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Abstract  Background: Both circulating tumour cell (CTC) and total circulating cell-free
DNA (ccfDNA) predict cancer patient prognosis. However, no study has explored the prog-
nostic value of the combined use of CTC and ccfDNA. We aimed to investigate individual and
joint effects of CTC and ccfDNA on clinical outcomes of metastatic breast cancer (MBC) pa-
tients.

Methods: We collected 227 blood samples from 117 MBC patients. CTCs were enumerated
using the CellSearch System. ccfDNAs were quantified by quantitative real-time polymerase
chain reaction and Qubit fluorometer. The individual and joint effects of CTC and ccfDNA
levels on patient progression-free survival (PFS) and overall survival (OS) were analysed using
Cox proportional hazards models.

Results: Compared to patients with <5 CTCs, patients with >5 CTCs had a 2.58-fold
increased risk of progression and 3.63-fold increased risk of death. High level of ccfDNA
was associated with a 2.05-fold increased risk of progression and 3.56-fold increased risk of
death. These associations remained significant after adjusting for other important clinical cov-
ariates and CTC/ccfDNA levels. CTC and ccfDNA levels had a joint effect on patient out-
comes. Compared to patients with low levels of both CTC and ccfDNA, those with high
levels of both markers exhibited a >17-fold increased death risk (P < 0.001). Moreover, lon-
gitudinal analysis of 132 samples from 22 patients suggested that the inconsistency between
CTC level and outcome in some patients could possibly be explained by ccfDNA level.
Conclusions: CTC and total ccfDNA levels were individually and jointly associated with PFS

and OS in MBC patients.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

More than 40,000 deaths in the United States each year
are attributable to breast cancer, predominantly meta-
static breast cancer (MBC) [1,2]. Precisely treating pa-
tients with MBC and prolonging survival is a significant
challenge. Currently, MBC treatment decisions are
based mainly on pathological examination of tumour
tissues or biopsies, but these are not always obtainable
and can yield inaccurate findings due to intratumoural
heterogeneity [3.4]. Moreover, treatment is often inad-
equate because MBC progresses quickly and dynami-
cally to evade the attacks of systemic therapies. Novel
non-invasive approaches that prospectively predict pa-
tient survival and monitor real-time treatment responses
are needed to better manage and treat MBC.

Liquid biopsy is increasingly used for disease moni-
toring and therapy selection in advanced stage cancer,
especially for patients whose tumour tissues or biopsies
are difficult to procure [3—5]. Two major types of liquid
biopsy are circulating tumour cell (CTC) and circulating
tumour DNA (ctDNA). CTCs are rare malignant cells
that are shed from primary or metastatic tumours,
circulate in the peripheral blood and play a critical
functional role in tumour metastasis [6]. ctDNAs are
also shed from primary and metastatic tumours, but do
not seem to be as functionally important as CTCs
[3.7,8]. However, compared to CTCs, which are mostly
present in advanced stage cancer patients, ctDNAs can
be identified in the majority of early stage cancer

patients and are arguably the best marker for discase
monitoring and therapy selection [9—12]. Moreover,
both CTC and ctDNA levels have been associated with
patient survival and treatment responses [13—19].
ctDNA comprises a small portion of total circulating
cell-free DNA (ccfDNA), which is composed of both
ctDNAs and DNAs that are derived from normal cells
[3,7,20]. In recent years, ctDNAs have been used to
interrogate genomic mutations to match patients to
targeted therapies attacking those mutations [21,22].
However, a major caveat with the use of ctDNAs is their
detection accuracy because in the majority of cancer
patients, even those with metastatic diseases, the per-
centage of ctDNA is extremely low among total
ccfDNAs [7,21]. Determining whether the detected low-
frequency mutations are bona fide mutations or false
positives due to amplification and/or sequencing errors
is difficult with traditional sequencing and analytical
approaches [5,23]; the recent application of various
molecular barcode—based strategies alleviates this
caveat but cannot completely resolve it. For example,
ctDNA analyses of the same samples by two reputable
service providers yielded considerably different results
[24]. Moreover, because of the low quantity of ccfDNA
in blood and the low percentage of ctDNA in ccfDNA,
ctDNA analysis usually requires extremely high-depth
sequencing, which significantly increases the cost of
analysis. Thus, further evaluation is needed to assess the
clinical validity and utility of most ctDNA analyses for
guiding cancer treatment, according to a recent joint
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review by the American Society of Clinical Oncology
and College of American Pathologists [25,26].

