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Abstract. Circulating cell-free DNA opens up an interesting field for therapy monitoring, in particular during multimodal therapy
protocols. The objective of this proof of principle study was to evaluate whether the amount of circulating plasma DNA has
the potential to serve as a marker for therapy monitoring during the treatment course of locally advanced rectal cancer patients.
We especially focused on kinetics of circulating DNA to assess whether variances in kinetics have the potential to discriminate
between therapy responders and nonresponders.
The amount of circulating DNA in plasma of rectal cancer patients undergoing preoperative chemoradiation was determined
using real-time PCR before chemoradiation, after the end of chemoradiation and at the end of treatment. The study population
was divided into responders (ypT0-T2 stage) and nonresponders (ypT3-T4 stage). Both groups showed comparable median
plasma DNA values before and after the end of chemoradiation. At the end of treatment responders showed a further decrease in
circulating DNA , whereas in nonresponders the circulating DNA manifestly increased ( P = 0.006).
This study demonstrates that circulating DNA in plasma of rectal cancer patients undergoing preoperative chemoradiation might
serve as a surrogate marker to discriminate between responders and nonresponders. Therefore, we hypothesize that quantification
of plasma DNA could be of use as an easily accessible tool for therapy monitoring in these patients.
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Despite improvements in screening programs, surgical techniques and the introduction of (neo)adjuvant
treatment, rectal cancer remains one of the most common malignancies and one of the leading causes of cancer death in the western world [1]. Preoperative treatment either as short-course radiation or as combined
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chemoradiation followed by surgery is the current standard of treatment for patients with locally advanced
rectal cancer [2–4]. Patients responding to combined
chemoradiation as seen by histopathologic downstaging are those who benefit most [5–8]. However, some
rectal cancers are either inherently resistant to preoperative therapy or they develop resistance during therapy,
and therefore tumor response varies with histopathologic downstaging in 30%–60% and complete histopathologic response in 4%–30% of patients [6,9]. Better
molecular knowledge of tumor response could be the
first step toward more individual and efficient treatment
strategies [10,11]. Recently, our group clearly demonstrated that rectal cancers in therapy responders and
nonresponders show different biologic behavior with
regard to the occurrence or absence of disseminated
tumor cells in peripheral blood [12]. Such a bloodbased diagnostic test could be an additional means of
molecular differentiation of tumor response to a given treatment and one that can be combined with the
histopathologic evaluation of the tumor.
The presence of circulating nucleic acids in plasma
and serum (CNAPS) of cancer patients was recognized
in the 1970s [13,14]. Meantime, it is widely accepted that a substantial proportion of circulating cell-free
DNA in plasma of cancer patients originates from tumor cells [15,16], but despite many experiments performed by several groups it remains unclear whether
circulating tumor-associated DNA results from tumor
necrosis, apoptosis or a new mechanism of active release [17,18]. Fleischhacker et al. reported in their
comprehensive review that DNA concentration in plasma of cancer patients is higher than in healthy subjects,
but they also emphasized that there is an overlap and
that an increased plasma DNA level was also observed
in patients with premalignant disease, inflammation,
trauma and in elderly patients suffering from acute or
chronic illnesses [17]. Of 54 studies dealing with DNA
quantification in plasma/serum listed in that review, only four studies focused on plasma DNA quantification
in colorectal cancer patients. Unfortunately, all tumor
stages were included and various quantification methods were used in the studies [19–22], making it difficult
to interpret the findings. In order to prevent technical or
methodological misinterpretation caused by variations
in DNA concentrations in circulating plasma, some experts postulate that it is more essential to analyze the
kinetics of the plasma DNA concentration in patients
suffering from cancer, in particular during the treatment
course [17].
The easy accessibility and the chemically stability of
CNAPS open an interesting field for therapy monitor-

ing, in particular during multimodal therapy concepts,
e.g. preoperative chemoradiation followed by surgery
in patients with locally advanced rectal cancer. To our
knowledge, circulating cell-free DNA in plasma of locally advanced rectal cancer patients has not been quantified in the course of preoperative chemoradiation and
surgery or correlated with histopathologic response.
Therefore, the objective of this present proof of principle study was to evaluate whether the amounts of
circulating plasma DNA measured by real-time PCR
have the potential to serve as a diagnostic marker for
therapy monitoring during the course of treatment of
locally advanced rectal cancer patients. We especially focused on the kinetics of circulating plasma DNA
to address whether variances in kinetics have the potential to discriminate between therapy responders and
nonresponders.

