreased
CTC number from the enrollment of the study to the first
cycle of systematic therapy in MBC patients. The cfDNA
variables’ combination can be an independent prognostic
marker in MBC patients at baseline and after the first cycle

of systematic therapy and especially in combination with
other markers such as CTC status.
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