The implication of total ccfDNA in cancer prognosis
has not been as extensively studied as CTC and ctDNA.
It has been reported that cancer patients have a signifi-
cantly larger load of ccfDNAs than non-cancer patients
[3,27—29], although these ccfDNAs contain varying
percentages of ctDNAs depending on different cancer
types and patients [12,20,28]. Total ccfDNAs cannot be
used to detect specific mutations to guide the use of
targeted therapies, unlike ctDNAs; however, in a few
recent studies, ccfDNA has exhibited certain prognostic
performance [18,19,29—33]. Nonetheless, despite the
fact that both CTC and ccfDNA can predict patient
survival, no study has been conducted to evaluate the
combined prognostic value of these two markers.
Herein, we simultaneously measured CTC and total
ccfDNA levels using 227 blood samples in 117 MBC
patients. Based on these data, we conducted, to our best
knowledge, the first analysis of the individual and joint
effects of CTCs and ccfDNA on disease progression and
survival in MBC patients.

2. Methods
2.1. Study population

In a hospital-based cohort started in November 2013,
female MBC patients were identified and continuously
recruited from breast cancer patients who visited the
breast cancer clinic of the Sidney Kimmel Cancer Center
at Thomas Jefferson University Hospital. MBC diag-
nosis was based on tissue histology, complemented by
radiological evaluations. Demographic-, tumour pre-
sentation— and treatment-related information were ob-
tained by reviewing medical charts and consulting
treating physicians. Blood samples were collected from
each patient at baseline before initiation of a new ther-
apy. Longitudinal samples at baseline and each follow-
up visit were collected from a subset of patients. This
study was approved by the Institutional Review Board
of Thomas Jefferson University. Each patient signed a
written informed consent at enrolment.

2.2. Enumeration of circulating tumour cells

Approximately 8—10 mL of whole blood was collected
into a CellSave preservative tube containing a cellular
fixative (Janssen Diagnostics, Raritan, NJ, USA). Blood
samples were maintained at room temperature and
processed within 96 h of blood draw. CTC enumeration
was conducted using CELLSEARCH® CTC kits on the
Food and Drug Administration—approved CellSearch
System, including the CELLTRACKS® AUTOPREP®
System and the CELLTRACKS ANALYZER ne®
System (Janssen Diagnostics) [13]. In brief, 7.5 mL of

whole blood was subjected to enrichment of epithelial
cells with antibody-coated ferrous particles targeting the
epithelial cell adhesion molecule antigen (EpCAM+).
CTC identification was achieved following the positive
staining for both phycoerythrin-conjugated cytokeratins
(cytokeratins 8+, 18+, or 19+) and double-stranded
DNA (DAPI+) and the negative staining for CD45
(CD45-).