2. Materials and methods
2.1. Patients and treatment
The current study population included 26 patients,
namely 19 men and 7 women [aged 34–83 years (meanage, 63.1 years; standard deviation, ± 10.9); the same
patients were enrolled in our recently published study
dealing with disseminated tumor cells [12]]. At the
time of diagnosis, all study patients had histopathologically confirmed adenocarcinoma of the mid- and
low rectum with locally advanced disease (in our setting: cT3 or cT4 tumors (cT is short for clinical T
stage according to the guidelines of the International Union Against Cancer), independent of nodal status; staged with rectal endosonography and magnetic
resonance imaging) and were scheduled for preoperative chemoradiation. Patients with cT1 and cT2 tumors, distant metastases or other malignant disease in
their medical history were excluded. Performed treatment [preoperative chemoradiation for a cumulative
dose of 45 Gy (1.8 Gy/d) combined with 350 mg 5Fluorouracil/m 2/d on every treatment day, followed by
radical surgery] was described previously [12]. Resected tumors were histopathologically examined according to the guidelines of the Union Internationale
Contre le Cancer (UICC) and tumor grading. This examination provided the yp T stage (yp is the prefix for
T stage after preoperative chemoradiation and resection according to the guidelines of the UICC) that we
were able to define responders and nonresponders by
comparing cT stage and ypT stage.
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Table 1
Demographic and clinicopathologic data, status of therapy response and concentration of free circulating DNA in
plasma [ng DNA/mL plasma] of each patient at each defined time of peripheral blood sample collection (T1, T2,
T3).
ID
1
2
3
4
5
6
7
8
12
13
15
18
20
21
22
23
24
26

sex
f
m
m
m
m
f
m
m
f
m
f
m
f
m
m
m
m
m

age
61.2
61.1
67.5
60.1
71.6
61.1
82.7
68.0
33.8
62.3
75.1
70.9
74.8
55.9
69.3
62.2
41.5
60.7

surgery
LAR
APE
LAR
LAR
LAR
APE
LAR
LAR
LAR
LAR
APE
APE
LAR
APE
LAR
APE
LAR
LAR

cT
4
3
3
3
3
3
3
3
3
3
3
3
3
3
4
3
3
3

ypT
4
3
3
3
3
3
3
3
3
3
3
3
3
3
4
3
3
3

ypN
0
2
1
0
1
2
1
0
1
1
1
1
1
0
2
1
0
1

M
0
0
1
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0

UICC
2
3
4
2
3
3
3
2
3
3
3
3
3
2
4
3
2
3

G
2
3
2
2
2
2
3
2
2
3
2
2
2
2
2
2
3
2

response
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r
non-r

T1
1.18
8.83
0.58
1.00
1.43
0.53
21.59
33.42
2.64
15.06
46.39
na
3.63
na
5.18
0.72
3.58
20.99

T2
7.69
0.42
0.99
0.96
0.12
0.93
na
na
0.46
2.74
2.39
1.28
0.90
na
1.75
na
na
na

T3
7.73
5.08
10.33
60.92
3.80
5.12
na
1.44
4.83
33.13
1.58
5.65
4.14
452.30
3.73
1.01
366.98
7.94

9
10
11
14
16
17
19
25

m
m
m
m
m
m
f
f

64.5
75.6
66.4
64.5
65.0
62.8
61.8
40.5

LAR
LAR
LAR
LAR
APE
LAR
APE
LAR

3
3
3
3
3
3
3
3

2
2
0
2
1
1
2
0

1
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0

3
1
1
1
1
1
1
1

2
2
2
1
2
2
2
2

r
r
r
r
r
r
r
r

4.76
na
34.40
1.19
11.92
9.74
na
0.91

2.56
5.33
0.46
3.54
1.04
0.36
3.20
na

1.11
1.62
1.53
4.36
2.71
1.22
3.20
2.84

f = female; m = male; LAR = low anterior resection; APE = abdominoperineal excision; cT = clinical T stage;
ypT = T stage after preoperative chemoradiation and resection; ypN = nodal stage after preoperative chemoradiation
and resection; M = metastasis; UICC = Union Internationale Contre le Cancer (UICC stage: 1 = UICC I, 2 =
UICC II, 3 = UICC III, 4 = UICC IV); G = grading; non-r = nonresponder, r = responder; T1 = before initiation
of chemoradiation, T2 = after the end of chemoradiation, T3 = postoperatively at the end of treatment; na = not
available