2.3. Measurement of total circulating cell-free DNAs

Each 8—10 mL of whole blood was collected in a
vacutainer tube with K2 ethylene diamine tetra-acetic
acid (Becton Dickinson, Franklin Lakes, NJ, USA) and
stored at room temperature. Blood samples were pro-
cessed within 3 h of collection. Plasma was separated by
centrifugation at 1700 g for 10 min at room temperature,
transferred to a microcentrifuge tube and centrifuged at
20,000 g for 10 min at 4 °C to remove cell debris. Plasma
was then stored at —80 °C. Before using the plasma for
circulating nucleic acid extraction, tubes were thawed at
room temperature and centrifuged at 16,000 g for 5 min
at 4 °C to remove cryoprecipitates. ccfDNA was iso-
lated, purified and concentrated from 1.5 mL plasma
using QIAamp Circulating Nucleic Acid Kit (Qiagen).
Concentration of purified plasma DNA was determined
by two methods: fluorescence-based Qubit® dsDNA HS
quantitation Assay kit using a Qubit® 2.0 Fluorometer
(Invitrogen) and quantitative real-time polymerase
chain reaction (QRT-PCR) assay for ALU DNA repeats
on chromosome 1, as previously described [34—37] with
modifications. For the qRT-PCR assay, a dilution series
of genomic DNA was used to create a standard curve.
Two sets of ALU primers used in qRT-PCR
were forward 5-CCTGAGGTCAGGAGTTCGAG-3
and reverse 5'-CCCGAGTAGCTGGGATTACA-3 for
a 115-bp amplicon of the ALU repeat sequence
(ALUI115) which amplifies both shorter (apoptotic) and
longer (non-apoptoticy DNA fragments [34,35] and
forward 5'-CCTGAGGTCAGGAGTTCGAG-3 and
reverse 5'-GCCCCGGCTAATTTTTGTAT-3 for a 81-
bp amplicon (ALUS81), which showed high sensitivity
and linearity even though the DNA was severely frag-
mented [37]. Briefly, 6 ul of reaction mixture for qRT-
PCR included 2 pul of DNA template, 0.5 ul of each
primer and 3 pl of Maxima SYBR Green (Thermo
Fisher Scientific, Waltham, MA). Real-time PCR
amplification was carried out on a ViiA 7 Real-Time
PCR System (Life Technologies, Carlsbad, CA) with
pre-cycling heat activation of DNA polymerase at 95 °C
for 10 min, followed by 40 cycles of denaturation at
95 °C for 15 s and 60 °C for 1 min and annealing at
64 °C for 30 s and extension at 72 °C for 1 min. All
assays were conducted in duplicates with adequate
positive and negative controls on each plate. Quantita-
tive values from either 115-bp or 81-bp amplification
product represent the total level of ccfDNA in ng/ml
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[35,37], and they were highly consistent in our study
(Pearson’s correlation coefficient [r] = 0.97, P < 0.001,
Supplementary Fig. 1A). The amount of total ccfDNA
in plasma was calculated based on qRT-PCR results of
ALUI115 and ALUS81 wusing the formula:
/Quantity(ALU115) x Quantity(ALU81). A  high
correlation was observed between total ccfDNA level
calculated by the above method and Qubit quantitation
(Pearson’s r = 0.94, P < 0.001, Supplementary Fig. 1B).

2.4. Statistical analysis

The end-points analysed in this study were progression-
free survival (PFS) and overall survival (OS). PFS was
defined as the elapsed time between the date of baseline
blood draw and either the date of clinical progression,
death, or the last follow-up. OS was defined as the time
from baseline blood collection to death or the last
follow-up. Patients without an end-point event at the
last follow-up were censored. We also evaluated treat-
ment responses on the basis of longitudinally collected
samples. Complete response (CR), partial response
(PR), stable disease (SD) and progressive disease (PD)
were assessed by imaging-based methods following the
Response Evaluation Criteria in Solid Tumours
(RECIST) guideline [38]. For CTC-related analyses, a
widely used cut-off of 5 CTCs per 7.5 mL whole blood
was applied to stratify patients into high- and low-risk
groups [13]; for ccfDNA-related analyses, the best cut-
off point of ccfDNA amount, calculated based on
ALUI15 and ALUS81 levels, was determined using
receiver operating characteristic curve analysis. Com-
parisons of demographic and clinical variables were
conducted using a x° test for categorical variables and
an unpaired Student’s ¢ test for continuous variables.
The correlation between CTC and ccfDNA levels was
evaluated by the Spearman’s rank-order correlation
method. Survival curves were estimated using the
Kaplan—Meier method and compared using a log-rank
test. Associations of CTC or ccfDNA levels with PFS or
OS were evaluated using hazard ratios (HRs) with 95%
confidence intervals (CIs) by a univariate and a multi-
variate Cox proportional hazards model adjusting for
age, ethnicity, body mass index (BMI), tumour grade,
menopause status, breast cancer subtypes, previous
therapies, treatments after baseline blood draw and
ccfDNA/CTC, where appropriate. The proportional
hazards assumption was validated using the test based
on Schoenfeld residuals. Possible interaction effect be-
tween CTC and ccfDNA on survivals was tested by
including a product interaction term into the Cox pro-
portional hazards model. Changes in CTC and ccfDNA
levels over time with treatment responses and clinical
outcomes were analysed and plotted using data of
longitudinally collected samples. CTC or ccfDNA levels
before and after the initiations of new therapies were

compared using a paired ¢ test. SAS (version 9.4, SAS
Institute) and STATA (version 11.0, STATA Corp.)
software packages were used for the analyses in this
study. All P values were 2-sided, with a P < 0.05
considered the threshold for statistical significance.

3. Results
3.1. Patient characteristics

The characteristics of 117 MBC patients are presented in
Table 1. The mean age at baseline was 54.5 years. Most
of the patients were Caucasians (86.3%) and had poorly
differentiated tumours (66.7%). Of the 117 patients, 69
(59.0%), 15 (12.8%) and 33 (28.2%) patients had
Luminal, HER2-enriched and triple negative (TNBC)
subtypes of breast cancer. Twenty-seven (23.1%) and 64
(54.7%) patients did not have previous chemotherapy or
hormone therapies. There were 76.9%, 41.9% and 70.1%
of patients who received chemotherapy, hormonal
therapy and targeted therapy, respectively, after baseline
blood draw. During a median follow-up of 42.1 weeks,
81 (69.2%) patients progressed and 23 (19.7%) died
(Table 2).

3.2. Associations of circulating tumour cell and total
circulating cell-free DNA levels at baseline with patient
outcomes

Among the 117 patients, 32 (27.4%) had elevated CTCs
(>5 CTCs) at baseline. This percentage was slightly
lower than previous reports [14], possibly due to the
larger number of TNBC patients in our cohort and to
the fact that some patients in our cohort had undergone
previous therapies that might have reduced the number
of CTCs [19,39]. As expected, patients with elevated
CTCs exhibited significantly unfavourable PFS (Pj,,.
rank < 0.001, Fig. 1A) and OS (Piogrank = 0.001,
Fig. 1B). Compared to the patients with <5 CTCs, those
with >5 CTCs had 2.58-fold (95% CI 1.63—4.07)
increased risk for disease progression and 3.63-fold (95%
CI 1.58—8.34) increased risk for death (Table 2). The
associations of CTCs with patient outcomes remained
significant after adjusting for age, ethnicity, BMI,
tumour grade, menopause status, breast cancer sub-
types, previous therapies and treatments after baseline
blood draw (HR 2.93, 95% CI 1.78—4.81 for PFS; HR
6.76, 95% CI 2.55—17.92 for OS, Table 2). The survival
differences between patients with high- and low-level
ccfDNAs were also statistically significant (Pjog.
rank = 0.001 for PFS and Piggrank = 0.002 for OS,
Fig. 1C and D). Compared with patients with low levels
of ccfDNA, those with high levels of ccfDNA had a
much higher risk for progression and death in both
univariate (HR 2.05, 95% CI 1.31-3.19 for PFS; HR
3.56, 95% CI 1.51-8.40 for OS) and multivariate
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Table 1
Characteristics of metastatic breast cancer patients (N = 117).
Variables N (%)
Age (years), mean + SD 545+ 11.5
Ethnicity

Caucasian 101 (86.3)

Black 12 (10.3)

Other 434
Smoking status

No 76 (65.0)

Yes 41 (35.0)
Drinking status

No 61 (52.1)

Yes 53 (45.3)

Unknown 3(2.6)
BMI (kg/m?)

<25 43 (36.8)

25- 32 (27.4)

30- 42 (35.9)
Family history of breast cancer

No 47 (40.2)

Yes 67 (57.3)

Unknown 3 (2.6)
Menopause status

Pre 18 (15.4)

Post 99 (84.6)
Tumour grades

Moderately 22 (18.8)

Poorly 78 (66.7)

Unknown 17 (14.5)
Breast cancer subtypes

Luminal 69 (59.0)

HER2-enriched 15 (12.8)

TNBC 33 (28.2)
Baseline cancer antigen 15.3

Normal 19 (16.2)

Elevated 28 (23.9)

Unknown 70 (59.8)
Number of previous chemotherapy lines

0 27 (23.1)

1 29 (24.8)

>2 61 (52.1)
Number of previous hormone therapy lines

0 64 (54.7)

1 19 (16.2)

>2 34 (29.1)
Chemotherapy

No 27 (23.1)

Yes 90 (76.9)
Hormonal therapy

No 68 (58.1)

Yes 49 (41.9)
Targeted therapy

No 35(29.9)

Yes 82 (70.1)

SD, standard deviation; BMI, body mass index; HER2, human
epidermal growth factor receptor 2; TNBC, triple-negative breast
cancer.