The trial was approved by the local Institutional Review Board and was performed in accordance with the
Helsinki Declaration of 1975, as revised in 1983. Written informed consent was obtained from all patients after the nature of the procedure had been fully explained
to them.

fined times during the treatment course (T1–T3): before initiation of chemoradiation = T1, after the end
(i.e. fifth week) of chemoradiation = T2, and postoperatively at the end of treatment = T3. To avoid inclusion
of venipuncture-cored skin epithelial cells in the blood
sample, the blood was preaspirated from the cannula.
Plasma was carefully removed by centrifugating
twice at 3000 rpm for 10 min at 4 ◦ C (2 h after venipuncture) without touching the cell pellet. The resulting supernatant (plasma) was divided into aliquots (in clean
polypropylene tubes) and stored at −80 ◦C until processing.
Finally, 66 of 78 anticipated plasma samples were
obtained from the 26 prospectively included patients
and analyzed.

2.3. Sample collection

2.4. DNA preparation

Venous blood samples (8 ml; in tubes containing
EDTA) were collected from each patient at three de-

DNA was isolated from 125 µl–240 µl plasma with
the QIAamp DNA Blood Mini Kit (Qiagen) according

Patients with ypT stage 0, 1 and 2 tumors - thus
showing downstaging - were defined as histopathologic
responders, and those patients with no change in T
stage (ypT3 and ypT4 tumors with no downstaging)
as nonresponders. Patient demographics are given in
Table 1.
2.2. Ethics
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to the manufacturer’s instructions and eluted with 40 µl
distilled water.
2.5. Quantification of plasma DNA by real-time PCR
Primers and probe for quantification of the 18S
gene were obtained as an Assay-on-Demand kit,
(Hs99999901 s1; Applied Biosystems). A 7900HT
Sequence Detection System (Applied Biosystems) was
used for real-time analysis. DNA aliquots (4 µl) were
used as templates for PCR in a total volume of 14 µl
including “TaqMan Universal PCR Master Mix No
Amp Erase UNG” (Applied Biosystems) and the corresponding probes and primers. The mixtures were
pre-incubated at 50 ◦ C for 2 min and then at 90 ◦ C for
10 min followed by 50 cycles of two-step incubation at
95◦ C for 15 s and 60 ◦ C for 1 min. All samples were
measured in duplicate. For a standard curve placenta DNA was used at concentrations of 0.15 ng/ml to
2500 ng/ml. Of the standard solutions 4 µl was used
in PCR as described above. DNA concentrations in the
plasma samples were calculated as ng DNA/ml plasma.
Quantification of plasma DNA was performed by technicians having no knowledge of the patient or of the
time of blood collection during the treatment course.
2.6. Statistical analysis
Descriptive results are expressed as median and
25%/75% percentiles. Global time-oriented comparisons of median plasma DNA concentrations within
the entire study population and within the two groups
(histopathologic responders and nonresponders) were
performed by using the Friedmann Test, and post hoc
tests were made with the Wilcoxon Test. For multiple tests Bonferroni correction was applied. Comparisons of median plasma DNA concentrations between
histopathologic responders and nonresponders for each
defined time (T1, T2, T3) were done with using the
Mann-Whitney U Test. A P-value of < 0.05 was considered statistically significant. All statistical analyses
were performed with SPSS for Windows v10.0 (SPSS
Inc., Chicago, IL).