analyses (HR 2.37, 95% CI 1.47—3.81 for PFS; HR 2.97,
95% CI 1.18—7.49 for OS, Table 2). Similar results were
obtained when total ccfDNA level was analysed as a
continuous variable (Table 2). CTC and ccfDNA
exhibited a significant correlation (Spearman’s r = 0.50,
P < 0.001, Fig. 2). Therefore, we also adjusted ccfDNA

when analysing CTC, and we adjusted CTC when ana-
lysing ccfDNA. These analyses yielded similar results
with moderately reduced HRs, indicating that CTC or
ccfDNA affected patient outcomes in a way that
depended partly on one another but mostly did not
overlap (Table 2).

3.3. Joint effects of baseline circulating tumour cell and
circulating cell-free DNA levels on patient outcomes

We next evaluated whether there was a joint effect be-
tween CTC and ccfDNA level on patient outcomes. To
this end, we separated all patients into four risk groups
based on their baseline CTC and ccfDNA levels,
including: (1) 64 patients with <5 CTCs and low
ccfDNA (low risk); (2) 21 patients with <5 CTCs and
high ccfDNA (low-intermediate risk); (3) 9 patients with
>5 CTCs and low ccfDNA (high-intermediate risk); and
(4) 23 patients with >5 CTCs and high ccfDNA (high
risk). The survival differences among these four groups
were statistically significant (Pog.rank < 0.001 for PFS
analysis, Piogrank = 0.002 for OS analysis, Fig. 1E and
F). As shown in Table 3, compared to patients with low
risk, the trend of disease progression increased
(Pgena < 0.001) for patients with low-intermediate risk
(adjusted HR, 1.56), high-intermediate risk (adjusted
HR, 2.21) and high risk (adjusted HR, 3.90); the trend
of death elevated as well (Pyeng < 0.001) for patients
with low-intermediate risk (adjusted HR, 1.19), high-
intermediate risk (adjusted HR, 2.46) and high risk
(adjusted HR, 17.43). The P value for multiplicative
interaction between CTC and ccfDNA for OS analysis
was 0.156.

3.4. Longitudinal changes of circulating tumour cell and
circulating cell-free DNA levels and patient outcomes

Using 132 longitudinally collected blood samples from a
subset of 22 patients, we further analysed whether
changes in CTC and ccfDNA over time were correlated
with treatment responses and survival. First, the corre-
lations between CTC/ccfDNA with treatment responses
were analysed. We separated patients into two groups:
responders who showed PR/CR or non-responders who
had SD/PD [40], and then we compared the changes in
CTC and ccfDNA levels between these two groups. We
found that both CTC and ccfDNA levels at first follow-
up were lower in responders but higher in non-
responders when compared to their baseline levels
(Supplementary Fig. 2A—D). The CTC and ccfDNA
levels collected at each visit served the baseline for the
next visit, on which treatment responses were re-defined
using the most recent imaging, and treatment initiation
was determined. Statistically significant differences were
then observed between these two time points
(Supplementary Fig. 2E—H). In most cases, CTC
changes were consistent with treatment responses
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Table 2

Associations between baseline CTC or/and ccfDNA level with patient PFS and OS.

Variables Total  Events, N (%)  HR (95% CI) HR (95% CI)* P HR (95% CI)° PP
Associated with PFS
CTC

<5cells/7.5ml 85 51 (60.0) 1.00 1.00 1.00

>5cells/7.5ml 32 30 (93.8) 2.58 (1.63—4.07)  <0.001  2.93 (1.78—4.81) <0.001 234 (1.33—4.12) 0.003
ccfDNA 117 81 (69.2) 1.61 (1.25-2.09°  <0.001°  1.68 (1.28—2.21)°  <0.001°  1.35(0.99—1.85°  0.055°

Low 73 46 (63.0) 1.00 1.00 1.00

High 44 35 (79.5) 2.05 (1.31-3.19)  0.002 2.37 (1.47-3.81) <0.001 1.64 (0.98—2.76) 0.062
Associated with OS
CTC

<5cells/7.5ml 85 10 (11.8) 1.00 1.00 1.00

>5cells/7.5ml 32 13 (40.6) 3.63 (1.58—8.34)  0.002 6.76 (2.55—17.92)  <0.001 6.67 (2.42—18.39)  <0.001
ccfDNA 117 23 (19.7) 1.73 (1.11-2.69)°  0.016° 1.75 (1.08—2.84)°  0.023° 1.72 (1.02—2.89)°  0.042°

Low 73 8 (11.0) 1.00 1.00 1.00

High 44 15 (34.1) 3.56 (1.51-8.40)  0.004 2.97 (1.18—7.49) 0.021 2.73 (1.05—7.06) 0.039

CTC, circulating tumour cell; ccfDNA, circulating cell-free DNA; PFS, progression-free survival; OS, overall survival; HR, hazard ratio; CI,

confidence interval.

% Adjusted for age, ethnicity, body mass index, tumour grade, menopause status, breast cancer subtypes, previous therapies and treatments after

baseline blood draw.

® Adjusted for age, ethnicity, body mass index, tumour grade, menopause status, breast cancer subtypes, previous therapies, treatments after

baseline blood draw and ccfDNA/CTC.

c

(i.e. decreased CTCs in responders, increased CTCs in
non-responders). However, in some patients, inconsis-
tency was observed between CTC change and treatment
response. For these patients, we explored whether
ccfDNA changes could explain the inconsistencies. We
considered two types of inconsistent situations,
including (1) responders who had > 5 CTCs or stable
CTCs at follow-up visit after treatment initiation
(Fig. 3A) and (2) non-responders who had < 5 CTCs or
decreased CTCs at follow-up visit after treatment initi-
ation (Fig. 3B). The latter situation also included (i)
CTCs that decreased but were still >5, (i) CTCs that
decreased from >5 to <5 and (iii) CTCs that were
continuously <5 (Fig. 3B1—B3). As shown in Fig. 3, we
observed decreased ccfDNA level in responders
(Fig. 3A) and elevated ccfDNA levels in non-responders
(Fig. 3B1—B3). Therefore, the desynchrony between
CTC changes and treatment responses may be largely
explained by changes in ccfDNA level.

Next, we plotted the dynamic changes of CTC and
ccfDNA levels of individual patients in relationship to
treatment response and survival. Supplementary Fig. 3A
showed that in a 56-year-old patient with HER2 breast
cancer, a significantly increased ccfDNA level (from
6.16 to 47.32) after the initiation of a new combined
therapy of capecitabine, trastuzumab and Zometa could
possibly explain the observed progressive disease,
although CTC number was continuously < 5. Similarly,
in another patient with Luminal breast cancer whose
CTC count decreased significantly (from 116 to 0) and
then stayed below five after a combined chemotherapy
of fluorouracil, epirubicin, and cyclophosphamide was
initiated, a continuous increase in the ccfDNA level may
account for the disease progression observed in this

ccfDNA level (log transformation) was analysed as a continuous variable.

patient (Supplementary Fig. 3B). Hence, the longitudi-
nal data from individual patients further indicated the
complementary role of ccfDNA to CTC-based cancer
prognostication analyses.

4. Discussion

Both CTC and total ccfDNA have been associated with
the clinical outcomes of cancer patients [14,18]. How-
ever, no prior study explored the prognostic values of
the combined use of CTC and ccfDNA. In the current
study, we found that CTC and ccfDNA were associated
with outcomes of MBC patients individually and jointly.
We also provided novel evidence that ccfDNA could
provide additional prognostic value compared to CTC
enumeration alone.

It is important to discern the differences between
ccfDNA and ctDNA. The analysis of ctDNA is more
amenable to the use of personalised treatment, especially
targeted therapies, because it precisely measures the
levels of mutant alleles derived from tumours. However,
to date, only a few recurrently mutated genes have been
identified in breast cancer, specifically TP53, PIK3CA,
ESRI and HER2, and not all of them are druggable
[19.41,42]. In comparison, although the level of total
ccfDNA is not completely tumour specific, they might
reflect tumour-related pathological processes [3,43], a
notion that is supported by previous reports showing
that ccfDNA levels are positively correlated with
tumour severity [33,44,45]. Moreover, ccfDNA analysis
circumvents the use of complex and expensive molecular
barcode—based assays that are needed for ctDNA
analysis, and thus can be more easily conducted in
clinical settings.
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Fig. 1. CTC and ccfDNA levels individually and jointly associated with clinical outcomes of MBC patients. Survival differences between
patients with >5 and <5 CTCs/7.5 mL of whole blood or between patients with high- and low-levels of ccfDNA were compared at
baseline. CTC level was associated with PFS (A) and OS (B); ccfDNA level associated with PFS (C) and OS (D); joint effect of CTC and
ccfDNA levels on PFS (E) and OS (F). CTC, circulating tumour cell; ccfDNA, circulating cell-free DNA; PFS, progression-free survival;

OS, overall survival.