3. Results
3.1. Clinical data
After preoperative chemoradiation 18 patients (69%)
underwent low anterior resection (LAR), and eight

patients (31%) underwent abdominoperineal excision
(APE). Two patients were staged ypT0, two patients
ypT1, four patients ypT2, 16 patients ypT3 and two
patients ypT4, giving eight histopathologic responders
(31%) and 18 nonresponders (69%). None of the patients staged ypT3 or ypT4 experienced downstaging in
T stage during preoperative chemoradiation (compare
cT stage and ypT stage in Table 1).
Clinical data are given in Table 1.

3.2. Quantitative analysis of circulating DNA
Concentrations of cell-free DNA circulating in plasma of each patient at each defined time of blood sample
collection (T1, T2, T3) are presented in Table 1. DNA
levels were measurable in all plasma samples obtained
and ranged from 0.12 ng/ml to 452.3 ng/ml.
In the entire study population circulating DNA
showed a median value of 4.2 ng/ml (1.1/16.5) before
chemoradiation (T1), 1.0 ng/ml (0.5/2.7) after the end
of chemoradiation (T2) and 4.1 ng/ml (1.6/7.8) at the
end of treatment (T3) and thus statistically significant
alterations throughout the treatment course (Friedmann
Test: P = 0.007).
When looking at histopathological responders and
nonresponders (Fig. 1) we detected comparable plasma DNA levels before chemoradiation [T1: 7.3 ng/ml
(2.1/11.4), 3.6 ng/ml (1.1/16.5), respectively; MannWhitney U Test: P = 0.693] and after the end of
chemoradiation [T2: 2.6 ng/ml (0.8/3.4), 1.0 ng/ml
(0.8/1.9), respectively; Mann-Whitney U Test: P =
0.340]. However, at the end of treatment (T3) we
demonstrated a statistically significant difference between responders and nonresponders (Mann-Whitney
U Test: P = 0.006): responders showed a further decrease in circulating DNA [2.2 ng/ml (1.5/2.9)], whereas in nonresponders the circulating DNA manifestly increased [5.1 ng/ml (3.8/10.3)]. In contrast to responders (Friedmann Test: P = 0.165), the group of nonresponders (Friedmann Test: P = 0.012) demonstrated
statistically significant alterations throughout the treatment course. When analyzed pairwise, nonresponders
showed a significant increase of plasma DNA levels
from the end of chemoradiation (T2) to the end of treatment (T3; Wilcoxon Test: P = 0.004).
The kinetics of median circulating plasma DNA levels in the responders and nonresponders are presented
in Fig. 1.
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452,30
366,98

Fig. 1. Boxplots of median circulating cell-free DNA in plasma of locally advanced rectal cancer patients (n = 26), classified as responders
(n = 8, grey boxplots) and nonresponders (n= 18, white boxplots), at defined blood sampling times during treatment (T1 = before initiation of
chemoradiation, T2 = after the end of chemoradiation, T3 = postoperatively at the end of treatment).

4. Discussion
In recent years, several studies clearly demonstrated
the efficacy of preoperative chemoradiation in the treatment of locally advanced extraperitoneal rectal cancer, in particular with regard to tumor downstaging,
local control, toxicity and sphincter preservation [2–
4]. Based on these trials, preoperative chemoradiation is being increasingly performed, irrespective of
the knowledge that therapy response varies with downstaging in 30%–60% and complete histopathologic response in 4%–30% of patients [6,9]. Accurate differentiation between histopathologic responders and nonresponders would have great impact on the decision
to continue or modify anticancer therapy after surgery.
Therefore, it seems plausible to develop molecular
markers as a diagnostic tool for monitoring therapy,
ideally using simple blood collection instead of more
invasive procedures. Quantification of circulating cellfree DNA in plasma might be a promising instrument
that can be applied as an easily accessible and rapid
means of monitoring therapy to evaluate the efficacy of (neo)adjuvant chemo-/radiotherapy in cancer patients [17,18,23]. To our knowledge, the literature contains no report on free circulating plasma DNA correlated with therapy monitoring during the treatment of rectal cancer patients undergoing preoperative chemoradiation.