In the current study, we isolated ccfDNAs from
plasma samples and standardised pre-analytical vari-
ables, including time before isolation and isolation
method that might affect ccfDNA levels [46,47]. Total
ccfDNA levels were quantified using two methods,
direct quantification by Qubit and indirect quantifica-
tion by qRT-PCR of the ALU DNA repeats. The
integrity of ALU sequence in ccfDNAs has been shown
to be sensitive for the assessment of treatment response
and disease progression in breast cancer patients [34,36].
The results of these two methods are highly consistent
(Supplementary Fig. 1), which further substantiates the
quality of the ccfDNAs in our samples and endorses the
use of ccfDNA-related analyses in  cancer

prognostication. Furthermore, since Qubit is a highly
reliable and inexpensive assay, it has the potential to
supplement the more specialised and expensive assays
for CTC and ctDNA analyses in predicting patient
prognosis.

The prognostic value of CTC enumeration has been
well-documented in MBC patients [14]. A systematic
review and meta-analysis also suggested an association
between higher ccfDNA and worse survival in solid
tumours [18]. In a recent study, Shaw et al. [19] reported
that CTC count and ccfDNA level were significantly
correlated and were both independent indicators for OS
in MBC patients. However, as yet, no study has been
reported to evaluate the prognostic value of the
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Fig. 2. Correlation between CTC and ccfDNA levels at baseline.
The data were log transformed. If the patients had 0 CTC, log
(0 + 1) was plotted alternatively in Y-axis. The Spearman corre-
lation coefficient between CTC count and ccfDNA level was 0.50.
CTC, circulating tumour cell; ccfDNA, circulating cell-free DNA.

combined use of CTC and ccfDNA. In the present
study, we found that either CTC or ccfDNA level was
associated with clinical outcomes in MBC patients, in-
dependent of other common clinical covariates. More-
over, although a correlation was observed between CTC
count and ccfDNA level (Fig. 2), the associations of
CTC or ccfDNA with clinical outcomes remained sig-
nificant after adjusting each other (Table 2), indicating
their prognostic values are largely non-overlapping.
Nonetheless, it is clear that CTC exhibited a higher
prognostic value than ccfDNA, as evidenced by the
higher and more significant HRs (PFS: HR = 2.34,
P = 0.003 for CTC versus HR = 1.64, P = 0.062 for
ccfDNA; OS: HR = 6.67, P < 0.001 for CTC versus
HR = 2.73, P = 0.039 for ccfDNA, Table 2). Similar
results were reported in Shaw’s study (OS: HR = 2.8,
P = 0.005 for CTC versus HR = 2.2, P = 0.03 for
ccfDNA) [19]. Moreover, we observed an apparent joint
effect between CTC and ccfDNA levels on patient

outcomes. The joint effect was much more prominent on
OS than PFS (Table 3), which seems to be reasonable
because both CTC and ccfDNA provide more values
that are prognostic of eventual survival but not predic-
tive of response to specific treatments [31,48—52].
Nonetheless, the multiplicative interaction between CTC
and ccfDNA on OS was borderline significant, which
could be because of the smaller number of deceased
patients in each risk group and insufficient power in
interaction analysis and thus needs to be further
confirmed.

CTC enumeration is the only FDA-approved liquid
biopsy assay predicting MBC survival. Although the
cut-off of >5 CTCs has been practically used for many
years, discrepancies between CTC number and out-
comes for individual patients were frequently observed.
Therefore, additional markers are needed to more pre-
cisely stratify patients. In this study, we found that
ccfDNA provided important prognostic information by
further stratifying the survival of patients with different
risks determined by CTC alone (Table 3). Moreover,
longitudinal analysis indicated that ccfDNAs might at
least partially explain the discrepancies between CTC
changes and patient outcomes (Fig. 3 and
Supplementary Fig. 3). These data further suggested the
important prognostic value of ccfDNA independent of
CTC. If validated, ccfDNA assessment holds the po-
tential to complement the FDA-approved CTC
enumeration to significantly increase the accuracy in
predicting the prognosis of MBC patients in an efficient
and inexpensive manner.

The major strengths of our study include the simul-
taneous measurement of matched CTC and ccfDNA,
the potential of using Qubit assay to accurately and
inexpensively measure total ccfDNA levels, the
convincing data showing and the complementary role of
ccfDNA in cancer prognostication over the FDA-
approved CTC alone. One weakness of the study is the

Table 3
Joint effects of baseline CTC and ccfDNA level on patient PFS and OS.
Variables Total Events, N (%) HR (95% CI) P HR (95% CI)* P
Associated with PFS
CTC < 5 cells/7.5 ml and low ccfDNA 64 37 (57.8) 1.00 1.00
CTC < 5 cells/7.5 ml and high ccfDNA 21 14 (66.7) 1.54 (0.83—2.85) 0.174 1.56 (0.77-3.14) 0.215
CTC > 5 cells/7.5 ml and low ccfDNA 9 9 (100.0) 2.07 (0.99—4.34) 0.053 2.21 (1.03—4.77) 0.043
CTC > 5 cells/7.5 ml and high ccfDNA 23 21 (91.3) 3.42 (1.99—5.89) <0.001 3.90 (2.17-7.04) <0.001
Pirena < 0.001 Pirena < 0.001
Associated with OS
CTC < 5 cells/7.5 ml and low ccfDNA 64 5(7.8) 1.00 1.00
CTC < 5 cells/7.5 ml and high ccfDNA 21 5(23.8) 3.08 (0.89—10.66) 0.076 1.19 (0.31-4.61) 0.801
CTC > 5 cells/7.5 ml and low ccfDNA 9 3(33.3) 3.34 (0.79—14.03) 0.100 2.46 (0.49—12.46) 0.277
CTC > 5 cells/7.5 ml and high ccfDNA 23 10 (43.5) 6.77 (2.30—19.93) <0.001 17.43 (4.76—63.78) <0.001

Pirena < 0.001 Pirena < 0.001

CTC, circulating tumour cell; ccfDNA, circulating cell-free DNA; PFS, progression-free survival;, OS, overall survival; HR, hazard ratio; CI,

confidence interval.

% Adjusted for age, ethnicity, body mass index, tumour grade, menopause status, breast cancer subtypes, previous therapies and treatments after

baseline blood draw.
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heterogeneity of clinical situations and the lack of rele-
vant data on some important patient characteristics.
Another weakness is the lack of data on baseline tumour
markers, such as carcinoembryonic antigen, CA15.3 and
CA27.29. Based on a subgroup analysis of CA15.3 ob-
tained from 47 patients in our study, CTC and ccfDNA
exhibited a much stronger association than CA15.3
(data not shown). Nonetheless, these results from the
subgroup analysis should be validated in future studies
with more complete data on tumour markers. The
inability to detect the exact genomic mutations in
ctDNA that may be used to guide therapy selection is
another main limitation. A recent phase I1I clinical trial
showed that switching therapies based on CTC
enumeration alone did not prolong the survival of MBC
patients, highlighting the potential importance of
genomic dissection of CTCs [53]. Shaw er al [19]
recently reported that in MBC patients with high CTC
counts, individual CTCs had heterogeneous mutations
and ccfDNA isolated from the same blood sample
provided an accurate reflection of mutations seen in
individual CTCs. This seminal study further demon-
strated the significance of monitoring tumour genomic
alterations in both CTC and ccfDNA. Other limitations
of our study include the relatively small sample size,
short follow-up time and longitudinal analyses based on
data from limited number of patients and lack of inde-
pendent validations. Thus, prospectively designed,

independent multisite cohorts with large populations
and longitudinally collected samples are warranted to
confirm our findings.

In short, our study showed that CTC and ccfDNA
levels are associated with clinical outcomes of MBC pa-
tients individually and jointly. ccfDNA could provide
complementary prognostic information to CTC in an
inexpensive and effective way. Future analyses combining
CTC, ccfDNA and ctDNA, with in-depth genomic char-
acterisations, will be important for large-scale clinical ap-
plications of liquid biopsy in precision medicine.
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