The current study detected circulating DNA in all
plasma samples obtained during the treatment course
using quantitative real-time PCR. At the time of diagnosis (before chemoradiation; T1), our patients, who
comprise a homogeneous group of locally advanced
rectal cancer patients without distant metastasis, had
plasma DNA levels from 0.53 ng/ml to 46.39 ng/ml
[median: 4.2 ng/ml (1.1/16.5)]. In the literature, median plasma DNA values for colorectal cancer ranged
from 10.6 ng/ml to 709 ng/ml, but various tumor stages
were enrolled and various quantification methods were
used [19,20,22]. Several studies involving quantification of free circulating DNA in lung cancer also report noticeable variations in plasma DNA values (mean
plasma DNA concentrations from 3.7–318 µg/L) [24–
30]. Moreover, it seems clear that there is no correlation between plasma DNA concentration and tumor
size, tumor site or tumor stage [26,28,31].
Because the situation concerning free circulating
DNA values in plasma of cancer patients is inconclusive, a single quantitative analysis of circulating DNA
seems to be of limited value. Therefore, some experts feel that it is more essential to analyze the kinetics of the plasma DNA concentration in cancer patients, in particular during the course of treatment [17].
As outlined above, the central objective of our present
study was to evaluate whether the amounts of circulating plasma DNA in patients with locally advanced
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rectal cancer have the potential to serve as a diagnostic
marker for therapy monitoring during treatment. We
especially focused on the kinetics of circulating plasma
DNA to assess whether differences in kinetics have the
potential to discriminate between therapy responders
and nonresponders. For this purpose, the investigation
was planned as proof of principle study, and we therefore did not correlate circulating DNA levels during
treatment with clinical outcome.
Comparison of histopathological responders and
nonresponders revealed comparable plasma DNA levels before and after the end of chemoradiation, but a
statistically significant difference at the end of treatment. Responders showed a further decrease in circulating DNA, whereas in nonresponders the circulating DNA manifestly increased (P = 0.006; Fig. 1).
These cardinal findings are consistent with those several studies in lung cancer patients showing a correlation between the measured levels of circulating DNA
and response to a given therapy. Those trials demonstrated that response is associated with a decrease in
the plasma DNA level, whereas no change or even an
increase in the amount of free circulating DNA was
seen in patients who do not respond to therapy [13,
28,29,32]. Moreover, the findings in the present study
are also consistent with those in our recently published
study dealing with circulating tumor cells in the same
26 patients. That study found a statistically significant
decrease in tumor cell positivity in the peripheral blood
of responders from initiation of chemoradiation to the
end of treatment, whereas no statistically noticeable alterations were detected in the peripheral blood of nonresponders. Thus, comparison of responders and nonresponders demonstrated that locally advanced rectal
cancers subjected to preoperative chemoradiation show
different biologic behavior in terms of tumor cell dissemination in peripheral blood [12]. The current study
confirmed the results of our previous study by detecting
a difference in the kinetics of circulating cell-free DNA
in the plasma of locally advanced rectal cancer patients
during treatment and showing that this difference correlates with histopathological response. The source of
the circulating cell-free DNA and its definite role remain elusive [15]: Circulating tumor-specific genetic
information may serve as a surrogate marker for circulating tumor cells that ultimately cause distant metastases. An alternative, but equally attractive, hypothesis
is that circulating altered DNA per se may cause de
novo development of tumor cells in organs known to
harbor cancer metastases. This so-called “Hypothesis
of Genometastasis” suggests that malignant transfor-

mation might develop as a result of the transfection of
susceptible cells to distant target organs with dominant
oncogenes that circulate in the plasma and are derived
from the primary tumor [33].
Fleischhacker et al. concluded in their review that
free-circulating nucleic acids are a very interesting target for the development of clinically useful assays,
since several studies showed a correlation between circulating nucleic acids and clinical data such as prognosis and therapy response [17].
With regard to locally advanced rectal cancer patients
undergoing preoperative chemoradiation followed by
surgery, we demonstrate that circulating cell-free plasma DNA might serve as a surrogate marker for discriminating between therapy responders and nonresponders.
Therefore, we hypothesize that detection and quantification of circulating plasma DNA could be of use as an
easily accessible tool for monitoring therapy in these
patients during treatment. Additional studies including
more patients are needed to elucidate the prognostic
and predictive potential of circulating cell-free DNA
in the plasma of preoperatively chemoradiated rectal
cancer patients.
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